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Abstract. Photonics on thin-film lithium niobate (TFLN) has emerged as one of the most pursued disciplines
within integrated optics. Ultracompact and low-loss optical waveguides and related devices on this modern
material platform have rejuvenated the traditional and commercial applications of lithium niobate for optical
modulators based on the electro-optic effect, as well as optical wavelength converters based on second-
order nonlinear effects, e.g., second-harmonic, sum-, and difference-frequency generations. TFLN has also
created vast opportunities for applications and integrated solutions for optical parametric amplification
and oscillation, cascaded nonlinear effects, such as low-harmonic generation; third-order nonlinear effects,
such as supercontinuum generation; optical frequency comb generation and stabilization; and nonclassical
nonlinear effects, such as spontaneous parametric downconversion for quantum optics. Recent progress in
nonlinear integrated photonics on TFLN for all these applications, their current trends, and future opportunities
and challenges are reviewed.
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1 Introduction methods to achieve low-loss ridge or channel waveguides on the
thin films—can address the above issues and yield high-contrast

The excellent electro-optic (EO) and nonlinear optical proper- waveguides. Thin-film lithium niobate (TFLN) wafers on silicon

ties of lithigm niobate (I,‘iNbO3 or LN) have long established it (Si) substrates and high-contrast waveguides (with submicron
as a prevailing photonic material for the long-haul telecom cross-sectional dimensions) were developed for the first time
modglator and Wavelejngth-converter. markets. Indeed, the first at CREOL in 2013.* Since the commercialization of TFLN
nonl} hear experiment in any v&_/avegulde platfprm was a demon; wafers by a few vendors,”” efforts by several research teams
stration pf Cherenkov raghanon from titanium-diffused LN. have tremendously advanced the field of TELN-integrated pho-
Conventional LN waveguides are most commonly formed by yonics. A plethora of ultracompact linear and nonlinear optical
in-diffusion of titanium (Ti) dopanFs or b_y t.he proton exchapge devices and circuits (waveguides, microring resonators, modu-
process.’3 However, thesg conventional lithium niobate optical lators, grating couplers, wavelength converters, entangled pho-
wavegm'des have a low index-contrast, hence ar'e.bulky com- ton sources, isolators, supercontinuum, and comb sources) with
pared with modern integrated platforms, such as silicon photon- recedented or significantly superior performances than the
ics. The bulkiness impedes photonic circuit implementations ., hventional (bulk) LN counterparts have been demonstrated.
and imposes high optical power requirements for nonlinear The combined efforts have rejuvenated LN for EO, non-
apphca.tlor.ls. . . . linear-, and quantum-optics applications, and the material is

Achieving thin films Of, LN (with a thickness of a few hun— considered to be among the top candidates for heterogeneous
dred nanomeFers) that I”GSI'd.C on an 1psulat(?r cladding Wlth, a integrated photonics. That is when multiple materials are mono-
much lower index (e.g., silicon dioxide, SiO,)— along with ity integrated on the same substrate (preferably silicon),
while each material is chosen for the functionalities that it suits
*Address all correspondence to Sasan Fathpour, fathpour@creol.ucf.edu the best.
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TFLN is still under investigation for a better understanding of
its fundamental properties, such as crystal defects, optical dam-
age,® and the photorefractive effect.” First-principle studies have
also been used to explore new capabilities of the material.'*"
Dry etching of LN is challenging in bulky conventional wave-
guides with deep sidewalls, hence diffusion or implantation of
dopants is typically preferred. Etching appeared to be challeng-
ing in the early years of TFLN, thus rib-loading techniques were
adopted,"'>" which is indeed advantageous for EO devices in
some respects.'* However, direct etching of LN is preferred for
nonlinear-optic applications. Partially due to the shallow etching
required in TFLN waveguides, optical propagation losses as low
as 0.027 dB/cm," as well as intrinsic Q-factors beyond 108,
have been achieved. Even at the wafer level, a propagation loss
of 0.27 dB/cm has been demonstrated,'” which is an important
milestone for large-scale integration. Progress in fabrication
processes on TFLN is reviewed elsewhere.'*"

Numerous studies have also been conducted on the techno-
logical improvement of the platform such as domain engineer-
ing,'®*** which is particularly important for nonlinear devices
based on periodic poling. Increasing numbers of functionalities
are being demonstrated on TFLN and are rendering it a fully
functional integrated platform. For example, light sources includ-
ing rare-earth ion-doped®™ and Raman lasers®™' as well as
heterogeneously integrated electrically pumped III-V lasers***
have been demonstrated. Shams et al.** adopted flip-chip bonding
and demonstrated electrically pumped DFB lasers on TFLN with
up to 60 mW of optical power coupled to the TFLN waveguide.
The performance of EO modulators is still being further im-
proved,* with a recently reported data transmission rate of
1.96 Tb/s at a single wavelength with a 110 GHz 3-dB band-
width and <1 V of driving voltage.”® Progress has been made
in design and experimental results to enhance the EO bandwidth
of TFLN modulators into the subterahertz regime.'**” Other com-
ponents, such as highly efficient couplers,™ tunable filters,” op-
tical isolators,”” and programmable spatial light modulators,
have also been reported. This review paper, however, primarily
covers research studies related to nonlinear optics.

Nonlinear optical processes have numerous applications in
spectroscopy, quantum optics, and optical communication,
among others. Since the first demonstration of second-harmonic
generation (SHG) over six decades ago,” a vast variety of ma-
terials and platforms have been explored for nonlinear optics
applications.” This review paper exclusively focuses on recent
advancements in nonlinear integrated photonics on TFLN.
Overviews of early developments of nonlinear effects in TFLN
devices and recent progress on other materials can be found
elsewhere. "™

2 Second-Order Nonlinearity in Thin-Film
Lithium Niobate

LN has been the primary material of choice for second-order
nonlinear optics, owing to its large optical susceptibility (y(2)
with the largest coefficient of it being diagonal, relatively large
refractive index (n, =2.21 and n, = 2.14 at 1 = 1550 nm),
low optical absorption, ultraviolet to mid-infrared optical trans-
mission, and its ferroelectric property, which allows for efficient
nonlinear processes through domain reversal. Several other
materials have been traditionally considered for second-order
nonlinear applications (e.g., see Table 1.5.3 in Ref. 43). For
integrated solutions and in addition to LN, materials such as
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Table 1 Optical properties of some of the materials used for
second-order nonlinear applications.

Largest d Refractive index
Material coefficient at 1550 nm
LiNbO3*' daz =27 pm/V ~2.2
AIN®2 ds3 = 4.7 pm/V ~2.1
GaAs® dsg = 119 pm/V ~3.4
GaN®*® ds3 = 16.5 pm/V ~2.3

AIN," (ADGaAs,** and GaN,” have lent themselves to thin
film on insulator waveguide platforms. Their nonlinear coeffi-
cients and refractive indices are listed in Table 1 and compared
with LNs. GaAs has a very high dsg value but it is not a ferroe-
letric material, hence modal-phase matching (PM) is typically
pursued, which, as argued later, is less favorable than quasi-PM
among fundamental guided modes.

Initially, bulk material and conventional waveguides were used
to explore the capabilities of LN for nonlinear applications.”*’
Conventional waveguides, based on proton-exchange or titanium-
diffusion, have demonstrated phenomenal performance and have
been commercially available for several years.

Shortly after the emergence of TFLN on silicon substrates,* it
was realized that this new platform could take the performance
of nonlinear devices to a much higher level."**® As shown in
Fig. 1, owing to the compactness of TFLN waveguides provided
by the high index contrast, optical mode sizes are remarkably
smaller than those in conventional counterparts, hence much
higher intensities can be achieved for the same optical power.
Moreover, the overlap integral between the interacting optical
modes at different wavelengths with the same parity is much
larger. These differences result in significant improvements in
efficiencies of various nonlinear processes. For example, the
normalized conversion efficiency of second harmonic genera-
tion (SHG) has a direct relation to the overlap integral of the
fundamental and second harmonic modes and an inverse rela-
tion to mode areas.*® Moreover, bending radii in the TFLN plat-
form are much smaller than in the conventional LN because of
its high index contrast, hence efficient and ultracompact micro-
resonator structures can be easily realized on this platform for
integrated nonlinear applications.

Single-pass straight microwaveguides and resonant-based
structures, such as microrings, microdisks, racetracks, and pho-
tonic crystals, have been used to investigate nonlinear integrated
photonics on the TFLN platform. Classical second-order non-
linearities, such as SHG, sum-frequency generation (SFG),
difference-frequency generation (DFG), optical parametric am-
plification (OPA), optical parametric oscillation (OPO), and the
nonclassical spontaneous parametric downconversion (SPDC)
process have been demonstrated, which are all covered in more
details in the following sections.

It is well known that for an efficient nonlinear process, both
the energy and momentum conservation conditions should be
satisfied, the latter of which is not trivial due to waveguide
and material dispersion. For example, SFG requires | + @, =
3 a.nd kl —+ k2 = k3 or nlw]/c —+ nza)z/c = n3a)3/c, Where ;
denotes the angular frequencies of the participating signals in
the nonlinear process, and k; and n; are the corresponding
wavevector and refractive index, respectively.* For the case of
SHG, in which o, = @», k; = k,, and n; = n,, the energy and
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(a)

@®TiLiNbO,
LiNbO,

Index contrast: < 0.1

Mode area: ~ 30 um?

1 Mainly Z-cut

(b)

Mode area: <1 um? Index contrast: ~ 0.7

O] X, Y, and Z-cut

Fig. 1 Comparison of optical mode areas, index contrast, and crystal orientations in (a) conven-
tional LN waveguides and (b) thin-film LN waveguides.

momentum conservation conditions are simplified to w; = 2w,
k3 = 2k;, or n(w;) =n(2w;). Similarly, these conditions
should be fulfilled for other efficient nonlinear processes. In
the presence of a wavevector mismatch (or as often referred
to as phase mismatch), e.g., Ak = k| + k, — k3 # 0 for SFG,
the power oscillates between the participating frequencies in-
stead of efficiently generating the targeted frequency. Therefore,
PM becomes the most critical aspect of any nonlinear process.
In addition, and in resonant-based structures, all the frequencies
involved in an efficient nonlinear process should meet the res-
onance condition.

(@)

TE polarization
is preferred

()
TM polarization
is preferred

z
Z-cut | Y x

) [
= .

Various phase-matching methods are covered in Sec. 2.1 for
SHG, which can be similarly applied to other three-wave mixing
processes in TFLN. It is worth mentioning that for all these
methods and considering the crystal orientation, the preferred
polarization is, if possible, the one that utilizes the largest
element in the y(?) tensor of LN, i.e., ds;. For instance, Fig. 2
shows the crystal orientation and preferred polarization for
periodic poling and modal PM methods for straight waveguides.
As shown in this figure, TFLN wafers are available in X-, Y-,
and Z-cut orientations, and the desired polarization is chosen
accordingly.

(b)

Z Z-cut
.
X
TM polarization
is preferred

(d)  x y
X-cut TE polarization

! Or | Y-cut : P
Z y‘ 7z IS preterre
| l E TEq

- el -

Fig. 2 Crystal orientations and corresponding preferred polarization to achieve maximum effi-
ciency for nonlinear processes in TFLN using [(a), (b)] quasi phase matching via periodic poling

and [(c), (d)] modal phase matching.

Advanced Photonics

034001-3

May/Jun 2022 e Vol. 4(3)



Vazimali and Fathpour: Applications of thin-film lithium niobate in nonlinear integrated photonics

2.1 Second-Harmonic Generation in TFLN

SHG is considered the most fundamental three-wave mixing
process, and it is commonly used to evaluate the performance
of new materials and platforms. Hence, it is not surprising that
SHG accounts for a sizable portion of the published works on
three-wave mixing in TFLN. SHG can be used in applications
such as light generation at inconvenient wavelengths for con-
ventional semiconductor light sources, ultrashort pulse width
measurement, and second-harmonic microscopy. This section
reviews influential SHG studies that use straight waveguides,
as well as resonator-based with various phase-matching meth-
ods. It is noted that for SHG, when the polarizations of both the
pump (fundamental) and the second harmonic (SH) waves are
the same and along the extraordinary axis, the PM method is
called type-0 PM; otherwise, it is called type-1 PM.

Several phase-matching methods have been adopted or de-
veloped on TFLN (see Fig. 3). They can be divided into two
broad categories.*® The first group is perfect PM, which achieves
Ak = 0 by keeping the refractive indices for the fundamental
and SH modes equal. Birefringent PM (BPM) and modal PM

1550 nm

D
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~
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0 w2 m 3m/2 2m
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(d)

(f)

(MPM) are two examples of perfect PM methods. Cyclic PM
(CMP), which is used in microrings and microdisks, meets
the Ak =0 condition for perfect PM in certain azimuthal
angles. The second category is quasi-PM (QPM), Ak # 0,
which is based on perturbing the nonlinear process to compen-
sate for phase mismatches and includes grating-assisted QPM
(GA-QPM) and periodic poling. Using metasurfaces, PM-free
SHG is also possible.

The power relation of SHG in a lossless medium follows
P, « (P, L)?, where P, and P, are the pump and SH powers,
respectively, and L is the device length.” Therefore, a normal-
ized conversion efficiency is defined as n = P,/(P3 L?) with
the unit of % W~! cm~2. However, the proportionality to L? is
rarely held in practical waveguides, since the relation is only
valid in the low-loss regime.*® Therefore, it is worth considering
the efficiency in units of % W~! as well for better performance
evaluation and comparison. Such a normalized conversion effi-
ciency, i.e., P,/P?, is typically reported for resonant-based
structures. However, this again can lead to absurdly large num-
bers if Py is very small, but without useful P, values. It appears
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Fig. 3 Various phase-matching methods used on the TFLN platform. (a) Birefringent phase-
matching.>® (b) Modal phase matching.®® (c) Grating-assisted quasi phase matching or mode
shape modulation.®' (d) PPLN on a straight waveguide." (e) Natural quasi phase matching, which
is conceptually similar to cyclic phase-matching.®® (f) Phase-matching-free metasurface.®
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that the unitless absolute ratio of the output—input powers,
P, /P, (expressed in %), may be the ultimate meaningful effi-
ciency for most practical applications.

2.1.1 Birefringent phase matching

BPM can be attained in anisotropic materials by polarizing the
fundamental and SH waves along different axes (type-I) to match
the refractive indices at these frequencies and satisfy perfect
PM. Although LN is a birefringent material, it is uncommon
to use this method for SHG on TFLN, since it precludes the pro-
cess from taking advantage of the largest element in the y) ten-
sor, corresponding to the nonlinear coefficient d3; = 27 pm/V.
This is in addition to the spatial walk-off issue and practical dif-
ficulties in implementing BPM, particularly in integrated chips.
Nonetheless, Lu et al.” adopted an idea to demonstrate BPM on
X-cut TFLN with an LN thickness of 10 ym. The refractive in-
dex of the TMy, mode at the C-band fundamental wavelength
was matched to that of the TEy, mode at the SH by deviating the
20-mm-long straight waveguide from the optical axis of LN by
an angle of 8 = 52 deg. Furthermore, the strong birefringence
thermo-optic effect of LN was used to demonstrate a wide ther-
mal tunability at a rate of 1.06 nm/K. The normalized conver-
sion efficiency was, however, low (2.7% W~! cm™2). It seems
that this design concept can be harnessed in other integrated bi-
refringent materials, where QPM is not easily accessible.

2.1.2 Modal phase matching

In MPM, the dispersion of a multimode waveguide is engi-
neered to accomplish equal effective refractive indices for the
fundamental mode at the pump wavelength and a higher-order
mode at the SH wavelength. Nonlinear devices based on MPM
are easy to fabricate and are functional after forming the wave-
guide or the microring without the need for postprocessing
steps, such as periodic poling. MPM has been employed for
straight waveguides®* and microresonator structures® in both
type-0 and type-I configurations. The type-I implementation
leverages the strong thermo-optic birefringence of LN and
can tune the wavelength efficiently over a wide span at the ex-
pense of using the d3; = 4.7 pm/V coefficient, which is more
than five times smaller than ds;. However, even in the type-0
configuration, the SHG efficiency is limited due to using
higher-order modes at the SH wavelength, which are less con-
fined, have a higher propagation loss, and have a much weaker
overlap integral with the fundamental mode at the pump wave-
length. Luo et al.”® demonstrated a type-I MPM in an 8-mm-
long straight waveguide with a normalized SHG conversion
efficiency of #=7.3%W~'cm™? and a tuning slope of
0.84 nm/K from 1560 to 1620 nm. Wang et al.** reported an
n=41%W~'cm™ for a l-mm-long device using type-0
MPM. Usually, the third-order mode is used at the SH wave-
length, since the overlap integral between modes with different
parities is equal to zero in a homogeneous waveguide. However,
by adding complexity to the fabrication process and by having
inhomogeneous waveguides consisting of TiO, on LN, the
TEy, mode for the pump and the TE,;; mode for the SH
were utilized with much stronger overlap integral, resulting
in 7 =650%W~'cm™? in a 2.35-mm-long device.”” Chen
et al.® employed type-0 MPM and observed a 10-fold enhance-
ment in SHG efficiency in a microring with 80 ym radius com-
pared with a 1-mm-long straight waveguide with the same cross-
section. A relatively high conversion efficiency of 1500% W~
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was demonstrated in a microring resonator with a 50 pm radius
using type-0 MPM.® MPM has been used in microdisk resona-
tors as well, in type-0 configuration on a Z-cut TFLN.®™
However, the efficiencies in microdisks are much lower than
microrings, and one of the best reported values for the normal-

ized conversion efficiency appears to be ~11% W~!.%

2.1.3 Grating-assisted quasi phase matching

In GA-QPM, also known as mode shape modulation,®" guided
modes are periodically perturbed to induce an extra phase term
and compensate for the phase mismatch. Rao et al.®’ imple-
mented a sinusoidal width variation in a TFLN waveguide
rib-loaded with SiN, which resulted in an estimated n of
~1%W~'ecm™? for a 4.9-mm-long waveguide. Wang et al.*
employed direct etching of TFLN to form periodically grooved
waveguides with a groove depth of 80 nm and obtained
7 =6.8%W~!'cm=2 for a 500-um-long device.

2.1.4 Periodic poling in straight waveguides

Periodic poling, demonstrated first on bulk LN devices over
a few decades ago,”" is the most common and efficient QPM
technique on LN, especially for straight waveguides, despite
Ak # 0. In this method, to compensate for Ak, the sign of
the relevant nonlinear coefficient is periodically altered in the
areas that the power is supposed to be converted back to the
pump frequency. A periodicity of A = 2z /Ak with a 50% duty
cycle prevents power oscillation between interactive waves and
facilitates a much more efficient power transfer from the pump
to the targeted frequency. Devices made with this technique are
called periodically poled lithium niobate (PPLN) and have been
commercialized for many years. Poling is accomplished by uti-
lizing the ferroelectric property of LN through domain inversion
by applying electric fields greater than the coercive field. For
congruent bulk LN, the coercive field value is ~21 V/um.”
This value is higher in TFLN (~40 to 48 V/um), which is
possibly related to the interface of SiO,/LN bonding” or the
annealing step of the wafer fabrication process and the sub-
sequent out-diffusion of Li™ ions.”* PPLN devices typically uti-
lize d33 in a type-0 PM configuration in which the fundamental
modes can be used for both the pump and SH wavelengths,
resulting in a strong overlap integral and enhanced overall
conversion efficiency. Extensive studies have been conducted to
optimize the poling process parameters, e.g., preheat treatment,
temporal waveform, and electric field strength for achieving
a stable and uniform ~50% duty cycle throughout the entire
device.” ™" Recently, several groups have successfully demon-
strated submicron poling periods,”””® which are capable of
compensating for large values of Ak and are of high demand,
particularly for short-wavelength nonlinear devices and counter-
propagating processes. Also, nondestructive measurement
methods, such as piezo-response force microscopy (PFM), SH
confocal microscopy,” and far-field diffraction,” are employed
to visualize and evaluate the poling quality.

In 2016, PPLN devices were demonstrated for the first
time on the TFLN platform on LN" and Si" substrates. Both
devices relied on silicon nitride (SiN) rib-loaded waveguides
on TFLN. Using SiN rib-loaded waveguides and by engineering
the lateral leakage, a normalized conversion efficiency of
1160% W' cm~=2 was achieved in 2019 for a 4.8-mm-long
device.® Figure 4 shows various types of PPLN devices dem-
onstrated in TFLN, such as straight waveguides and resonator
structures.
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Fig. 4 PPLN devices in different structures. (a) Straight waveguide.® (b) Racetrack resonator that
is poled on one of the straight arms.®® (c) Radially poled microring resonator.®* (d) Radially poled
microdisk, poled using the PFM technique in which they also demonstrated a poling period as

small as 200 nm.®®

Following the development of low loss etching processes,'
ultrahigh efficient nonlinear processes on TFLN using direct
etching emerged. In 2018, using direct etching on a MgO-doped
X-cut TFLN, Wang et al.* reported normalized SHG conversion
efficiencies of 2600 and 2300% W~!'cm™ for 4-mm-long
devices on two different waveguide widths operating at two
distinct wavelengths. MgO-doping mitigates any potential pho-
torefractive effects in LN, and hence enables high-power
operation. Chen et al.¥’ achieved a very similar performance
on an undoped X-cut TFLN with an 7 of 2200% W~! cm™2
for a 4-mm-long device. In 2019, our group showed a record
high normalized SHG conversion efficiency to date of
4600% W~! cm~ on a 300-um-long device by actively moni-
toring the poling process and by performing multiple iterative
cycles of poling and depoling.® In 2020, another very high 5
of 3757% W~' cm™2 was reported on a longer device length
of 5 mm.*® Recently, a normalized conversion efficiency of
~320% W~ cm™2 was reported for a 20-mm-long device
corresponding to ~1280% W~!,* which is relatively high for
conversion efficiencies reported to this date in units of % W~!
for straight waveguides (see Table 2).

2.1.5 Periodic poling in microresonators

Combining highly efficient PPLN devices with the intensified
light-matter interaction in resonant-based structures has led
to a new front in nonlinear processes. In 2019, Chen et al.¥
utilized a doubly resonant microcavity in a racetrack shape on
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X-cut MgO-doped TFLN and periodically poled the 300-um-
long straight waveguide on one arm to achieve a normalized
conversion efficiency of 230,000% W~' with only 5.6 4W of
pump power and a moderate Q-factor of 3.7 x 10°. Lu
et al.” radially poled a doubly resonant microring resonator on
a Z-cut TFLN and were able to demonstrate 7 = 250,000%W!.
This is while they employed d;; by using TE(, for the pump
mode and TMy, for the SH mode due to the difficulty of poling,
since the poling period of type-0 PM would have been almost
three times smaller. By utilizing ds; in the type-0 configuration
through overcoming the poling issues and by improving the Q-
factor of resonators, the same group reached 5,000,000% W~!
conversion efficiency at the low power regime with a pump
power of ~10 uW.* As mentioned above, such very high effi-
ciencies in % W~! are possible because the ratio P,/P?7 would
increase inversely with a decrease of the pump power for
the same order of absolute power efficiency (see Table 3).
Nonlinear optics at such low pump powers is a welcome devel-
opment. However, as mentioned before, in most practical appli-
cations, the amount of the generated output power is more
important and the absolute power efficiency, P,/P; in %, is
therefore a more relevant figure of merit.

With a high single-photon coupling rate of 1.2 MHz and a
reasonably low dissipation rate of 184.6 MHz, the previously
cited work™ reached a single-photon anharmonicity of
0.7%,* which could find application in integrated quantum
photonics.”*”* Periodically poled whispering-gallery resonators

May/Jun 2022 e Vol. 4(3)
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Table 2 Performance of various devices based on straight waveguide structure for SHG using different phase-matching methods.
Power values for the pump and SH wavelength and the absolute conversion efficiency (in %) correspond to the maximum normalized
conversion efficiency and are not necessarily the maximum reported numbers in these papers.

PM method Pump/SH power Length %W~ cm2 % W~ Absolute %
BPM type-I*° 25 mW/67 uW 2.cm 2.7 10.7 ~0.27
MPM type-0% 630 xW/140 nW 2.35 mm 650 36 ~0.022
PPLN type-0% 3 mW/370 nW 300 um 4600 414 ~0.012
PPLN type-0% 530 yW /2.7 uW 5 mm 3757 939.25 ~0.5
PPLN type-0% 1.5 mW/9.4 uW 4 mm 2600 416 ~0.6
PPLN type-0% 2.95 mW/31.6 uW 4 mm 2200 352 ~1
PPLN type-0® ~6 mW/550 uW 20 mm ~320 ~1280 ~9

Table 3 Comparison of resonant-based structures for SHG using different phase-matching methods.

Structure PM method Pump/SH power Q, at FW % W Absolute %
Microring® MPM type-0 440 yW/2.9 uW 1.4x10° 1500 ~0.65
Microring® PPLN type-0 1.05 yW/56 nW 1.8 x 108 5x 108 ~5.3
Microring® PPLN type-I 55 uW/7.5 uW 8x10° 25x10° ~13.5
Racetrack® PPLN type-0 5.6 uyW/73 nW 3.7x10° 2.3x10° ~1.3
Microdisk®' CPM type-I 10 mW/110 xW 1.1x10° ~110 ~1.1
Microdisk'® NQPM type-0 30 uW/4.2 yW 7.5% 107 4.7 x10° ~14

and microdisks are also demonstrated,®***° but with much lower
conversion efficiencies. Nonetheless, the developed poling tech-
niques for microdisks using PFM are invaluable and pave the
way for reaching poling periods below 100 nm” [see Fig. 4(d)].

2.1.6 Cyclic phase matching

The CPM method” is used in microresonators on X- and Y-cut
TFLN in a type-I configuration.”’*® Since the ordinary refrac-
tive index of LN is larger than the extraordinary value, the pump
signal is polarized perpendicularly to the optical axis and hence
holds a constant ordinary refractive index while the SH wave is
in-plane and experiences an oscillating refractive index between
the ordinary and extraordinary indices as it rotates around the
resonator structure. Accordingly, the PM condition is met at four
different azimuthal angles at each round. The normalized con-
version efficiency for the CPM method has a record of only
110% W~L.°! However, it benefits from wider PM bandwidths®’
and does not require periodic poling.

In 2019, a method very similar to CPM, but in type-0 con-
figurations, was demonstrated and was called natural QPM.%
Herein, the in-plane waves on X- or Y-cut TFLN undergo differ-
ent effective nonlinear coefficients as they rotate around the
resonator structure, which resembles the domain inversion
and QPM without periodic poling. Using this method, a broad
PM bandwidth with a normalized conversion efficiency of
9900% W~! was reported.”” Recently and partially due to a
record high intrinsic Q of above 10%, natural QPM with a con-
version efficiency of 470,000% W-! was achieved in an ultra-
broadband nonlinear device.'® Also, an absolute conversion
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efficiency of 23% was reported at a saturation pump power
of 110 uW.

2.1.7 Metasurfaces and photonic crystals

Phase-matching-free SHG is also possible using metasurface
structures, which usually can operate over a wide range of wave-
lengths. This has been done, for example, by utilizing Mie-type
resonant structures,”>*”'” optical anapole modes,'” and resonant
waveguide gratings.'”'” Among these, one of the best perfor-
mances so far (1, = 1660% W~! cm~?) belongs to phased-ar-
ray antennas forming a gradient metasurface, which provides a
unidirectional wavevector and deprives the SH of converting
back to the pump wavelength. A more detailed review on
SHG using metasurface structures can be found elsewhere.'™

Also, photonic crystals can be potentially very efficient in
nonlinear processes due to their extremely small mode sizes
and a strong light-matter interaction.'”'* However, they require
an elaborate doubly resonant design to overcome their typical
low Q-factors and external coupling at SH, which remains a
challenging task.

2.1.8 Summary and concluding remarks on SHG

Tables 2 and 3 summarize the performance of various devices
for SHG using different phase-matching methods for straight
waveguides and resonant-based structures, respectively. In these
tables, maximum normalized conversion efficiencies along with
the corresponding on-chip optical power at the fundamental and
SH wavelengths and the absolute conversion efficiency are re-
ported. The power values are mostly extracted from the related
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plots in these published works. It is noted that some of these
studies reported higher absolute conversion efficiencies at the
high-power regime, where SH and pump powers do not follow
the quadratic relation anymore and hence the normalized con-
version efficiency is lower. In straight waveguides, PPLN devi-
ces have demonstrated the best performance in all conversion
efficiency units. In resonant-based structures, again PPLN de-
vices have exhibited a superior performance. However, the best
absolute conversion efficiency belongs to a microdisk working
with the natural QPM method,'® which originates from the rec-
ord-high loaded Q-factor of this resonator that is almost two
orders of magnitude higher than the PPLN-based counterparts.

Comparing the two tables shows that conversion efficiencies
reported in units of % W~! are mostly orders of magnitude
larger for resonant-based structures. This notable difference is
arising from the fact that straight waveguides are usually pumped
at milliwatt levels, while resonant-based structures often work at
microwatt levels. The absolute conversion efficiency is also
higher in resonant-based structures. However, straight wave-
guides can handle very high powers, which can result in large
absolute conversion efficiency values. For instance, an absolute
conversion efficiency of 53% has been reported with 117 mW at
SH when it was pumped with 220 mW in a MgO-doped TFLN
waveguide.*® Generation of SH at such high power levels is
desired for many applications. Moreover, from the practical
perspective, straight waveguides are generally less sensitive to
thermal, vibrational, and other environmental fluctuations and
have higher fabrication yield compared with resonant-based
structures, which are very sensitive to fabrication errors.
Finally, most of the high-performance resonant structures were
pumped with TM polarized light on a Z-cut TFLN to utilize d53,
which can be a limiting factor for an ultimate integrated pho-
tonic chip, since semiconductor quantum-well lasers typically
emit TE-polarized light and hence a polarization rotator is re-
quired for TM pumping.

2.2 Other Three-Wave Mixing Processes in TFLN

Other second-order nonlinearities, such as SFG, DFG, optical
parametric oscillation/amplification (OPO/OPA), and SPDC,
have been demonstrated on TFLN. Moreover, various three-
wave mixing processes have been cascaded on this platform and
resulted in outstanding performances for processes such as low
(third and fourth) harmonic generation. All these processes will
be briefly reviewed in the following sections.

2.2.1 Sum-frequency generation

The SFG process is very similar to SHG, in principle, with the
ability to mix two distinct wavelengths, which makes it suitable
for numerous applications. SFG can be used to generate light at
frequency ranges where SHG cannot be utilized due to the lack
of efficient lasers. It is also very common to use SFG for
upconversion detection. For instance, low-power mid-infrared
(mid-IR) light, down to a single-photon,'”’ can be converted to
visible wavelengths and detected using low-noise and high-
performance visible detectors. SFG on TFLN has been demon-
strated on both straight waveguides®'® and resonant-based
structures'lOS,lOQI 10

Our team demonstrated an SFG bandwidth of ~20 nm in a
TFLN PPLN device with a normalized conversion efficiency of
~900% W' cm~? when one of the lasers was at a fixed wave-
length and the other one was swept within its tuning range.*
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In addition, swiping both lasers resulted in an SFG from 1460
to 1620 nm. In microdisk resonators, a conversion efficiency of
2.2 x 1073 W~ is reported with a relatively low Q of 1.8 x 10
using the MPM method.""° Ideally, the conversion efficiencies
four times larger than SHG should be achieved for SFG.'"
Therefore, having state-of-the-art values for Q and utilizing
natural QPM or PPLN—as the most efficient PM methods for
resonators so far—can notably boost the efficiency of SFG.

SFG can be combined with other second-order nonlinear
phenomena, such as SHG, to obtain highly efficient higher-
order nonlinear processes through cascading,®*®"'*'"*> which
will be discussed later in a separate subsection. Moreover, SFG
has been cascaded with the EO effect, which is in principle
a second-order nonlinear process as well. This is very useful
for low-power and high-speed control of an SFG.'"®

2.2.2 Difference-frequency generation and parametric
amplification and oscillation

DFG, OPA, and OPO share similar working principles. DFG has
been extensively used for generating terahertz and mid-IR
sources on other platforms.'™'"* On the TFLN platform, DFG
has been demonstrated using both straight waveguides*'"” and
resonant-based structures.”” A new hybrid TFLN/Si platform is
proposed by providing numerical simulation results to utilize
DFG for terahertz generation,'” though it appears to be chal-
lenging to be realized from the fabrication perspective. Using
periodically poled TFLN on sapphire—with a transparency win-
dow up to 4.5 ym—mid-infrared generation up to 3.66 um with
a DFG normalized conversion efficiency of 200% W~ cm™2 is
demonstrated.'"” Sapphire helps with circumventing the high
absorption loss of the oxide layer at wavelengths longer than
2.5 um.**'" Cascaded SHG/DFG is used to demonstrate effec-
tive four-wave mixing on a microdisk on TFLN using MPM.”
In collaboration with Johns Hopkins University, we have uti-
lized DFG in a TFLN PPLN device and spectral filtering to
demonstrate an optical isolator concept based on nonlinear
optics.” The isolator has a wide bandwidth (>150 nm) with
40 dB transmittance difference between forward and backward-
propagating waves.

OPAs have been recently pursued on TFLN."*"'** On-chip
amplification, combined with phenomenal properties of LN,
opens the door wide open for applications in sensing, commu-
nications, and quantum information processing, among others.
Recently, using dispersion engineered PPLN devices, Ledezma
et al.'” reported on a phase-sensitive gain of 11.4 dB on a 2.5-
mm-long device (~45 dB/cm) with a pump pulse energy of
0.8 pJ. They also demonstrated optical parametric generation
with a 110 dB/cm gain with <6 pJ of pump pulse energy
and more than 600 nm gain bandwidth. Jankowski et al."** cir-
cumvented the group-velocity dispersion and temporal walk-off
effects via delicate dispersion engineering in a TFLN PPLN de-
vice and reported on a 118 dB/cm of unsaturated parametric
gain over 1 um of bandwidth with 4 pJ pulse energies. They
also achieved a saturated gain of 146 dB/cm and a conversion
efficiency of 15% for pulse energies above 10 pJ. These gain
values are comparable with the state-of-the-art semiconductor
optical amplifiers but with a much higher bandwidth that can
potentially initiate numerous applications for TFLN.

OPOs can be utilized as a classical source for the generation
of coherent radiations throughout a wide range of frequencies or
as a nonclassical source for purposes such as quantum random
number generation. Ultralow threshold (30 W) integrated OPO
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devices are recently reported on the TFLN platform using a
radially poled PPLN microring.'”® This OPO is widely tunable
through varying the temperature and the pump wavelength and
showed an 11% conversion efficiency at a pump power of
93 uW.

2.2.3 Spontaneous parametric downconversion

SPDC is a nonclassical three-wave mixing process in which a
pump photon generates two entangled photons, i.e., signal and
idler, at lower frequencies.'”® For over three decades, SPDC has
been used as a source in various quantum mechanical experi-
ments, such as quantum cryptography'”’ and quantum telepor-
tation,'”® and it is usually more efficient than the third-order
counterpart of spontaneous four-wave mixing.

TFLN is a propitious candidate for integrated quantum pho-
tonics. SPDC has been demonstrated on straight PPLN wave-
guides,””'®"* as well as on resonant-based structures.””'*
In collaboration with Northwestern University, our team has re-
ported quantum-correlated photon pairs with a high coincidence-
to-accidental ratio (CAR) of beyond 103 over 140 nm'” (on the
same discussed PPLN devices with 300 xm lengths that exhibited
an SHG efficiency of 4600% W~! cm~2).% In another publica-
tion, we demonstrated correlated photon pairs using cascaded
SHG and SPDC in a single 4-mm-long PPLN device."* A com-
prehensive review of integrated quantum photonics on the TFLN
platform can be found elsewhere.'”

Over the past two years, several high-performance SPDC de-
vices based on PPLN structures are demonstrated. Zhao et al.'*’
reported a CAR of ~67,000 at a pair flux of 76 kHz and a CAR
of ~670 at a pair flux of 11.4 MHz for a 5-mm-long PPLN
waveguide. A spectral brightness of 5.6 x 10’ Hznm™' mW~!,
visibility of >99%, and heralded single-photon autocorrelation
of gg)(O) < 0.025 were measured for this device as well. Xue
et al.”' showed an ultrahigh pair flux rate and a spectral bright-
ness of 2.79 x 10! HzmW~! and 1.53 x 10° Hznm~ ! mW~!,
respectively, on a 6-mm-long PPLN waveguide at the expense
of a lower CAR value of about 600. This device possessed
160 nm of bandwidth and maximum visibility of ~99%.
Recently, Javid et al.'"* demonstrated a record high bandwidth
of 800 nm (100 THz) in a 5-mm-long dispersion engineered
PPLN waveguide. A CAR of >150,000 at a pair flux of
176 kHz, a spectral brightness of 3.8 x 107 Hznm™' mW~!,
and a visibility of 98.8% were reported for this device. Using
a radially poled microring resonator on the TFLN platform, Ma
et al."** demonstrated pair fluxes of 36.3 and 8.5 MHz at pump
powers as low as 13.4 and 3.4 uW, respectively. Also, a maxi-

mal CAR of ~15,000 and a minimal gg) (0) of 0.008 were re-
ported for this PPLN microring. These devices have already met
or in some cases surpassed the performance of other materials,
such as Si, SiN, AIN, and bulk LN. Therefore, a bright future is
expected for quantum integrated photonics on TFLN.

2.2.4 Cascading second-order nonlinear processes

Higher-order harmonics and wave mixing effects can occur
by cascading y® processes in a single or multiple TFLN
devices. Furthermore, effective third-order nonlinearities can
be realized through cascading y(?) processes.*® This is specifi-
cally very intriguing for the TFLN platform since y(® of LN
is much stronger than its other nonlinearities. Cascading y?
processes has been extensively studied on the TFLN platform
to further improve the performance of other nonlinear
processes'69,70,89,l1{115.130,137—139
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There are several methods to achieve such cascading effects
(see Fig. 5). A straightforward method is by placing two or more
different periodically poled sections, each being responsible for
a specific ¥ process. For instance, our group demonstrated
two devices (each with two cascaded PPLN sections) for
low-harmonic generation, namely third- and fourth- harmonic
generations (THG and FHG). For THG, the first PPLN segment
was designed for SHG while the second PPLN was responsible
for SFG, resulting in a cascaded SHG/SFG (v + @ - 2w/2w+
@ — 3w). For FHG, both PPLN segments were poled for SHG,
resulting in SHG/SHG (@ + @ — 2w/2w + 2w — 4w)."”’
Another method is to have more than one period in a PPLN
device and generate a wider range of k-vectors to compensate
for different phase-mismatching required for various nonlinear
processes. This has been done in a chirped PPLN straight wave-
guide, which resulted in illustration of high-harmonics up to the
13th harmonic.'” Also, a PPLN microdisk with a dual period
was utilized for THG and FHG.” In addition, it is possible
to achieve cascading in a single PPLN waveguide for THG
and FHG via pulse pumping and by slightly detuning the pump
wavelength from the QPM wavelength.****'** This latter method
was used to demonstrate self-phase modulation with an effective
nonlinear refractive index, i.e. n, ., that is almost 200 times
larger than the intrinsic n, of LN in_a dispersion-engineered
PPLN waveguide.'” The effective ;(e?f reported in this paper
is larger than that of other well-known photonic Kerr-based plat-
forms (such as Si and SiN) and proves the effectiveness of the
cascading process. Moreover, in the first reported cascaded y(?)
for THG in a resonator, it was shown that natural BPM can be
employed to observe both SHG and THG at higher values of
pump power.”

2.3 Applications of Second-Order Nonlinearity in
Optical Frequency Combs

An optical frequency comb (OFC) consists of a large number
of equidistant teeth in the optical spectra with potential appli-
cations in accurate optical clocks, optical communication,
detection and ranging, spectroscopy, and sensing.'*® TFLN in
particular is a very attractive platform for OFCs since dispersion
engineering is fairly easy on this platform, and it enables OFC
generation through different processes, such as ), cascaded
;((2), and the EO effect. Moreover, TFLN can leverage other phe-
nomenal properties of LN to provide additional devices, such as
self-referencing components, EO modulators, frequency con-
verters, and filters to materialize a fully functional integrated
chip for OFC generation.

The most common method for OFC generation is based on
the Kerr effect, which is a third-order nonlinear process and will
be discussed in Sec. 3.2. In another approach, OFC generation
through only ) processes is also possible and is called quad-
ratic frequency combs. This can be done through an OPO cas-
caded with SHG/SFG or the other way around. In other words,
quadratic frequency combs leverage LN’s large second-order
nonlinear coefficients and can result in a lower threshold and
higher efficiency compared with Kerr combs. Moreover, the fre-
quency shifting nature of this process makes it possible to gen-
erate OFCs at the mid-IR or ultraviolet wavelengths using the
commonly available visible and near-IR lasers. On-chip integra-
tion of f —2f self-referencing is feasible as well. However,
such combs have been mostly demonstrated on table-top
systems.'*! Recently, an on-chip quadratic frequency comb with
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Fig. 5 Some of the schemes used for implementing cascaded y® processes in TFLN and the
corresponding harmonic generations. (a) Two PPLN sections with different poling periods to en-
able SHG/SFG cascading for a THG device and SHG/SHG for an FHG device." (b) Dual-period
PPLN microdisk with demonstrated THG and FHG.* (c) THG and FHG on a single PPLN device
via pulse pumping.®? (d) SHG and THG on a microdisk through cascaded SHG/SFG by taking

advantage of the natural BPM.*

a soliton state was illustrated in an AIN platform.'** Quadratic
OFCs, operating in the modulation instability regime, have been
reported on conventional LN chips using PPLN waveguides and
a microresonator'“*'*’ [Fig. 6(a)]. This type of OFC has yet to be
demonstrated on the TFLN platform.

EO combs are another alternative for OFC generation.
Although EO is fundamentally a y® nonlinear process, the EO
combs are not regarded as a variant of the quadratic frequency
combs discussed above, since their working principle is differ-
ent. In the EO scheme, comb lines are formed by generating
sidebands of the pump signal through phase modulation.'*
To increase the number of lines, usually a resonator structure
such as a Fabry—Pérot cavity'™ or a microresonator'' is used
in which the frequency of the applied RF signal matches an
integer number of the resonator’s free-spectral range. The line
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spacings of these OFCs are tunable, and the spectral flatness
compared with Kerr combs can be achieved on them by proper
designs. However, due to the small frequency spacing compared
with Kerr combs, EO combs have limited bandwidths. A review
on the advancement of integrated EO combs on different plat-
forms can be found elsewhere.'”

On the TFLN platform and by proper dispersion engineering
in a microresonator structure with Q = 1.5 x 10°, Zhang et al."!
were able to expand the spectral span of an EO comb to 80 nm
with a spectral slope of ~1 dB/nm and a pump to comb
conversion efficiency of ~0.3%. The spectra comprised more
than 900 comb lines with a repetition rate of ~10.45 GHz.
Recently, the same group used two coupled resonators that
were critically coupled when applying the RF modulation signal
and hence transferred the pump power much more efficiently
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Fig. 6 Using second-order nonlinear processes for generating OFCs on lithium niobate.
(a) Quadratic frequency comb generation on conventional LN'* using cascaded y® processes,
which has yet to be demonstrated on the TFLN platform. (b) Electro-optic frequency comb gen-
eration in TFLN using coupled microring and racetrack resonators and the resulting spectrum ex-

hibiting a high conversion efficiency.'*®

into the microresonator.'® This new configuration resulted in

conversion efficiency of 30% with a spectral span of 132 nm
and a comb line spacing of ~31 GHz [Fig. 6(b)]. In addition,
it was shown that this EO comb, with such bandwidth and con-
version efficiency, can be used as a high peak power ultrafast
pulse source (~336 fs pulse duration) for other on-chip nonlin-
ear processes including Kerr comb generation.

3 Third-Order Nonlinear Processes in TFLN

Although the third-order nonlinear coefficient of LN
(1.6 x 1072 m?/V?) is not as exceptionally high as its second-
order coefficient compared with other materials, it is still very
large and comparable to SiN, which is a popular choice for
third-order nonlinear applications. Utilizing LN y®) coeffi-
cients, combined with the recently achieved ultralow propaga-
tion loss and compact mode sizes of TFLN, makes the plat-
form appealing for high-performance third-order nonlinear
devices.

Among several well-known third-order nonlinear inter-
actions, e.g., four-wave mixing,"* stimulated Brillouin scatter-
ing,”* and Raman processes," some have been demonstrated
on the TFLN platform.**'*® However, due to the limited space,
this work only covers supercontinuum generation (SCG) and
Kerr effect in resonant structures, with an emphasis on their
applications in OFCs.
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3.1 Supercontinuum Generation

SCG is a nonlinear process where an ultrashort pulse with
enough intensity experiences spectral broadening after propa-
gating a certain distance through a third-order nonlinear
medium."’ SCG typically requires anomalous group velocity
dispersion (GVD). However, it can be also achieved in the
marginally normal GVD regime at the expense of higher pulse
powers."”” Spectral broadening of more than one octave is par-
ticularly useful for OFCs, since the wide spectrum allows sta-
bilization of the carrier-envelope offset (CEO) frequency, fcgo,
through the f — 2f self-referencing method. SCG on integrated
platforms benefits from ease of dispersion engineering and
compact waveguide sizes and hence operates at lower energies.
TFLN is a great platform for SCG as it offers a strong y®) non-
linearity in addition to the required y*), hence enables on-chip
f —2f self-referencing'™® [Fig. 7(c)].

Lu et al.'" demonstrated SCG with 1.5 octaves of bandwidth
using 800 pJ of pulse energy in a 10-mm-long Z-cut TFLN
waveguide. In another work, 2.58 octaves of bandwidth using
a pulse energy of 185 pJ was achieved in a 5S-mm-long wave-
guide on an X-cut TFLN'? [Fig. 7(a)]. In addition to SCG, SHG
and SFG were observed in this study, which were attributed to
MPM at higher-order spatial modes. With the SCG spectrum
overlapping with that of SHG, the f-go beat-note was directly
detected with a 30-dB signal-to-noise ratio (SNR). Jankowski
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for on-chip f — 2f self-referencing, which is of great importance for realization of on-chip OFCs.

etal.'” used a 6-mm-long PPLN waveguide to take advantage of
cascaded y® processes and achieved more than two orders of
magnitude improvement in self-phase modulation compared
with that of Kerr nonlinearities. This resulted in an SCG with
>2.5 octaves span at only ~11 pJ of pulse energy. To confirm
the coherency of the SCG, they measured the fcgo beat-note
with an SNR of 35 dB.

3.2 Kerr Effect in Microresonators for Optical Frequency
Comb Generation

Soliton OFCs can be generated over a wide bandwidth in micro-
resonator structures with anomalous dispersion and by relying
on the Kerr (y)) nonlinearity. Using these combs, as the con-
ceptual schematic in Fig. 8(a) suggests, versatile properties of
TFLN can be utilized for the realization of fully integrated sol-
iton combs on a single chip with providing all the necessary
components.'® He et al.'" demonstrated soliton microcombs
with a comb teeth spacing of ~200 GHz over a >200 nm
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spanning range around 4 = 1550 nm in a Z-cut microring res-
onator with a Q of 2.2 x 10°. They also showed that the photo-
refractive effect of LN (which acts in the opposite direction
of the thermo-optic effect) permits the soliton mode-locking
process to self-start and, more importantly, makes switching
between the soliton states possible through both up- and down-
tuning of the laser frequency. In a very similar work, operating
around 4 =2 uym to reduce the impact of stimulated Raman
scattering (SRS) on Kerr comb generation, Gong et al.'* illus-
trated a line spacing of ~200 GHz over a span of ~300 nm.
Wang et al.'® made an integrated chip with filters and modula-
tors to manipulate the output of the generated OFC. They de-
signed a microring resonator capable of supporting both TE and
TM polarizations with anomalous dispersion for both cases and
reported on OFC generation spanning over 700 and 300 nm for
TE and TM polarizations, respectively, with ~250 GHz spac-
ing. However, the soliton state was not achieved, and the gen-
erated combs were attributed to modulation instability due to the
Raman effect. Therefore, the strong Raman effect needs to be
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circumvented to have frequency combs in soliton states. Gong
et al.'® accomplished this goal by increasing the threshold en-
ergy for SRS to more than that of the soliton through a delicate
design of the external coupling rate with respect to the intrinsic
decay rate. As a result, soliton frequency combs spanning over
4/5 octaves, with a spacing of ~335 GHz, were demonstrated
[see Fig. 8(b)]. Pushing the span over an octave enables highly
desired f —2f self-referencing for this type of OFCs on the
TFLN platform. It should be noted that the conversion efficiency
from pump to comb lines is currently low for practical applica-
tions and further improvements are required for on-chip Kerr
combs. The same group recently demonstrated a cascaded
Kerr and EO comb, where the EO comb lines with much lower
repetition rates filled the gap between Kerr soliton combs
[Figs. 8(c) and 8(d)].'” In addition, this could facilitate the
stabilization of Kerr combs.

4 Conclusions and Outlook

Some of the initial research studies and recent developments in
nonlinear photonics on the TFLN platform were reviewed. The
improvements are magnificent for such a relatively short period
of time, reaching or surpassing the performance of prior plat-
forms for nonlinear applications. Despite outstanding demon-
strated performances, this platform is still in its early years of
development and will have a lot more to offer in the future.
There is plenty of room left for improvement of the TFLN
platform before it becomes a fully functional integrated pho-
tonic platform. Fabrication needs to ultimately reach a point that
reproducible, high-yield, and wafer-scale processing can be
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accomplished in foundries, while pushing the propagation
losses down to the material absorption limit.

There are more essential photonic components that must be
incorporated to the platform either monolithically or through
heterogeneous integration. As mentioned before, progress has
been made in heterogeneously integrated semiconductor lasers
in TFLN.** Similar methods could be adopted for integration
of semiconductor photodetectors on this platform. Other exam-
ples include cointegration of second- and third-order materials.
As discussed, LN has a relatively high third-order Kerr optical
susceptibility. But in some applications, such as OFCs, it is still
sensible to utilize other materials—such as SiN or chalcogenide
glass—that may be advantageous in terms of nonlinear coeffi-
cient, optical loss, dispersion management, cost, compatibility
with silicon foundry fabrication, etc. To this end, our team and
collaborators have made progress in heterogeneous integration
of TFLN and chalcogenide glass waveguides on the same sil-
icon substrates.'**'"

Furthermore, besides improving the performance of devices
based on different optical and other functionalities (e.g., EO,
second- and third-order nonlinearities and piezoelectricity),
all of them may need to be integrated on the same chip to fully
utilize the capabilities of this versatile platform.

A lot of further milestones can be accomplished for nonlinear
photonics on TFLN. Material properties, such as the photo-
refractive effect, need to be more accurately studied. For
second-order nonlinearities, QPM using periodic poling still
appears to be the most efficient method. The poling process
can be perfected and standardized at the foundry level to achieve
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high-yield and high-performance PPLN devices with <100 nm
poling periods. Such small poling periods compensate for large
phase mismatches, which can be very functional especially for
counterpropagating QPM processes. With the reported perfor-
mances for PPLN microring devices and considering their small
footprint and low power consumption, they could be promising
devices for y(? processes in certain applications. However, one
caveat for PPLN microrings is that the most efficient devices are
made on Z-cut TFLN and operate in the TM polarization, which
may not be the best option for ultimate fully integrated chips
since the output of semiconductor lasers is usually TE-polar-
ized, thus on-chip TE-to-TM polarization rotators will be re-
quired. Nonetheless, passive on-chip TM-to-TE polarization
rotators'® and polarization rotator-splitters'®'™* have been re-
cently reported in TFLN. It is expected that reliable, low-loss,
and high extinction ratio passive TE-to-TM polarization rotators
will be demonstrated in the platform in the future. Furthermore,
and as mentioned before, straight-waveguide PPLNs can typi-
cally handle higher powers and are more tolerant to fabrication
errors and environmental fluctuations.

On-chip amplification in TFLN has been accomplished using
heterogeneously integrated semiconductor optical amplifiers,*
Er-doped amplifiers,””'"'”* and OPAs."”*'** Cascaded y(*) proc-
esses are anticipated to be much more sophisticated that can
be used for efficient frequency conversion in the ultraviolet
and mid-IR wavelength ranges as well as generating broadband
OFC and SCG sources. The current high demand for OFCs,
along with the miniaturization and robustness that comes with
integrated OFC on the TFLN platform, will push the limits for
this type of devices to have higher conversion efficiencies and
SNR with self-referencing incorporated in them. Also, EO de-
vices are envisioned to be effectively integrated with all types of
nonlinear devices for fast tuning or high-speed modulation.

Finally, considering the current progress in the efficiency of
nonlinear processes, especially second-order effects, it is ex-
pected to achieve very high absolute conversion efficiencies
in the future. Reaching large values in absolute efficiency will
be a major step forward for integrated nonlinear photonics and
its applications. Integrated quantum photonics will be severely
pursued at that point since nonlinearity at the single photon level
will be accessible.

In summary, TFLN has emerged as a mature platform for
integrated photonics on a ferro-electric material with high sec-
ond- and third-order nonlinearity. The high-contrast and low-
loss waveguides on TFLN make them ideal for realization of
compact nonlinear devices operating at low powers compared
with conventional waveguides on the same material or on other
materials. Several applications, such as optical spectroscopy,
wavelength conversion for light generation at inconvenient
wavelengths, digital optical synthesizers, and quantum optics,
can be realized using the discussed efficient nonlinear devices
and circuits on TFLN.
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