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Rejuvenating a Versatile Photonic Material: Thin-Film

Lithium Niobate

Amirmahdi Honardoost, Kamal Abdelsalam, and Sasan Fathpour *

The excellent optical and unique material properties of lithium niobate have
long established it as a prevailing photonic material, especially for the
long-haul telecom modulator and wavelength-converter applications.
However, conventional lithium niobate optical waveguides are bulky, hence
large-scale photonic circuit implementations are impeded and high power
requirements are imposed. To address these shortcomings, thin-film lithium
niobate technology has been a topic of intense research in the last few years
and a plethora of ultracompact devices with significantly superior
performances than the conventional counterparts have been demonstrated.
These efforts have rejuvenated lithium niobate for novel electro-, nonlinear-,
and quantum-optic applications. Herein, the most recent advancements of
this booming field are summarized and a perspective for future directions is

communication!”! and nonlinear

wavelength-converters.®]  Several com-
mercial off-the-shelf modulator products
are available with high performance,
that is, up to 50 GHz bandwidth (BW)
and large extinction ratios (ER).>1
Also, ~250 %W 'cm™? normalized
conversion efficiency for second-
harmonic generation (SHG) has been
commercialized.[1>14]

With the ever-increasing complexity
of modern optical systems, there has
been a growing demand for reduction
in power consumption, device footprint,

given.

1. Introduction

Lithium niobate (LiNbO,, LN) has been recognized as a versa-
tile material for over half a century, thanks to its strong ferro-
electric, piezoelectric, electrooptic, thermooptic, acoustooptic, py-
roelectric and other properties.l!l Improvements in bulk crystal
growth by the Czochralski technique has rendered LN a domi-
nant choice for applications based on these properties, as sum-
marized in Figure 1a. Particularly for optical applications, strong
electrooptic (EO) coefficient (ry; ~ 31 pm V™! at 633-nm wave-
length), large nonlinearity (d;; = 27 pm V™' at 1064-nm wave-
length), remarkable thermooptic birefringence and a broad trans-
parency range in the electromagnetic spectrum (~0.35 — 5 pm)
ought to be highlighted.’"*! Indeed, LN has been the standard
material of choice for the EO modulators used in long-haul
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and manufacturing cost of photonic
integrated circuits (PICs) in the past
decades. While the mature silicon (Si)
photonic technology can meet these
requirements,[>~18] owing to its standard
low-cost foundry-compatible processing and tightly-confined
waveguides, the performance of LN-based modulators and
wavelength converters are unrivaled by their all-Si-based coun-
terparts. Lack of linear EO via Pockel’s effect, lack of second-
order nonlinearity (y) due to silicon’s centrosymmetric lat-
tice structure, and nonlinear two-photon and free-carrier ab-
sorption effects are among the hurdles of silicon photonics.[*]

On the other hand, conventional LN devices are bulky and
power hungry in general. Traditionally, LN waveguides are com-
monly formed by in-diffusion of dopants, such as titanium
(Ti),"1 or proton-exchange (PE)!?! processes. While low prop-
agation loss is attainable, these methods only slightly alter the
refractive index of the material (An =~ 0.1), which yields in weak
optical confinement. Hence, conventional LN devices suffer from
a number of shortcomings, including large bending radii in gen-
eral, increased half-wave voltage-length product (V, - L), and long
Mach-Zehnder (MZ) arm lengths for EO modulators,[*??) as
well as limited nonlinear conversion efficiency due to the inef-
ficient overlap of the resultant large optical modes in guided de-
vices for wavelength conversion, for example, periodically poled
LN (PPLN) waveguides for SHG.[#23] Essentially, these shortcom-
ings impede the exploitation of conventional bulk LN devices for
large-scale PICs.

As a solution, thin-film LN (TFLN) approaches have been pur-
sued since 20041 by using crystal ion slicing®'! and room-
temperature wafer bonding®****! methods. TFLN on Si substrate
was first demonstrated at CREOL in 2013.12) Among other ad-
vantages (e.g., cost, scalability, ease of handling thermal cycles),
the choice of Si substrate has paved the path toward hetero-
geneous integration of TFLN devices with Si photonics. Since
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Figure 1. a) Summary of unique material properties of LN.['-324-27] This review focuses on the main photonic applications of LN through exploiting
its strong EO effect and large second-order optical nonlinearity; b) Crystalline structure of LN in ferroelectric phase. The red dashed-box represents its
unit cell. The horizontal blue lines depict the oxygen (O) layers and the position of lithium (Li) and niobium (Nb) atoms are shown with respect to it
(after ref. [2, 28]). The position of the atoms are shown before and after the poling process, as discussed in Section 4.1; ¢) Comparison between the
traditional bulk versus thin-film LN waveguides. The figures for the waveguides cross-sections are drawn to scale to emphasize the significant reduction
in optical mode size. This about two orders of magnitude reduction facilitates large-scale integration of photonic integrated circuits, as well as boosted
performance for LN devices, for example, reduced V. - L for TFLN EOMs and increased mode overlap and efficiency for PPLN waveguides. The steps

for fabrication of TFLN wafers on Si are presented in Figure 2.

then, commercialization of TFLN wafers by a CREOL spinoff
company,*#l as well as other vendors,[>>*%! have facilitated the
availability of this platform for extensive research. In addition,
other methods such as direct bonding!*’! and benzocyclobutene
(BCB) bonding!®®! of individual TFLN dies on Si, as well as
mechanical thinning of bulk LN,**! have been pursued. In or-
der to achieve low-loss submicron waveguides, several methods
have been demonstrated on the TFLN technology. They include
rib-loading with a refractive-index-matched material [2*4°* dry
etching,[*~% jon-beam-enhanced etching,>!l PE523 Ti in-
diffusion,®* direct- or BCB-bonding on silicon-on-insulator
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(SOI),138555¢1 plasma-enhanced chemical deposition (PECVD)
of other materials, such as amorphous Si,*’! optical-grade
dicing,®® and mechanical thinning.**! The optical mode size in
these waveguides is typically reduced by about two orders of mag-
nitude compared to their bulk counterparts (see Figure 1c).

In recent years, based on this rapidly-growing technology,
a plethora of ultracompact integrated photonic devices and
circuits, such as microdiskl*>®?l and microring[463-%°1 res-
onators, EO modulators,[®-5] acousto-optic modulators, 8%
photodetector,®®! integrated single-photon detector,®! grating
couplers,®2°]  fiber-to-chip edge couplers,”l wavelength
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Figure 2. Summary of the steps for fabrication of TFLN on Si wafers.[?°l a) Initial bulk LN wafer; b) lon implantation (the red-dashed line shows the
defected region at the desired depth of final thin-film thickness); c) Bonding onto a Si handling wafer (or other wafers such as LN or quartz) with a
low-index insulating layer (typically SiO,); d) Thermal cycling process to exfoliate the thin film from the LN crystal at the defected layer and the final
TFLN on Si product. The remaining bulk LN crystal can be recycled. For simplicity, other steps such as thermal annealing for preserving the material
properties of LN, and mechanical polishing for smoothening of the surface roughness are not depicted here.

converters,!1°-111 and entangled-photon sources! 12116 with sig-
nificantly superior performances than their conventional LN
counterparts have been demonstrated. The overall efforts have
rejuvenated LN for novel electro-, nonlinear-, and quantum-optic
applications and the material is considered among the top can-
didates for heterogeneous integrated photonics, where multiple
materials are monolithically integrated on a single chip, while
each material is chosen for the functionalities that suits it best.

Here, we summarize the most recent advancements of this
flourishing field for its main photonic applications. The review
is structured as follows. Section 2 gives a brief overview of the
strides made toward the realization of ultracompact TFLN waveg-
uides with the mentioned various approaches and the associ-
ated challenges in order to achieve low-propagation loss. In Sec-
tions 3-5 the path from first realization to the state-of-the-art
performance is chronologically reviewed for electro-, nonlinear-,
and quantum-optic applications, respectively. Section 6 lays out a
roadmap for future directions, and concluding remarks are given
in Section 7.

For completeness, it should be mentioned that the detailed de-
sign guidelines of these devices are obviously beyond the scope
of this work. Moreover, it is noted that while this paper focuses on
various advancements of TFLN field, realization of ultracompact
integrated photonic devices, such as EO modulators and wave-
length converters are not limited to this platform. For other mate-
rial platforms, readers are referred to relevant references.!''7-121]

2. TFLN Platforms and Waveguides

2.1. Thin-Film Platforms

As mentioned in the Introduction, TFLN approaches have been
pursued in order to overcome the drawbacks associated with bulk
LN devices and have led to the LN-on-insulator (LNOI) platform.
The insulator layer is comprised of a lower refractive index mate-
rial, such as silicon dioxide (SiO,), in order to avoid optical mode
leakage from the thin film into the substrate. Among different
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choice of substrates, for example, LN and Quartz, Si has been
the most attractive one due to its potential for compatibility with
Si photonics.”! As mentioned before, other attributions such as
cost, scalability, and thermal handling are important too.

In this approach, single-crystalline LN is implanted with he-
lium (He) or other low-mass ions. Next, the ion-implanted wafer
is bonded to an oxidized Si wafer. Then, through thermal cycling
processes, the TFLN is exfoliated from the bulk crystal and re-
mains bonded onto the oxidized Si substrate. It has been shown
that the EO and nonlinear properties of LN is preserved at the end
of the process.[1?2] Figure 2 summarizes the fabrication steps for
this method. Currently, TFLN wafers on Si and other substrates
with different crystal cuts are commercially available from sup-
pliers in the United States,’** in China,l*! and in Japan.[*®!

Another approach is using polymers, such as BCB, for bonding
individual dies or full wafers of TFLN to Si.’7:3363671 However,
thermal stability and temporal reliability of polymers remain a
major concern.[*74123]

2.2. Ultracompact Waveguides

As summarized in Figure 3, various approaches have been pur-
sued in order to form optical waveguides on TFLN. In the follow-
ing, we discuss these approaches and explore their merits.
Historically, LN has been difficult to etch and the roughness
of the etched sidewalls, as well as re-deposition of the chemical-
etching byproducts, have contributed to large amounts of scat-
tering and propagation losses.[?2120] As a solution, one method
has been to rib-load the TFLN with a material whose its refrac-
tive index (~2-2.2) is close to that of LN (~2.2) (see Figure 3a).
One of the main advantages of this method is the ease of process-
ing. Several materials have been pursued in this regard, such as
tantalum pentoxide (Ta,0s),1?! chalcogenide glass (ChG),”" sil-
icon nitride (SiN, Si,N,),[#1:71.728185100.10L124] and titanium diox-
ide (TiO,),*"! with reported propagation loss values as low as
~1 dB cm™! for plasma-enhanced chemical-vapor deposition
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Figure 3. Common waveguide structures for TFLN-on-Si devices: a) Rib-loaded, b) dry-etched, c) proton-exchanged or Ti-diffused, and d) SOI-bonded
structures; These methods can also be applied to TFLN on LN or quartz substrates. The majority of recent work demonstrating high-performance
TFLN EOMs are utilizing rib-loaded (Figure 3a),[’" dry-etched (Figure 3b),[7>78] and SOI-bonded (Figure 3d)[7677:8034] methods, while for nonlinear
devices, rib-loaded(19%101] and dry-etched[1921%] have been the most commonly employed platforms. In comparison to platforms (a)—(c), platform (d)
requires additional bonding and TFLN substrate removal steps. e) Reproduced with permission.[’] Copyright 2018, The Optical Society. f) Reproduced
with permission.[®3] Copyright 2015, The Optical Society. g) Reproduced with permission.l'%"l Copyright 2016, The Optical Society. h) Reproduced with

permission.!3%] Copyright 2019, Springer Nature.

(PECVD) of SiN rib.["*1%1 Although other forms of deposition,
such as low-pressure chemical-vapor deposition (LPCVD), can
offer rib materials with much lower propagation loss, the stan-
dard TFLN wafers cannot withstand the high temperature used in
these type of processes. Alternatively, LPCVD-SiN can be bonded
to TFLN,[*13] offering loss values as low as ~0.3 dB cm™1.[*1]

The rib material’s effective index and dimensions can be engi-
neered to provide high optical mode overlap (more than 70%)
in TFLN, in order to efficiently utilize its EO and nonlinear
properties.l?%l Another advantage of rib-loaded method is that
it can be applied to all crystal cuts of TFLN, whereas some other
methods which are discussed in the following, can only be ap-
plied to certain cuts. This method has also been utilized for
bulk LN crystals in order to form compact waveguides using
monocrystallinel'21?7] or amorphous!®”! Si.

More recently, promising works!*~*! have been reported on
low-loss dry-etching of LN with reported loss values as low as
0.027 dB ecm~'1*] for X-cut, and <2-nm sidewall roughness!*’]
for Z-cut TFLN. Following the dry-etching of LN, the waveguides
have to undergo a thorough RCA cleaning step in order to re-
move the organic residue and chemical byproducts of the etch-
ing process.[**] In a recent work,[*® a combination of PE and
dry etching is presented for efficient direct-etching of TFLN, that
is, faster etch rates while avoiding re-deposition of byproducts. By
using this method, low-loss channel waveguides with large etch
depths (~900 nm) and improved verticality of sidewalls are re-
ported in X-cut TFLN. It is important to note that the dry-etching
method can result differently for various crystal cuts of LN, for ex-
ample, re-deposition of byproducts from dry etching are different
for Z-cut compared to the X- or Y-cut LN.[120]

As depicted in Figure 3b, dry-etched waveguides have been
also utilized for TFLN EO modulators (EOMs)”*7>78] and nonlin-
ear devices.[19-102105] For EOMS, in comparison with rib-loading,
this approach provides higher optical confinement in LN, which
can consequently result in smaller electrode gaps in MZ-based
devices, hence reducing the EOM’s V. However, in the presence
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of certain requirements due to ultrahigh-speed design, the rib-
loaded method is more advantageous due to the lower dielectric
constant of the rib compared to that of LN.[128]

Figure 3c shows another type of waveguide in the TFLN plat-
form. PE or annealed-PE (PE followed by a high-temperature an-
nealing step in order to recover the LN EO properties) processes
are low-cost technologies, which are well-established for conven-
tional bulk LN devices.[”'?] In this process, the lithium ions in
the crystal are exchanged with protons from an acid bath. This
results in a small increase in the extraordinary refractive index,
which can confine the optical mode in the exchanged region. This
method has been applied to TFLN®2%3] and waveguide loss val-
ues as low as 0.2 dB cm™! have been achieved in X-cut TFLN.[53
Although the optical mode sized can be reduced to ~ 0.6 pm?,
the main downsides of this platform are weak optical confine-
ment, and very large bending radii, which are two to three or-
ders of magnitude higher than values in other TFLN platforms.
Moreover, since the acid chemically etches the Y-cut LN, this pro-
cess can only be applied to X- or Z-cut TFLN.”] More recently,
in-diffusion of Ti, another well-established process for conven-
tional EOMs, is also utilized in an LNOI structure, and a TFLN
MZ EOM is reported.>]

In order to exploit benefits of the mature Si photonic indus-
try, an interesting type of platform is recently pursued, in which
the TFLN is bonded at the end stages of fabrication onto a pat-
terned SOI wafer.*®13] Figure 3d depicts such a structure. Com-
mon types of bonding are direct-bonding using SiO,,[®77%% or by
using an adhesive polymer like BCB.I¥73867-6] However, direct-
bonding is usually preferred due to stability and reliability issues
with BCB, as previously pointed out in Section 2.1.

The fabrication steps for this platform are summarized in Fig-
ure 4.1%] Figure 4a shows the prepared SOI waveguides. To form
hybrid waveguides, the width of the Si waveguide is decreased,
in order to confine most of the optical mode in the TFLN re-
gion. As a result of this Si waveguide narrowing, a disadvantage is
the more interaction of optical mode with Si waveguide sidewalls

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Fabrication steps for bonded-SOI TFLN platforml7677:80.125]: 3 patterned SOI structure; b) TFLN (see Figure 2d) bonding onto the SOI wafer
using SiO, or BCB; ¢) TFLN substrate removal; d) Prepared structure and associated optical mode simulation. At this step, metallic electrodes can be
deposited on top in order to form LN photonic devices such as EOM and PPLN waveguides.
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Figure 5. A novel approach for heterogeneous integration of TFLN with
SOl waveguides is shown. The SiN intermediate layer serves as the adi-
abatic mode converter from SOI to the LN region (from AA’ to BB’), as
well as the rib for the hybrid SiN-LN waveguide. The optical mode simu-
lation at different cross-sections of the structure are shown on the right.
The SiN width can be optimized for achieving the desired optical mode
confinement in TFLN.['23]

which could yield in additional loss. Figure 4b,c depicts the TFLN
bonding and substrate removal steps, respectively. Another chal-
lenge for this approach is achieving the desired amount of thin
bonding-material layer between the SOI and TFLN regions. The
schematic of the prepared hybrid waveguide and its associate op-
tical mode simulation are shown in Figure 4d. In this step, metal-
lic electrodes can be deposited and patterned on top for realizing
EOM or other devices.

A more robust approach is using an intermediate layer, such
as LPCVD-formed SiN serving as an adiabatic mode converter as
well as a rib, in order to efficiently transfer the optical mode from
standard SOI waveguides into LN region!'?*] (see Figure 5). An-
other variation is to embed the metallic electrodes into the bot-
tom optical waveguide structure, as recently reported for TFLN
EOMs!®I. This eliminates the need for TFLN substrate removal
and results in a more straightforward fabrication process.

In summary, by employing TFLN technology (see Figure 2d),
various methods discussed in this section have resulted in ultra-
compact TFLN waveguides. The optical mode size and the waveg-
uide propagation loss have been reduced by one to two orders
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Table 1. State of the art in propagation loss for various TFLN platforms of
Figure 3.

TFLN platform Waveguide loss [dB cm™] Reference
Rib-loaded 0.3 (107
Dry-etched 0.027 [46]

Proton-exchanged 0.2 [53]
SOl-bonded 03 50]

(depending on the waveguide platform choice), and one order of
magnitude, respectively, compared to the Ti-diffused or PE bulk
LN counterparts.[?*#%l The propagation loss values of each TFLN
platform are summarized in Table 1.

It is noted that among the above mentioned structures, most
of the recently-demonstrated high-performance TFLN EOMs
have utilized rib-loaded,”!! dry-etched,”>78) and SOI-bonded!7®5]
methods integrated on Si substrate. For nonlinear LN devices,
rib-loaded!'%1%1 and dry-etched!'%>!%] methods have been em-
ployed so far.

3. Electrooptic Modulators on TFLN

There is a host of different applications for high-performance
EO-based devices on the TFLN platform. These include optical
electric-field sensors,!*% analog and digital optical links for
telecommunication systems,[!] and optical interconnects!!'3?!
in high-capacity data centers, EO-based frequency comb
generation'®13] for LiDAR, integrated spectroscopy,!}3*1%]
millimeter-wave imaging,['*®) and high-performance com-
puting for optical neural networks,['¥”] as well as quantum
technologies.!'*] Some applications in visible-wavelength pho-
tonics include molecular spectroscopy and biophotonics.[13%140]

In this section, we provide a brief chronological review of the
recent advancements for TFLN EOMs. Figure 6 summarizes the
main achievements in terms of key performance parameters,
that is, propagation loss, BW, and ER. The comparison between
the conventional and ultracompact LN EOMs are depicted in
Figure 7.
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ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

* 1.2 dB/cmloss, 1.2x10° Q,
15-dBER, 3.8-V.cm V,.L [70]

2013 2015

¢ Thin-Film LN Photonics on Si,
7.2x10%Q, 20-dB ER, 4-V.cm V.L [29]

* 33-GHz BW, 18-dB ER, 3.1-V.cm V,.L [71]
* 1 dB/cm loss, Measurement up to 110 GHz [39]

www.lpr-journal.org
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+ 70-GHz BW, 2.2-V.cm V,.L,
40-dB ER, 112 Gbps [80]

Figure 6. The timeline presents recent progress in TFLN EOMs in terms of key performance parameters, namely, LN waveguide propagation loss, 3-dB
modulation BW, ER, and V,, - L at low frequencies. Q denotes the quality factor of TFLN microrings. The figure represents significant achievements in

TFLN EOM technology and is not all-inclusive.

L=~10cm

Electrode @ Ti-diffused Area . Si

Linbo, @ sio,

Figure 7. Comparison between conventional bulk LN versus ultracom-
pact TFLN MZ EOMs. The 3D schematics are drawn to scale, in order
to emphasize the significant reduction in the device footprint. The 2-D de-
vice cross-sections are not in scale. By utilizing the highly-compact optical
mode in the TFLN case, the gap between the metallic electrodes can be
decreased without inducing additional optical loss which results in lower
V, - L values compared to its bulk counterpart.

As mentioned in Section 2, TFLN on LN substrates was
demonstrated in 2004.03%7 Later on [122], it was shown that the
material properties of bulk LN are preserved in TFLN platform,
and an EOM with V_ - L of 15 V.cm and 15-20 dB cm™! prop-
agation loss was demonstrated for direct-etched Z-cut TFLN
waveguides at 1550 nm wavelength. In BCB-bonded Z-cut TFLN,
direct-etched microrings with quality factors, Q, of 10 to 10*
were demonstrated in [63] and [21], respectively, and propagation
loss as low as 7 dB cm™! were reported.[?!]

In 2013, our group at CREOL demonstrated the first wafer-
scale TFLN on Si substrates.[?] The fabrication process for such
wafers are summarized in Figure 2. By rib-loading the obtained
TFLN with tantalum pentoxide (Ta,Os), MZ EOMs with remark-
able V_ - Lof4 V.cm and 20 dB ER were attained. Decent propaga-
tion loss of 5 dB cm™, and a Q of ~7.2 X 10* were also demon-
strated for microrings. Moreover, by using the Y-cut TFLN, the
largest EO coefficient of LN (r;;) was utilized by applying a lat-
eral electric field along the Z-axis. In an improved report,!”! by
rib-loading the same platform with ChG, MZ EOMs with V_ - L
of 3.8 V.cm and gigahertz-range operation were demonstrated.
Also, the propagation loss was reduced to 1.2 dB cm™" and mi-
crorings with Q of ~1.2 X 10° were reported.
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Ultracompact TFLN waveguides with propagation loss as low
as 0.2 dB cm™! are achieved by Cai et al.,l*®] by utilizing the ma-
ture PE process from bulk LN technology and applying it to the
LNOI platform. This value was on par with the best propagation
loss reported for conventional LN waveguides. However, as men-
tioned in Section 2.2, weak optical confinement and large bend-
ing radii of this platform impede ultracompact EOMs.

Our group reported on high-speed TFLN EOMs in 2016.1"!]
Characterized up to 50 GHz, the devices demonstrated 33-GHz
3-dBBW, V, - Lof 3.1 V.cm, and 18-dB ER in 8-mm-long devices
(see Figure 8a). PECVD-Si;N, was used for rib-loading the Y-
cut TFLN, and waveguides with propagation loss of 1 dB cm™
were reported.

In the same year, Mercante et al.l**) demonstrated a 10-mm-
long TFLN phase modulator on Si substrate with ~40-GHz BW
and ~1-dB cm™! waveguide propagation loss. The fabrication of
the device included less-favored approach of mechanical thin-
ning an X-cut LN film and bonding it to Si substrate using an
adhesive polymer. Nonetheless, careful RF design of the EOM
(reducing the impedance and RF and optical index mismatch by
partially etching the LN layer at the waveguides region and de-
creasing the thickness of the LN which possesses a large dielec-
tric constant) ensured high-speed operation up to 110 GHz.

In 2017, Zhang et al.*¢] demonstrated microrings with Q val-
ues up to ~107, and propagation loss of 0.027 dB cm™ on an X-
cut TFLN on Si platform. This work among a few others later on
[47, 49], were significant achievements in low-loss direct-etching
of LN.

In 2018, we reported on detailed general transmission-line
modeling, and design guidelines for ultracompact TFLN EOMs
predicting 100-GHz BW.['*!] The main shortcoming with the
commonly employed models in the literature which had been
originally developed for bulk device was the impedance match-
ing, typically assumed, between the EOM’s transmission line
properties and the terminating resistive load at all modulation
frequencies. This was proved to not be applicable to compact
EOMs. By comparison with our previous experimental data,/’!]
we showed that our EO modeling!!*!) is capable of accurate pre-
diction of the device’s EO response. Additionally, by optimization
of device parameters, the model predicted that 100-GHz 3-dB BW
is attainable in such ultracompact devices.

Later that year, Wang et al.”! reported MZ EOMs with 100-
GHzBW, 30-dBER, V_ - Lof2.2 V.cm, and insertion loss of <1 dB

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED o
SCIENCE NEWS

www.advancedsciencenews.com www.lpr-journal.org

(a)

® SiN 5 — EOS,, (ece)
° _ 0 —&
° 8
® -
o o 10
2 15
@
%20
(2]
8 mm length 2
-30
V.- L=3.1V 0 10 20 30 40 50
Frequency (GHz)

(b)

N

Device L =5 mm

— V=44V
g o ’
UJE 2 ' +"+++,. FhE
o +
R Y I -
g .
% 6} - edB ]
o VNA
o —
-8
+ OSA
-10

20 40 60 80 100
Frequency (GHz)

Mod. light out

RF in =3 © ) scaeni. i

cw
light in

(c)

Elxtracteld from ISidebalnd 1

g 5_ T T T T T T -
2
Alumir\1um § Ofeoooaocea 220 o%0 S2%0a00, (0000 950 age’s 2000 0 00% 00%700% 00 aa000000 500 L0°0°%°°
sio = 8§ Bf e oo T
10; .. Out 2 5 B
\— I 2] 14 ° Measured  — Calculated
9 10 1 | 1 L 1 1 I I L 1
w 10 20 30 40 50 60 80 90 100 110
Frequency (GHz)
— Extracted from Sideband 2
$ 5F T T T T T T T T T T ]
z
R |
g 5 1
o ° Measured = — Calculated
2 10 1 | I L 1 1 I I L 1
w 10 20 30 40 50 60 70 80 90 100 110
Frequency (GHz)
(d) Grating coupler
LN waveguide a
o L
= 3 Vp=5.1V
oN
[}
)
a
Q
<] .
g ol Device L =5 mm
L_Ll _12 1 1 1 1 1 1

10 20 30 40 50 60 70
Frequency (GHz)

Figure 8. Examples of recent high-performance TFLN MZ EOMs on Sil’17376.801: 2) 18-dB ER, and 33-GHz BW. Reproduced with permission.l”" Copy-
right 2016, The Optical Society; b) 30-dB ER , and 100-GHz BW. Reproduced with permission.l”>] Copyright 2016, Springer Nature; c) 20-dB ER, and
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Table 2. Summary of performance parameters for TFLN MZ EOMs. BW denotes the 3-dB electrical modulation BW. V. - L, and ER are at reported values
at low frequencies. The values inside the parenthesis represent the reported measurements for another device in the same work.

TFLN platform (Year) V, - L[V.cm] Vv, V] L[mm] BW [GHZz] ER [dB] Reference
Dry-etched (2005) 15 42.8 35 N/A N/A 1n22]
Rib-loaded (2013) 4 6.8 6 N/A 20 (291
Rib-loaded (2015) 3.8 6.3 6 1 15 (70]
Rib-loaded (2016) 3 2.5 12 8 13.8 (72]
Rib-loaded (2016) 3.1 3.87 8 33 18 71
Dry-etched (2018) 1.8 9 2 15 10 (74]
Dry-etched (2018) 2.2 (2.8) 4.4 (1.4) 5 (20) 100 (45) N/A (30) (73]
SOl-bonded (2018) 6.7 13.4 5 >106 20 (761
Ti-diffused (2019) 7.2 1.2 60 20 40 (541
SOl-bonded (2019) 2.55 (2.2) 5.1(7.4) 5(3) 70 (>70) N/A (40) 80]
SOl-bonded (2019) 2.5 2.5 10 50 16 (83]
Rib-loaded (2020) 6.7 13.4 5 30.6 20 (831

in 5-mm-long devices on direct-etched X-cut TFLN on Si platform
(see Figure 8b). Direct CMOS-driven modulation at 70 Gbit s~!
was demonstrated on 20-mm-long devices with ~45-GHz BW.
Higher modulation speeds up to 210 Gbit s~! were also presented
with bit-error-ratio (BER) of 1.5 X 1072,

Also, Weigel et al.l’®! reported on >106-GHz BW, 20-dB ER,
V.- Lof 6.7 V.cm, and 7.6-dB insertion loss in 5-mm-long EOMs
on a direct-bonded X-cut TFLN on to SOI waveguides (see Fig-
ure 8c). The 3-dB BW reported in this work is the highest exper-
imentally demonstrated value up to date. The same group has
recently showed 20 Gbit s™! data modulation with eye-diagrams
and signal-to-noise ratio measurements up to 102 GHz.l””]

In another TFLN EOM demonstration in 2018, Mercante
et al.’®l demonstrated a direct-etched TFLN phase modulator on
quartz substrate. The devices exhibited ~7-dB cm™! propagation
loss, and were characterized up to 500 GHz by optically-assisted
methods. The 3-dB RF BW of this work, however, is limited to
below 10 GHz.

While ~100 GHz remains the highest experimentally demon-
strated BW to date,l”>7®! we have recently reported on detailed op-
tical and RF design techniques, which proves that up to 400-GHz
3-dB BW is attainable in ultracompact TFLN EOMs.['2] Such un-
precedented BWs could find tremendous interest in a variety of
system applications mentioned at the beginning of this section.

More recently, He et . have demonstrated TFLN MZ EOMs
with 70-GHz BW, and V- L of 2.55 V.cm in 5-mm-long devices
(see Figure 8d). V, - L of 2.2 V.cm and ER of 40 dB and more
are reported for 3-mm-long EOMs. Also, eye diagram measure-
ments and BER values have been reported for high-speed mod-
ulations up to 112 Gbit s7!. So far, the ER and V, - L of this
work are the best values reported for high-speed TFLN EOMs
to date. However, it is worth mentioning that, recently, by cas-
cading two TFLN MZ EOMs higher ER (up to 53 dB) has been
demonstrated.'*?] The devices in [80] are fabricated by using a
BCB-bonding method of TFLN to SOI waveguides, as depicted
in Figure 4. In addition, direct-etching of LN is also employed
(see Figure 3h) in order to fully transfer the optical mode from
SOI to LN waveguides in the modulator region compared to
the partially-transferred optical mode in [76]. Clearly, more op-

Laser Photonics Rev. 2020, 2000088

2000088 (8 of 20)

tical confinement in LN leads to an improved EO performance
in the TFLN EOMs. This optical mode transitions are carried
through vertical adiabatic couplers. The measured optical loss for
each coupler is ~0.19 dB, and the overall insertion loss of the
EOM is 2.5 dB. More recently, the same group has reported on a
Michelson interferometer modulator on the same platform with
17.5-GHz BW, 30-dB ER, and alow V- L of 1.2 V.cm in 1-mm-
long devices.[#*

It is also worthwhile mentioning that there are only few
work among TFLN EOMs, which report on linearity for ana-
log applications.[®71885] Spurious-free dynamic range (SFDR)
is a figure of merit for measuring the linearity of EOMs in
microwave photonics.['?! Values from ~90 to ~100 dB.Hz?/3
have been reported in these four TFLN work,[®71808] which
are still inferior to the best values reported for bulk LN EOMs
(~120 dB.Hz?/3).1*3] Hence, it is expected that more works could
emerge to improve SFDR of TFLN EOMs.

In summary, a comparison between the main performance pa-
rameters of the MZ EOMs discussed in this work is presented in
Table 2.

For completeness, we mention that compact TFLN EOMs
are not limited to MZ or phase modulators. Another type is
resonance-based devices such as microring modulators (MMs).
In principal, they can be formed on any of the platforms depicted
in Figure 3. While they offer smaller device footprint, they are
usually more prone to fabrication errors compared to other type
of EOMs and provide less BW. The main figures of merit for MMs
are Q, tunabilty, that is, the amount of spectral shift in micror-
ing’s optical resonance per applied electrical field, ER, and 3-dB
BW. A summary of reported TFLN resonance-based devices are
presented in Figure 9 and Table 3.

4. Nonlinear Optics on TFLN

Another widespread application domain for LN is nonlinear in-
tegrated photonic due to its high second-order nonlinear coef-
ficient (d;; = 30 pm V7). Titanium in-diffusion!’) and proton

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Summary of performance parameters for TFLN resonance-based EOMs. R and BW denote the radius, and 3-dB electrical modulation BW,

respectively. The values for ER are at low frequencies.

TFLN Platform (Year) Q Tunability [pm V'] R [pm] ER [dB] BW [GHZz] Reference
SOl-bonded (2007) 4x10° 1.05 100 7 N/A [63]
SOl-bonded (2017) 1.68 x 10* 17 6 5 N/A [37]
SOl-bonded (2013) 1.15 x 10* 12.5 15 8 N/A [67]
SOl-bonded (2014) 1.2 x 104 33 15 10 5 68]
Rib-loaded (2015) 1.2 % 10° 32 200 13 N/A [70]
Dry-etched (2018) 8 x 10° 7 N/A N/A 30 [74]
Rib-loaded (2019) 1.85 % 10° 1.78 300 27 N/A [87]

exchangel?’l have been the most commonly employed techniques
in order to form LN waveguides, as previously discussed in Sec-
tion 2.2. However, various limitations arise in these waveguides.
which limit their performance and applicability to nonlinear in-
tegrated photonics. Low index contrast of the waveguide is a fun-
damental drawback that yields in a large cross-section and small
overlap between the interacting modes. This limits the device
performance due to high pump power required for the onset of
second-order nonlinearity. On the other hand, large-scale inte-
gration can not be achieved with such devices due to their large
device footprint.

TFLN platform is an excellent alternative that avoids the lim-
itations of the predecessor approaches and demonstrates more
compact and more efficient nonlinear integrated devices. On
this platform, by employing rib-loading (see Figure 3a),!1%0101]
or direct-etching (see Figure 3b)[1921%5] methods, high index con-
trast, and hence tight optical mode confinement, efficient modal
overlap integral, and ultrahigh nonlinear conversion efficiency
can be achieved. A variety of efficient nonlinear integrated de-
vices have been recently demonstrated on this platform by vari-
ous research groups, as elaborated in this section.

4.1. Periodically Poled TFLN Waveguides

Following the development of the TFLN technology, first
periodically poled lithium niobate (PPLN) waveguides were
demonstrated in 2016 using TFLN on Si and TFLN on LN
platforms.[19191] PPLN waveguides are conceptually wavelength
converters that can be utilized for a variety of nonlinear pro-
cesses such as, second-harmonic generation (SHG), difference-
frequency generation (DFG) or sum-frequency generation (SFG).

A 3D schematic diagram of the PPLN device on Si is shown in
Figure 10a with a SiN rib-loaded waveguide on Si substratel!%)
along with optical mode simulation of the pump and SHG.
This waveguide demonstrated 8% nonlinear conversion effi-
ciency with pulsed laser pump around 1550-nm wavelength.
A cross-section of TF-PPLN waveguide on LN substratel’®l ig
shown in Figure 10b with reported normalized nonlinear con-
version efficiency of 160 %W~'cm™ in 4.8-mm-long device us-
ing continuous-wave pump around 1530-nm wavelength. This
efficiency is more than 4 times larger than the typical values in
conventional PPLNs, yet one order of magnitude less than the
theoretical value, which is attributed to lateral leakage of the opti-
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Table 4. Examples of recently-demonstrated TF-PPLN devices. 7 and L rep-
resent the normalized conversion efficiency, and the length of the poled
region, respectively. CAR denotes the coincidence-to-accidental ratio mea-
surements for on-chip photon-pair generation.

TFLN Platform (Year) 5 [%W~'cm™] L [mm] CAR Reference
Rib-loaded (2016) 160 48 N/A [107]
Rib-loaded (2016) N/A 4 ~300  [100, 112, 116]
Dry-etched (2018) 2600 4 N/A [102]
Dry-etched (2019) 4600 06 ~7000 [105, 113]
Dry-etched (2019) 2000 5 ~67000 [115]
Dry-etched (2019) 2200 4 ~600 [114]

cal mode into the slab modes at SH wavelengths. A detailed study
on this effect can be found in ref. [144].

As previously discussed in Section 2.2, dry etching X- and
Y-cut LN waveguides have been historically challenging; how-
ever, various research groups have recently reported successful
etching processes with low propagation loss.[*6-#9102105] Thege
demonstrations have opened the door wide for realization of
ultrahigh-efficiency TF-PPLN waveguides. Such a process has
been first used to fabricate a 4-mm long PPLN waveguide,
shown in FigurelOc, with normalized conversion efficiency of
2600 %W~cm=2.[192] By utilizing an active iterative poling tech-
nique, our group at CREOL has recently demonstrated record-
high 4600 %W~'cm™ normalized efficiency in 0.6-mm-long
devices, 1% as shown in Figure10d. This efficiency is the highest
reported normalized conversion efficiency to date and very close
to the theoretical limit calculated for this type of waveguides.
The TF-PPLN waveguides discussed above are summarized in
Table 4.

In addition to standard PPLN devices, SHG has also been re-
cently reported in X-cut and Z-cut PPLN microring resonators,
with normalized conversion efficiency of 230 000 %W _,[1%) and
250 000 %W _, 1] respectively. This method has been achieved
through careful design of a doubly-resonant device at the pump
and the SHG wavelength using a single pulley waveguide. An ex-
ample of such devices in Z-cut TFLN with the measured SHG
spectrum is shown in Figure 11, while the pump laser is swept
across the telecom band. Further optimization to decrease the
propagation loss and increase the efficiency of these devices
may enable nonlinearity at single-photon level, which will pave
the path for interesting quantum-photonic applications such as

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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deterministic entanglement generation and control-NOT gate for
single photons.[1%]

Phase matching (momentum conservation) is a critical condi-
tion to be satisfied for realization of efficient PPLN waveguides.
Various phase-matching techniques have been utilized in order
to demonstrate TF-PPLN waveguides.['?!] Among these, quasi-
phase matching (QPM) may be considered as the most preferred
approach.['*~1¥] The advantages include waveguide design and
optimization freedom, as well as access to the largest nonlinear
coefficient of LN (d;3). QPM is achieved in PPLN waveguides
through inverting the crystalline domain polarity periodically to
compensate for the wave-vector mismatch Ak between the pump
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and SHG optical modes. This has been historically realized in
bulk PPLN by applying an electric field higher than the coercive
(threshold) field value of ~21 kV/mm.">*! The same concept is
used in TF-PPLN, but with higher threshold field value of ~30 —
~50 kV/mm. This higher required electric field can be attributed
to the bonding interface between the TFLN and the SiO, insulat-
ing layer, or the out-diffusion of Li* during the annealing step of
TFLN wafer fabrication process.[101:14]

Periodic poling by means of electric field is a powerful tech-
nique for domain inversion of ferroelectric materials, in order
to achieve quasi-phase matching (QPM) for second-order (y)
nonlinear processes. It does not suffer from drawbacks such
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Figure 11. Demonstration of efficient SHG in PPLN microring resonators:
a) SHG signal (red), when TE-polarized pump laser is swept across the
telecom band (blue); b) False color SEM images of the etched device in
hydrofluoric acid. Reproduced with permission.['97] Copyright 2019, The
Optical Society.

as shallow inverted layers as in the chemical diffusion method
or axial variation in domain periodicity in the crystal growth
technique.['®) LN domain polarity is determined by the relative
position of the metal ions (Li and Nb) to the oxygen layers and can
be reversed by reorienting the crystal from one stable configura-
tion to the other as depicted in Figure 1b. This can be achieved by
applying an electric field higher than the coercive electric field of
LN. Electric-field-driven poling process can be divided into four
successive steps: 1) nucleation centers formation at the positive
electrode, 2) tip propagation or domain growth along the z-axis of
the crystal, 3) domain walls propagation in lateral directions, that
is, x- and y- directions of the crystal, and 4) domains merging.!14¢]

Achieving 50% duty cycle and uniform periodicity of the pe-
riodic domain are critical factors in determining the overall ef-
ficiency of the nonlinear devices. Domain inversion in TFLN is
usually realized through applying a square pulse or more efhi-
ciently a series of short pulses (~10-20 ms) as in Figure 12c,
depicting the evolution of the inverted domain in both cases.
Employing a series of short pulses for poling guarantees forma-
tion of enough nucleation centers, complete inversion of the do-
main, periodic domain uniformity, and high poling yield. This
also avoids temperature rising and domain merging due to side-
wall propagation. An example of a poling pulse is shown in Fig-
ure 12a along with the piezoresponse force microscope image of
the resulting periodic domain Figure 12b with ~50% duty cycle
and high yield.')

Our group has recently demonstrated an actively-monitored
iterative poling technique that enables higher efficiencies than
usually achieved using conventional passive techniques.'®] It
utilizes an optically monitored iterative poling, depoling, and re-
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poling sequence with a series of at least nine pulses in each poling
cycle. The resulting efficiency measured during this process is
shown in Figure 12d,e, which confirms increase of the efficiency
with the number of poling pulses and poling cycles.

Other research groups have also demonstrated various non-
destructive techniques for in situ monitoring of the periodic pol-
ing by SH confocal microscopy,[1*¢1*8] monitoring the variation
in continuous-wave light transmission through waveguidel#¢!
and piezoresponse force microscopy (PFM).['*] This active mon-
itoring and optimization of poling conditions has recently facil-
itated achieving sub-micrometer periodicity by Zhao et al.'*],
which can enable the development of short-wavelength nonlinear
optical devices. More details on periodic poling of TFLN waveg-
uides and various methods in order to study and improve domain
inversion can be found in refs. [105, 144-149].

4.2. Other Approaches to Phase Matching in TFLN Waveguides

Other alternative approaches for phase matching have been suc-
cessfully demonstrated for y® processes in TFLN, although with
less conversion efficiency compared to PPLN method. Nonethe-
less, the advantage of these methods is that they are poling-free,
hence fabrication and device preparation are simplified. Another
advantage is that the techniques discussed in this section are
not limited to ferroelectrics, and in principal, can be applied to
other nonlinear materials.['*!) Detailed mathematical derivations
for different phase matching methods can be found in ref. [121].

Grating assisted quasi-phase matching (GA-QPM) (or mode-
shape modulation(**?)) is an example of such alternatives, in
which periodic spatial modulation of waveguide parameters is
utilized in order to induce a periodic variation in the nonlinear
overlap integral.[152-154]

Inref. [152] (see Figure 13a), our group applied GA-QPM to the
TFLN platform by employing a sinusoidal width perturbation of
the rib-loaded waveguides with SiN. SHG with ~1 %W~'cm™
normalized conversion efficiency was demonstrated in 4.9-mm-
long waveguides at 784 nm wavelength. An optimized width
modulation pattern and a higher-refractive-index rib material can
increase the conversion efficiency of such devices.

We have also reported on random QPM based on the GA-QPM
technique and demonstrated SHG at 775-nm wavelength.'>*] As
shown in Figure 13D, the periodicity of the sinusoidal modula-
tion of waveguide’s width (created by dry etching TFLN) is cho-
sen randomly. Random QPM has the benefit of overcoming the
intrinsic bandwidth limitations imposed by uniform periodic per-
turbation.

In modal phase matching (MPM), a multi-mode waveguide is
designed so that the wavevector of the mode at pump wavelength
is matched with the wavevector of one of the higher order modes
at SHG wavelength.!'>31%] Wang et al.l'>3] reported on MPM and
GA-QPM on TFLN platform and demonstrated SHG with 41 and
6.8 %W~'cm~2 normalized conversion efficiency, in 1-mm-, and
0.5-mm-long waveguides, respectively. For the MPM case, first-
and third-order transverse-electric (TE) modes of a waveguide
with fixed width (see Figure 13c) were phase matched, while a
periodically-grooved structure is used for GA-QPM, as depicted
in Figure 13d. While MPM waveguides offer higher conversion
efficiency and a simpler fabrication process than the GA-QPM
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Reproduced with permission.['%] Copyright 2019, The Optical Society.

counterpart in this work, the GA-QPM method benefits from fun-
damental mode operation at both pump and signal wavelengths,
similar to the PPLN devices in the previous section.

In general, the utilization of higher order modes have the
drawbacks of less confinement and less overlap integral between
the interacting optical modes. This results in higher propagation
loss due to waveguide sidewall roughness and lower nonlinear
efficiency. It is worth mentioning that for the case of microres-
onators, in addition the MPM method,[**®! other techniques for
phase matching have been also demonstrated, for example, cyclic
phase matching.!*7]

In another interesting poling-free MPM approach for SHG in
TFLN platform, Luo et al.'*®! have employed a heterogeneous
TiO,-LN waveguide structure, and demonstrated 36 %W~! con-
version efficiency corresponding to 650 %W~'cm™ normalized
efficiency in 2.3-mm-long waveguides at 775-nm wavelength.
By combining the thermooptic birefringence property of LN
with MPM, the same group have demonstrated tunable SHG
in TFLN platform with 0.84 nm K~! tunability for a telecom-
band pump with 4.7 %W~! conversion efficiency in 8-mm-long
waveguides.[1>]

4.3. Other Nonlinear Applications of TFLN Waveguides

Applications of TFLN nonlinear devices include frequency
meteorology, coherent optical communication links between the
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telecom and visible bands, optical frequency synthesizers, com-
pression of ultrashort pulses required for studying solid-state
material properties, frequency comb generation in LiDAR, and
mid-infrared spectroscopy.!®2*1%>1%°] The high amount of optical
power used in certain nonlinear applications can induce optical
damage to the TFLN crystal.[10162] This can be mitigated by
employing adequate Magnesium Oxide (MgO) doping in TFLN
similar to bulk LN crystals.l'®3] In this section, we present the
different classical nonlinear applications whereas the quantum
applications will be summarized later in Section 5.

SHG is the most straight forward nonlinear application of
TFLN waveguides. As discussed earlier, TFLN platform has
achieved ultrahigh efficient SHG devices. Difference-Frequency
Generation (DFG) and Sum-Frequency Generation (SFG) are
similar nonlinear applications that have been successfully
demonstrated as well in TFLN waveguides. DFG has been re-
cently reported in X-cut TF-PPLN waveguides with bandwidth
more than 4.3 THz" and TFLN microdisks.'**] SFG has
also been demonstrated by different groups either in TFLN
waveguides!1%16] or TFLN microdisks.[%0-16¢]

LN is a non-centrosymmetric material with small y® coeffi-
cient compared to its y®. However, effective four-wave mixing,
that is, Kerr nonlinearity, has been recently reported through cas-
caded SHG-DFG process in TFLN microdisk.'®”] Third[10> 168-171]
and fourth!1% 1681691 harmonic generation have also been
observed through similar cascaded nonlinear processes. Cas-
caded nonlinearity has enabled multi-octave supercontinuum

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 13. Demonstration of poling-free methods!?-154! for SHG in
TFLN platform: a) 3-D schematic of a rib-loaded GA-QPM waveguide with
a sinusoidal modulation of the width along with the optical mode profiles
of the fundamental and second-harmonic TE modes at a grating width
of 1095 nm. Reproduced with permission.['2] Copyright 2017, AIP Pub-
lishing; b) 3-D schematic of a random QPM waveguide on a dry-etched
TFLN platform along with a micrograph of the fabricated device. Repro-
duced with permission.['*] Copyright 2018, The Optical Society; c) Opti-
cal mode profiles of the first- and third-order TE modes at the pump and
second-harmonic wavelengths for MPM; d) SEM image of the fabricated
GA-QPM structure. c,d) Reproduced with permission.['>3] Copyright 2017,
The Optical Society.

generation in dispersion-engineered LN and PPLN
waveguides.'"!l Second- and third-harmonic generation have
been also recently reported in high-Q 2-D photonic crystals in
X-cut TFLN.[172]

By employing high-Q microrings, Kerr frequency comb gen-
eration has also been proposed and demonstrated on the
TFLN platform.[11%173-175] An example of such devices—pumped
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Figure 14. Demonstration of broadband Kerr frequency comb generation
in the TFLN platform: a) False-color SEM image of the fabricated chip;
Generated frequency comb spectra pumped at b) TM, and c) TE modes.
Reproduced with permission.['1% Copyright 2019, Springer Nature.

at telecom wavelengths and achieving up to ~700-nm comb
spanning—is depicted in Figure 14.110]

It is noted that frequency comb generation in the TFLN plat-
form is not limited to Kerr nonlinearity discussed above. Another
interesting approach is based on the EO effect.[1913517¢] A review
of recent developments and various approaches for frequency
comb generation in the TFLN platform can be found in ref. [133].

In addition to standalone nonlinear devices on TFLN plat-
form, cascaded heterogeneous integration of other materials with
higher y® nonlinearity, such as SiN and ChG, have been also
pursued.[*1124177] In ref. [124], we have addressed the fabrication
challenges of cascaded integration of such materials by employ-
ing low-loss mode-converting tapers. This work paves the path
toward providing efficient platform in order to realize multiple
nonlinearity, that is, large @ of LN and high y© of ChG, on a
single Si chip with applications like stabilized comb generation
through f-to-2f carrier envelope offset (CEO) locking. In a recent
work, Okawachi et al.['78! have demonstrated such an stabilized
comb generation in a single dispersion-engineered TFLN waveg-
uide.

In another application of TF-PPLN waveguides, we have re-
cently employed our highly-efficient devices accompanied with
spectral filtering, to build wide-band non-magnetic linear optical
isolators with potential for monolithic integration of the whole
system on a single chip.['”°l This work could add an important
piece to the component library of PICs, which enables building
complete systems out of this platform only.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

—
Q
—

www.lpr-journal.org

1517.85

T T T T T

257 1563-1579 ]
o TSIt
Q2.0+ 1523-1539 ! 111582.12 1
3 (Tt 3 '
C 1 ] 1
815+ | ! ! |
(o] 1 1 !
- ] | ! l
Q10! ! ; 1549.32 ! !
k=) ! ! |
—05 : | 5
0
1510 1520 1530 1540 1550 1560 1570 1580 1590
Wavelength (nm)
(b) e (c) 100,000
p—" 67,224 + 714
— 10,000 }
. [ ‘ z
© 2000- < o
g 1,000 |
0l @ _ ’
N 1610
470 S > 1590
1490 S -
1510 > 1570 00— 2 4 &
Signal (nm) 1530 L Idler (nm) 0 3 >

PGR (MHz)

Figure 15. Examples of photon-pair generation demonstrated in TFLN platform: a) Wide-band (up to 400 nm) SPDC spectrum. Reproduced with
permission.!'>”] Copyright 2017, The Optical Society; b) CAR values of up to 7000 with more than 120-nm signal-idler channel separation. Reproduced
with permission.['13] Copyright 2019, The Optical Society; c) CAR values > 67000 at 82 kHz pair generation rate. Reproduced with permission.[11%]

Copyright 2020, American Physical Society.

5. Quantum Optics on TFLN

Integrated quantum photonic is an emerging field with promis-
ing applications in quantum computing and quantum optical
communication.!'8181] The TFLN platform is a suitable candi-
date with a high potential for realization of complex quantum
PICs due to its superior nonlinear and EO properties. This en-
ables the generation and manipulation of non-classical light on
chip.[182]

The first entangled photon pair sources in TF-PPLN on Si,
based on the spontaneous parametric down conversion (SPDC)
process, was demonstrated in 2018.1121161 Pumped with a
Ti-sapphire laser at 792 nm, with <0.5 ps pulse-width, and a
repetition rate of 81.8 MHz, on-chip photon pair generation with
rate of ~1 MHz mW~! and a coincidence-to-accidental ratio
(CAR) of 15 were demonstrated.[''?] By utilizing a time-of-flight
fiber spectrometer, we were able to spectrally resolve the second-
order coherence of photon pairs on the same chip with CAR
values of >300.1'1%] More recently, by using the aforementioned
highly-efficient TF-PPLN devices,'®! broadband correlated
photon-pair was generated in 300 pm-long-PPLN waveguides
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with a signal-idler channel separations of ~140 nm and CAR
around 7000/'13! (see Figure 15b). This work paves the path
toward wide and continuous on-chip pair-matching for high
channel capacities. Reducing the input/output coupling loss
and improved filtering can result in much higher heralding
efficiencies than the 3% reported in this work.

By incorporating longer TF-PPLN waveguides (5-mm-long
poled region), Zhao et al.[!’*] have recently reported on CAR val-
ues >67 000 with 82 kHz generation rate, as depicted in Fig-
ure 15c. CAR values of the discussed work in this section are
summarized in Table 4.

Figure 15c presents demonstrations of photon-pair generation
in TFLN microdisks.[*”] This device demonstrated a potential
SPDC bandwidth over 400 nm inferred from the spectral mea-
surements and a coincidence-to-accidental ratio (CAR) of 43. It
is noted that due to the resonance-based operation of microdisks,
the generated signal-idler pair spectrum is discrete whereas TF-
PPLN devices are able to provide a continuous broadband spec-
trum which can be divided into various channels.['!?]

TFLN has been also used recently to demonstrate waveguide-
integrated superconducting nanowire single-photon detectors

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(SNSPDs) with on-chip detection efficiency (OCDE) of 46%, a
dark count rate of 13 Hz, and a timing jitter of 32 ps.®!l This has
been achieved through the deposition of a thin-layer of niobium
nitride (NbN) on top of the LN waveguide, which introduces the
superconducting properties to TFLN platform. Achieving these
devices is another important step toward the implementation of
quantum PICs that generate, manipulate, process and measure
quantum light.

We need to stress that integrated quantum photonics on TFLN
platform is a still a young field with great potential but few reports
to date. For discussion of previous work for conventional bulk
LN waveguides, we refer the readers to the review in ref. [183].
It is expected that fully integrated quantum chips, such as those
reported for conventional LN waveguides,!'82184 will be realized
in the near future in TFLN platform with higher performance
than their conventional LN counterparts due to improved modes
confinement and smaller waveguide cross-sectional area.

6. Roadmap Ahead

In general, further improvement in terms of fiber-to-chip inter-
face coupling,®*! careful consideration of electrical, RF, and
optical packaging, and thermal/temporal reliability and stability
studies are expected to be achieved soon for commercialization
of fully-packaged TFLN devices. Heterogeneous integration of
active elements such as lasers, amplifiers, and photodetecotrs
along with various TFLN components on single photonic chip is
another front which is expected to attract extensive research for a
host of applications such as optical communication transceivers,
high-performance computation, analog, digital, and quantum
communication links, and LiDAR systems. In this regard, back
end of line heterogeneous integration with SOI and SiN photonic
circuitry seems to be the most anticipated scheme to be pursued
for low-cost, large-scale, and foundry-compatible deployment of
TFLN devices.

With such high levels of maturity for TFLN platform, the fol-
lowing advancements are expected to be achieved for each appli-
cation reviewed in this work.

For the case of EOMs, achieving modulation BWs beyond
100 GHz is one of the next steps required for advanced communi-
cation systems. Studies have shown promising pathways for sub-
terahertz application of EOMs.[7#128] However, it should be noted
that full realization of integrated EOMs with such unprecedented
BWs will require development of ultrahigh-speed electronic and
photonic drivers and detection components as well. Another cru-
cial milestone would be realization of higher modulation formats
for coherent optical communication, which is yet to be demon-
strated in TFLN platform.

Demonstration of nonlinear devices on TFLN with better per-
formance is to be pursued in the near futures, through decreas-
ing insertion and propagation losses, achieving the optimum pol-
ing conditions for PPLN waveguides or increasing the efficiency
of other phase-matched waveguides. Incorporating standalone
nonlinear devices into more system-like applications, such as
our optical isolators, is also a promising direction to be followed.
Heterogeneous integration of y© materials onto TFLN and cas-
caded nonlinearity using this heterogeneous platform is also a
promising direction that paves the path for a variety of interesting
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applications such as highly efficient high-harmonic generation,
frequency-stabilized optical frequency combs and generation of
mid-infrared wavelengths.

More complex quantum PICs for generation and manipula-
tion of single- and entangled-photon states are expected to be re-
alized on LN. This is due to the fact that LN is combining linear
(e.g., power splitters and combiners, wavelength division multi-
plixers), nonlinear (SHG and SPDC) functions and fast EO mod-
ulation. Entangled photon states, such as tripartite Greenberger-
Horne-Zeilinger (GHZ), may also be attained in TFLN platform
through cascading nonlinear devices on the same platform, with
optimized ultrahigh nonlinear efficiency to realize high genera-
tion rate of these non-classical states. other non-classical applica-
tions such as entanglement swapping and heralded single pho-
ton sources with better efficiency are yet to be realized in TFLN.
All of these demonstration will eventually enable the realization
of quantum key distribution links, a crucial step for quantum se-
cure communication.

7. Concluding Remarks

Diverse material features and excellent optical properties of LN
have been extensively studied over the past decades. This versa-
tile material has been one of the most attractive photonic plat-
forms especially for electrooptic modulator and wavelength con-
verter markets.

Recently, with the emergence of thin-film LN technology, the
challenges and drawbacks of bulk LN have been overcome and
standalone TFLN devices are outperforming their conventional
bulk counterparts in terms of key performance parameters, such
as waveguide propagation loss, modulation BW for EOMs, and
conversion efficiency in the case of wavelength converters. In
addition to performance boost, the TFLN technology is provid-
ing dramatic reduction in power consumption and overall de-
vice footprint in order to address the ever-increasing demands of
large-scale integration in modern electronic-photonic systems.

In this paper, we have reviewed the most recent advancements
of this flourishing technology. Key performance parameters of
the main discussed applications, namely electro-, nonlinear-, and
quantume-optics, are summarized in Tables 2—4. Thanks to suc-
cessful commercialization of TFLN technology, a plethora of ul-
tracompact photonic components and devices have been demon-
strated on this platform. The overall efforts have rejuvenated LN
for the major photonic applications focused in this work, as well
as other optical and RF/MEMS applications (see Figure 1a) not
discussed here.
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