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Abstract—Ion-sliced thin-film lithium niobate (LN) compact
waveguide technology has facilitated the resurgence of integrated
photonics based on the material. The thin-film waveguides offer
over an order of magnitude improvement in optical confinement
and bending radius compared to conventional LN waveguides.
The thin-film technology can also be implemented on versatile sili-
con substrates. Harnessing the improved confinement, a variety of
miniaturized and efficient photonic devices has been realized. The
state of the art of thin-film LN integrated photonics is reviewed, fo-
cusing on heterogeneous integration, electrooptic modulation, and
nonlinear frequency conversion. The potential applications and
associated challenges of next-generation LN-based integrated pho-
tonics are discussed.

Index Terms—Lithium niobate, thin film, nanophotonics, elec-
trooptic modulation, electrooptic devices, nonlinear optics, non-
linear optical devices, optical waveguides, microwave photonics,
optical fiber communication, photonic integrated circuits, silicon
photonics, photonics.

I. INTRODUCTION

L ITHIUM niobate (LN) has enjoyed widespread commer-
cial success through its applications in telecommunica-

tions [1] and nonlinear optics [2], [3]. Modulators and switches,
which benefit from the strong electrooptic (EO) effect in LN,
have been vital to the development of optical telecommunica-
tions [4]–[9]. In addition, periodically-poled LN (PPLN), which
relies on ferroelectric domain reversal and the material’s strong
second-order nonlinear effect, has been central to the devel-
opment of numerous nonlinear devices, such as optical fre-
quency converters and parametric oscillators [10]–[15]. LN has
been used in many other applications as well, for example, as
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Fig. 1. A fully-packaged commercial LN EO Mach-Zehnder modulator. The
total packaged length is ∼13 cm, and the internal LN chip is ∼9 cm long. The
long length is a consequence of high voltage-length product, and high bending
radius; both of these shortcomings of conventional LN waveguides are addressed
through the presented thin-film platform.

Q-switches for lasers [16]–[18], and as entangled photon-pair
sources for quantum optics applications [19], [20].

However, conventional LN devices usually have large on-
chip footprints. For example, a typical commercial-off-the-shelf
(COTS) LN EO modulator is 5 to 10 cm long (Fig. 1). Recently,
there has been a push towards miniaturizing LN-based pho-
tonic devices, with the goal of forming complex and compact
integrated circuits. The desired reduction in size is usually ac-
companied by an increase in efficiency (specific to each device),
as discussed later. Furthermore, monolithic integration of these
compact LN devices on silicon substrates enables potential com-
patibility with silicon photonics and back-end-of-line (BEOL)
foundry fabrication.

These objectives have been pursued using thin-film LN in-
tegrated photonics, the focus of this review article. Section II
briefly introduces the relevant material and optical properties
of LN. Section III describes the modernization of LN inte-
grated photonics from large diffused waveguides to submicron
thin-films that are compatible with current trends in integrated
photonics, particularly on silicon substrates. The heterogeneous
integration of thin-film LN with a variety of other optical ma-
terials is reviewed in Section IV. Section V discusses thin-film
LN EO and nonlinear optical devices. Finally, we conclude with
an outlook on the potential future uses of thin-film LN and a
summary on the state of the art.

II. LITHIUM NIOBATE

A. Physical Properties of Lithium Niobate

Lithium niobate is a synthetic dielectric that exhibits ferro-
electricity (spontaneous electric polarization) below its Curie
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Fig. 2. (a) Crystal structure of ferroelectric lithium niobate. The blue spheres
represent oxygen atoms, which form planes normal to the crystal c-axis. The
positions of the niobium (gold colored spheres) and lithium (black colored
spheres) ions dictate the ferroelectric domain orientation (upwards here). The
periodic vacancy is visible between the upper lithium and niobium atoms. After
[31]. (b) X, Y and Z-cuts of LN wafers are important for optical applications.

temperature. The use of the Czochralski technique [21] for the
growth of ferroelectrics [22], and the synthesis of single crystals
of LN and their associated material properties, were studied in
detail in the 1960s, particularly in Bell Laboratories [23]–[29].
By the late 1970s, research on LN had caught up with barium
titanate, a longstanding popular choice for the study of funda-
mental science and applications in ABO3-type ferroelectrics.
LN is primarily grown in two variants – congruent (lithium de-
ficient), and stoichiometric [30]. Congruent LN has been widely
used in optical applications due to its low absorption and high
homogeneity. Nonetheless, stoichiometric LN has been pursued
more recently due to its reduced lattice defects and lower local-
ized field distortions. A notable consequence of the improved
stoichiometry is a strong reduction in the internal coercive field.

The ferroelectric phase of LN is a trigonal crystal (Fig. 2(a))
belonging to the 3m point group and the R3c space group
[25], [31]. LN has been doped with many different materials
(e.g., magnesium, zinc, indium, zirconium, hafnium, and tin) to
ameliorate its susceptibility to optical damage [32]–[38].

LN has been widely studied for its pronounced piezoelectric,
pyroelectric, photoelastic, nonlinear optical, and electrooptical
properties. The tensors describing these properties are com-
monly given with respect to the orthohexagonal axes of LN.
The material is anisotropic, and its low-frequency relative per-
mittivity is given in Table I for both unclamped (zero mechanical
stress) and clamped (zero mechanical strain) crystals. Other ma-
terial properties are also summarized in Table I. In addition, the
coefficients to a three-oscillator Sellmeier equation [39],

n =
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0 0 ne

⎤
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TABLE I
PHYSICAL PROPERTIES OF CONGRUENTLY GROWN LN [3], [31]

TABLE II
THREE-OSCILLATOR SELLMEIER COEFFICIENTS FOR CONGRUENTLY GROWN

LN [40]

for the ordinary and extraordinary refractive indices of con-
gruently grown LN at optical frequencies are listed in Table II
[40].

B. Pockel’s Effect

The EO coefficients of LN are large, and have therefore been
used to form optical modulators in both bulk crystals and inte-
grated waveguides. The linear EO effect, also called the Pockel’s
effect [41], describes the change in the refractive index of a
material upon the application of a direct-current (DC) or radio-
frequency (RF) electric field. The refractive index change is
proportional to the applied electric field. The EO effect is quan-
tified as

Δ
(

1
/

n2
i j

)
=

∑
k

zijkEk ; i, j, k = x, y, z, (2)

where the coefficients zijk form the third-rank Pockel’s tensor,
nij is the (i, j) element of the second-order refractive index
tensor, and Ek is the kth Cartesian component of the exter-
nal electric field. Using symmetry arguments, the third-rank
Pockel’s tensor is commonly contracted to a 6 × 3 matrix, r,
called the EO matrix [3]. The r matrix coefficients for LN are
listed in Table I.
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When an external electric field, E, is applied along the
crystalline c-axis (or the z axis) of LN, the material refractive
index is perturbed as Δn = −n3

e r33E/2 [42]. Then, the
effective refractive index, neff , of a guided mode propagating
perpendicular to and polarized along the c-axis is accordingly
modulated, within a first-order Taylor approximation, as

neff (E) ≈ neff − n4
e r33E/ (2neff ) . (3)

This refractive index modification is at the core of LN EO
modulators. It is noted that in conventional EO modulator mod-
els, it is common and fair to assume neff ≈ ne in (3) [42].
However, in modern compact devices with much higher core-
clad index contrast (e.g., LN of ∼2.1 vs. SiO2 of ∼1.5), it is
important to differentiate between the two indices. An elec-
tromagnetic wave of wavelength λ, traveling perpendicular to
and polarized along the z-axis, accumulates a change in optical
phase due to the electric field along the z-axis,

ΔΦ(E) =
2πL [neff (E (t)) − neff ]

λ
= −πLn4

e r33E (t)
λneff

,

(4)
where L is the length traversed, and the variation of E with time
leads to phase modulation. The interference of two such phase-
modulated waves leads to intensity modulation. The state of the
art of thin-film LN EO modulators is reviewed in Section IV.

C. Second-Order Optical Nonlinearity

LN has been widely used for second-order nonlinear optics
because of its high nonlinear coefficients, low optical absorp-
tion, wide optical transmission window, and ferroelectric nature,
which permits the engineering of efficient nonlinear interactions
via ferroelectric domain reversal (often called periodic poling).
Second-order nonlinear optics, or three-wave mixing, addresses
nonlinear interactions between three photons that are mediated
by the second-order nonlinear susceptibility, χ(2) , a third-rank
tensor. Three-wave mixing processes include sum, difference,
and second harmonic generation (SFG, DFG, and SHG), optical
parametric amplification and oscillation (OPA and OPO), and
spontaneous parametric down-conversion (SPDC).

The second-order nonlinear polarization, P (2) , is the driving
force for χ(2) interactions. P (2) for SFG is given by [3]

P
(2)
i (ω3)

= ε0

∑
j

∑
k
χ

(2)
ijk (ω3 ;ω1 , ω2) Ej (ω1) Ek (ω2) eiΔβi j k ,

(5)

where i, j, k refer to the Cartesian axes, ω3 = ω1 + ω2 is the
sum of the two incident angular frequencies ω1 and ω2 , Ej (ωm )
is the jth component of the interacting electric fields at fre-
quency ωm >, Δβijk is the phase difference between the in-

teracting waves, and χ
(2)
ijk is the (i, j, k)th element of the χ(2)

tensor. Depending on the incident polarizations, only certain ele-
ments of χ(2) contribute to the interaction. Following symmetry
arguments, χ(2) is often contracted to the nonlinear tensor d, ex-
pressed by a 3× 6 matrix. The d tensor for LN is listed in Table I.
The null elements are determined by the crystal symmetries of
LN. Efficient three-wave interactions require phase-matching

(PM), a compensation of momentum mismatch between the in-
teracting waves. This implies that Δβijk is required to be either
zero, or compensated for by a spatial modulation in the product
of the nonlinear susceptibility and the electric field modes. A few
significant approaches for PM and efficient nonlinear frequency
conversion in thin-film LN are reviewed in Section IV.

III. MODERNIZATION OF LITHIUM NIOBATE PHOTONICS

The success of LN for photonics applications was driven,
in part, by stripe waveguide optimization which led to salutary
low propagation and coupling loss, along with other application-
specific improvements [43]–[47]. Traditionally, the in-diffusion
of titanium around 1000 °C has been used to form stripe waveg-
uides (Ti:LN) in bulk LN wafers [43]–[45]. Ti:LN waveguides
were widely studied and improved for commercial applications
such as EO modulators. Titanium diffusion increases both the
ordinary and the extraordinary indices of refraction. Therefore,
both transverse-electric (TE) and transverse-magnetic (TM)
modes can be guided, depending on the characteristics of the Ti
diffusion. A different diffused waveguiding approach uses pro-
ton exchange (PE) [48], [49], where the LN is locally exposed
to a proton-rich acid bath, typically at low temperatures (up to
300 °C). Protons replace Li ions through diffusion to form a
series of distinct graded phases with varying ratios of protons to
Li ions. The extraordinary index increases in the PE layers, usu-
ally accompanied by local refractive index instability, increased
optical scattering, and degraded EO and nonlinear coefficients,
while the ordinary index remains unaffected. PE is followed by a
controlled high-temperature processing step, forming annealed
proton exchanged (APE) waveguides [50], to diminish some of
the aforementioned undesired effects of PE. Finally, the APE
process can be followed by a reverse proton exchange (RPE)
step [51]. RPE uses a controlled and limited local reversal of the
first PE step by immersion in a lithium-rich melt, leading to an
enhanced nonlinear mode overlap for nonlinear applications.

While APE waveguides offer sufficient EO coefficient re-
covery for EO applications, and RPE waveguides resolve the
insufficient nonlinear mode overlap of APE waveguides for
nonlinear optical applications, alternative solutions have been
explored for further improvement in the performance of devices
through waveguide optimization. For example, a combination
of dry etching and Ti diffusion can be used to form wide etched
ridge Ti:LN waveguides in single crystal bulk LN substrates for
EO modulators. Ridge Ti:LN waveguides have been important
in advancing EO modulator technology by enabling drive volt-
age reduction, to a certain extent, and increased RF modulation
bandwidths [52]. Nonetheless, the optical confinement offered
by such schemes remains insufficient to meet the demands of
modern integrated photonics – small device footprints, tight
bending radii, low power consumption, etc.

Improved optical confinement would offer ample improve-
ments from a single-device perspective as well. Electrodes could
be brought closer to increase the electric field per volt applied
to the electrodes, thereby enhancing EO modulation efficiency
(Fig. 3(a)–3(c)). Nonlinear optical interaction efficiencies would
drastically increase because of the stronger nonlinear interac-
tion and overlap (Fig. 3(d)–3(g)). The increase in efficiencies
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Fig. 3. (a) Optical mode of a typical titanium-diffused LN waveguide at 1550 nm. The low index contrast offered by the diffusion limits the minimum size of the
waveguide mode, and the gap between the two gold electrodes. A smaller gap results in significant electrode metal-induced optical loss. (b) In contrast, thin-film
LN waveguides offer submicrometer optical confinement, enabling electrode gap reduction by over a factor of 3 compared to (a). (a) and (b) are drawn to scale to
emphasize the increase in optical confinement. (c) Magnified image of the optical mode in (b). The LN thin-film is 300 nm thick, and the 400-nm-tall rib, which
can be a heterogeneously integrated material, or etched LN itself, has an index of 2.2. (d)–(g) Effect of increased optical confinement (shown in the legends), on
second-harmonic generation efficiency with different pump powers and propagation losses, plotted vs. propagation length. The smaller waveguides offer higher
nonlinear frequency conversion, even at losses of 1 dB/cm.

would be accompanied by a reduction in device size and both
electrical and optical power consumption. Also, the success of
silicon photonics has led to integrability on silicon substrates
being an important concern as well.

All of these considerations can be met in photonic plat-
forms that are based on thin films of LN in order to fabricate
tightly-confined waveguides [53]–[57]. The first demonstration
of monolithic integration of LN thin films on silicon substrates,
as well as waveguides and EO modulators on the new platform,
was reported by researchers at CREOL in 2013 [54]. As sum-
marized in Fig. 4, helium ions are implanted into a donor LN
wafer, which is bonded to a layer of SiO2 on a Si handle wafer.
The donor-handle wafer combination is then annealed to slice
the donor wafer close to the implanted region, in order to form
a thin-film of LN bonded to SiO2 on a Si substrate.

Alternatively, micro-platelets may be exfoliated in the ab-
sence of a handle wafer. The micro-platelets can then be trans-
ferred in a pick-and-place scheme to specific locations on pre-
patterned dies [58], [59]. Naturally, the former wafer-bonding
approach is more scalable than the latter technique. Wafers
of thin-film LN on Si substrates [54] are of more technolog-
ical interest than thin-film LN on LN substrates [55]. The lat-
ter technology on LN substrates is sometimes called LN on
insulator (LNOI). Nowadays, 75-mm diameter thin-film LN
wafers are commercially available on both LN and Si substrates.
150-mm diameter thin-film LN wafers may be available soon
– the bonding process is repeatable and reliable, and 150-mm
single crystalline LN wafers are already available.

IV. HETEROGENEOUS INTEGRATION OF THIN-FILM

LITHIUM NIOBATE

Heterogeneous integration has enabled significant advances
in integrated photonics [60]–[63]. In the context of thin-film

Fig. 4. Fabrication of thin-film LN on Si wafers. (a) Helium ion implantation
on a single crystal LN wafer. (b) The implanted LN wafer is bonded to an
oxidized Si wafer. (c) Heated to thermally exfoliate a thin-film of LN around
the implantation peak. (d) A fully-processed 3-inch X-cut LN thin-film bonded
to an oxidized 4-inch Si wafer. [54], [57].

LN, heterogeneous integration has been used to form rib-loaded
waveguides for electrooptics [54], [63]–[67], χ(2)-based non-
linear optics [57], [68]–[70], and third-order or χ(3)-based non-
linear optics [71], [72]. Rib-loading thin-film LN with an easy-
to-process material is one of the most straightforward routes to
forming thin-film LN waveguides. It circumvents the need to
process the LN directly, and avoids the limited optical confine-
ment of the aforementioned diffused waveguides [73]. While
recent efforts have realized low loss thin-film LN waveguides
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Fig. 5. Scanning-electron micrographs of directly deposited thin-film LN
waveguides using (a) silicon nitride [69], and (b) titanium dioxide [88].

by etching LN [74], [75], the rib-loading approach is simpler
and is far more commonly used. Results from both rib-loaded
and etched-LN are included in Section V for completeness. Di-
rect thin-film deposition and bonding are the two main methods
that are used for heterogeneous LN integration, encompassing
a very wide range of materials, as follows

A. Direct Thin-Film Deposition

Direct deposition has been used to integrate thin-film LN with
a variety of materials, such as plasma-enhanced chemical va-
por deposited (PECVD) silicon nitride (SiN), amorphous silicon
(a-Si), chalcogenide glass (ChG), tantalum pentoxide (Ta2O5),
and titanium dioxide (TiO2), using a range of deposition tech-
niques, as follows.

PECVD is a mature technique that has been used for mak-
ing integrated photonic devices at a range of temperatures from
room temperature to over 300 °C, offering a photonic-foundry
compatible process. PECVD SiN has been used as a passive
rib-loading dielectric for electrooptic modulation [66], [67] and
nonlinear frequency conversion [57], [68]–[70] in thin-film LN
(Fig. 5(a)). Interestingly, PECVD SiN can be used for more
than passive rib-loading [76], [77]. It is a versatile material
whose stoichiometry can be altered through deposition condi-
tions [78], [79], thereby tuning the refractive index, dispersion,
optical bandgap, and the χ(3) susceptibility. For example, the
nonlinear refractive index, n2 , which directly scales with χ(3) ,
can be up to ∼500 times higher in silicon-rich SiN compared
to stoichiometric SiN [79]. Amorphous silicon, which can be
considered the extreme case of silicon-rich PECVD SiN, has
been deposited via PECVD on thin-film LN [80].

Chalcogenide glasses, such as Ge23Sb7S70 , a germanium-
antimony-sulfide glass [80]–[84], have been used for passive
rib-loading on thin-film LN to form electrooptic MZ and micror-
ing modulators [64], [65]. ChG itself has been used for super-
continuum generation [83] and flexible photonics [84]. ChG on
thin-film LN is also being explored for demonstrations of χ(3)

nonlinear optics, such as four-wave mixing and supercontinuum
generation, which benefit from the high χ(3) coefficient of ChG
[85]. ChG can be reliably deposited by both electron-beam and
thermal evaporation at low temperatures (< 400 °C).

Ta2O5and TiO2have been used for rib-loading thin-film LN
as well [54], [86]–[88] (Fig. 5(b)). Both materials have strong
potential for χ(3) nonlinear optics on thin-film LN, and can

Fig. 6. (a) Micrograph of a ∼1 cm2 LN thin film bonded onto a LPCVD SiN
chip [71]. (b) Scanning electron micrograph of a micron-scale thin-film LN
platelet bonded onto a SOI racetrack resonator [91].

be deposited by sputtering or evaporation and post-deposition
oxidation of the constituent metals. Alternatively, reactive sput-
tering may be used.

B. Thin-Film Bonding

The deposition conditions of certain materials are incompat-
ible with thin-film LN. An example is low-pressure chemical
vapor deposited (LPCVD) SiN. LPCVD SiN, a popular alterna-
tive to PECVD SiN, has been used for numerous demonstrations
of ultra-low loss waveguides, and χ(3) nonlinear optics such as
four-wave mixing, supercontinuum generation, and frequency
comb generation, among others [89], [90]. The stoichiometry
of LPCVD SiN can be varied, similar to PECVD SiN. LPCVD
SiN is usually deposited around 800 °C, a temperature that, due
to differences in thermal expansion, would crack LN thin films
on Si.

Chip- and wafer-scale bonding is the most straightforward
way to integrate materials with thin-film LN that cannot be di-
rectly deposited (Fig. 6). For example, thin-film LN on Si chips
have been bonded, mediated by SiO2 , to LPCVD SiN chips [71],
followed by removal of the Si substrate and SiO2 cladding. Sim-
ilarly, chip and platelet scale bonding is the method of choice for
integrating thin-film LN with silicon photonics. Microplatelets
of free-standing thin-film LN have been bonded onto silicon
microrings to form EO modulators [59], [91]. Chips of thin-
film LN have been bonded, but without substrate removal, to
waveguides on the silicon-on-insulator (SOI) platform [92].

The reduction in bending radius offered by heterogeneous in-
tegration of thin-film LN compared to conventional LN waveg-
uides is shown in Fig. 7.

V. THIN-FILM LN OPTICAL MODULATORS AND NONLINEAR

FREQUENCY CONVERTERS

A. Electrooptic Modulators

EO modulators using thin-film LN have been a subject of
intense investigation in the past years, and the overall perfor-
mance of thin-film EO modulators is on par with commercial
off-the-shelf (COTS) EO modulators [63]. A number of pa-
rameters qualify the performance of EO modulators, shown
in Fig. 8. These include the drive voltage/power consump-
tion, or half-wave voltage via the half-wave voltage length
product, Vπ L, (Fig. 8(a) and 8(c)) tunability for resonant
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Fig. 7. Bending loss variation with bending radius for different heteroge-
neously integrated thin-film LN platforms. Based on the high refractive index
of silicon, the thin-film LN bonded on to SOI can offer the lowest bending radii
by trading off the fraction of the optical power confined in the LN thin-film
with the bending radius (data extracted from [92]). The rib-loaded structures
offer bending radii around 20 μm (data extracted from [63]). Proton-exchanged
waveguides in both thin-film and bulk LN have bending radii > 2000 μm (data
extracted from [73] and [93]). Clearly, thin-film LN offers orders of magnitude
improvement in bending losses. Details of the exact structures used can be found
in the respective references.

structures, 3-dB modulation bandwidth (Fig. 8(b) and 8(d)),
optical insertion loss, optical extinction ratio, optical band-
width, chirp, and optical bandwidth. Specific applications have
additional performance metrics. For example, the electrical ex-
tinction ratio (EER) is central to long-reach digital transmis-
sion, while link linearity and modulator linearity are key in RF
photonic links. Short-reach datacom links have significantly re-
laxed EER requirements compared to long-reach transmission.
The device footprint is important for the integration of multiple
modulators to form complex photonic integrated circuits (PIC).

There are two major types of modulators – travelling wave, for
example MZ modulators, and resonant, such as microring mod-
ulators. Depending on the application and the desired level of
on-chip integration, either MZ, or microring modulators may be
preferable. In some cases, combinations of both may be advan-
tageous. MZ modulators usually have higher extinction ratios
and modulation bandwidths relative to microring modulators.
However, apart from the reduced device footprint, microring
modulators require simple RF electrode design, centered pri-
marily on the resistive-capacitive (RC) time constant. Travelling
wave electrode design is more involved, with impedance match-
ing, RF metal loss, and velocity matching between the optical
and RF mode being important factors. Fortunately, thin-film LN
offers near intrinsic velocity matching, circumventing the need
for buffer layers as used in COTS LN MZ modulators. In addi-
tion, the refractive index of the rib material can be adjusted as
required to fine-tune the velocity matching.

A comprehensive review of thin-film LN EO modulators
along with a detailed analysis of performance metrics and guide-
lines for design can be found in [63]. Here, we briefly summarize
the state-of-the-art in Table III, which details the aforementioned
performance metrics of two of the best performing thin-film MZ
and microring modulators, and of COTS MZ modulators. Evi-
dently, the performance of thin-film LN EO modulators is better
than or comparable to the COTS counterparts.

B. Nonlinear Frequency Converters

Second-order nonlinear optics on silicon is still a nascent
field. There have been only a handful of demonstrations of
χ(2) -based frequency conversion on silicon substrates, a few of
which have employed thin-film LN. A detailed review of SHG
on silicon substrates along with detailed descriptions of phase-
matching and comparisons of LN to other nonlinear optical
materials can be found in [57]. Briefly, only a few compound
semiconductors, like GaAs, have nonlinear coefficients larger
LN’s. However, addressing the phase matching issue has been
challenging for compound semiconductors. Hence, LN has
been the dominant material for second-order nonlinear optics.
Here, we focus on SHG in thin-film LN on both Si and LN
substrates. A variety of PM techniques have been employed for
implementing SHG, including quasi-phase matching (QPM)
by periodic poling (Fig. 9(a)–9(d)), mode-shape modulation
(Fig. 9(e)–9(g)), grating-assisted QPM (Fig. 9(h)), modal
dispersion engineering (Fig. 9(i)–9(l)), cyclic PM and modal
dispersion in microresonators (Fig. 10(a)–10(c)), and grating
induced mode conversion (Fig. 10(d) and 10(e)). SHG is
arguably the easiest of the χ(2) phenomena to experimen-
tally verify, and is therefore broadly employed for first and
proof-of-concept demonstrations.

Of the various methods listed in Table IV, periodic poling (in
conventional LN crystals) has arguably been used most widely
for nonlinear frequency conversion in both research and com-
mercial settings. Periodic poling relies on a regular periodic
reversal of the ferroelectric domain, where the sign of the rel-
evant coefficient of the χ(2) tensor alternates in sign, and has
been successfully adapted to thin-film LN [68], [69].

However, poling relies on ferroelectricity and not all χ(2)

nonlinear materials are ferroelectric, i.e., there are materials like
gallium arsenide that cannot be poled. An alternative method
for QPM in such materials is mode-shape modulation [70] and
grating-assisted QPM [98]. This approach relies on perturbation
of the nonlinear medium, or the interacting waveguide modes, to
induce a periodic variation in the nonlinear overlap integral for
QPM [57]. Perfect PM can be achieved by engineering the mode
dispersion of the nonlinear waveguide to realize zero phase
mismatch between the interacting optical modes. However, this
comes at the cost of using a higher-order mode at the lower
wavelength(s) to compensate for material dispersion, thereby
compromising the nonlinear overlap and the nonlinear efficiency
[99], [100].

Microresonators have been used in attempts to enhance the
nonlinear interaction, where PM has been effected via cyclic PM
[100] and modal dispersion [102]. However, the demonstrations
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Fig. 8. Thin-film LN Mach-Zehnder modulator. (a) Half-wave voltage length product (Vπ L) of 3.1 V.cm. (b) S-parameters showing 33 GHz 3-dB modulation
bandwidth. (c) RF half-wave voltage length product up to 50 GHz [66]. (d) EO S-parameter of a thin-film LN microring racetrack modulator [94].

TABLE III
COMPARISON OF THIN-FILM LN AND CONVENTIONAL LN EO MODULATORS

Fig. 9. Periodically-poled thin-film LN [68], [69]: (a) schematic [68]; (b) scanning-electron micrograph showing ferroelectric domain reversal [68]; (c) optical
spectrum showing SHG [68]; and (d) SHG tuning curve [69]. Mode shape modulation: (e) schematic [70]; (f) micrograph showing grating waveguide [70]; and
(g) optical spectrum showing SHG [70]. (h) SHG tuning curve of grating assisted QPM [99]. Modal dispersion engineering: (i) simulation showing point of modal
PM of the modes shown in (j), and, (k) [99] and (l) [100] are two modal PM based SHG tuning curves.
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Fig. 10. Cyclic PM and modal dispersion in microresonators [101], [102]: (a) scanning-electron micrograph [101], and SHG outputs ((b) [101] and (c) [102]).
Grating-induced mode conversion: (d) schematic [103], and (e) SHG output [103].

TABLE IV
COMPARISON OF DIFFERENT APPROACHES TO NONLINEAR OPTICAL FREQUENCY CONVERSION IN THIN-FILM LN

reported so far have yet to realize the full efficiency enhancement
offered by resonant confinement.

Finally, grating-induced mode conversion has been utilized
for SHG, but this approach at present is accompanied by pro-
hibitive propagation losses of 10% per 5 μm, corresponding to
∼900 dB/cm [103].

Each of the above methods requires precise fabrication to
achieve high conversion efficiency at the desired wavelengths,
and comes with its own merits and shortcomings. A study on
the effects of fabrication tolerances on the efficiency of QPM,
applied to conventional PPLN devices, can be found in [104].
The nonlinear conversion efficiency (see [57] for a formal def-
inition and analysis) is the main metric that is used to compare
the performance of nonlinear frequency converters. However,
there are other considerations such as the nonlinear conversion
bandwidth. It is interesting to note that the conversion band-
width decreases with increasing pump depletion [105]. Overall,
the conversion bandwidth is constrained by PM, pump depletion
or conversion efficiency, and the use of resonant configurations.

VI. OUTLOOK

Thin-film LN integrated photonics has enabled several
noteworthy advancements in the miniaturization and efficiency
enhancement of EO modulators and nonlinear frequency

converters. Along with these achievements, heterogeneous
thin-film LN integration has also facilitated the incorporation
of high χ(3) materials for advanced nonlinear applications
[71], [72]. In keeping with the integration schemes discussed in
Section IV, the integration of quantum dots [106], typical III-V
epitaxial structures, and other desirable functional materials
with thin-film LN is an attractive proposition.

Small-footprint LN EO modulators now operate with low
drive voltages of around 1 V, high extinction ratios of over 20 dB,
high modulation bandwidths of up to 33 GHz, and modulation up
to 110 GHz. However, optical and electrical packaging, thermal
and DC drift [107]–[109], and overall reliability are some key
concerns that need to be studied and potentially addressed for
commercial viability. Some of the potential applications are:
(a) telecommunications, as optical interconnects in data centers,
as low power switches, and terrestrial and sub-marine links
[7]–[9], [110]; (b) highly-linear RF-photonic links integrated
into vehicles [111], [112]; (c) millimeter-wave beam formation
and imaging [113]; and (d) high sensitivity electric field sensors
[114].

Simultaneously, a variety of efficient nonlinear optical fre-
quency converters have been realized, as discussed in the pre-
vious section. The emergent pursuit of second-order nonlin-
ear submicron integrated photonics holds tremendous promise
in diverse applications, including: (a) efficient coherent links
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between near-infrared and visible frequencies for optical self-
referencing frequency metrology [115], [116]; (b) mid-infrared
light generation for spectroscopy [117]; (c) quantum photonics
at telecom wavelengths [118], [119]; (d) high-harmonic gen-
eration [120], which establishes a link between mid-infrared
and ultraviolet frequencies; (e) engineering optical frequency
conversion in semiconductor and polycrystalline materials
[70], [121]; and (f) efficient optical parametric oscillators [122].

Apart from EO and nonlinear optical applications, thin-film
LN may lead to further novel investigations of the material
properties of LN [123]–[125] and demonstrations of sensors
[126].

In addition to stand-alone applications of LN photonic de-
vices, a wide variety of integrated optical systems may be en-
visioned, encouraged by the demonstrated potential of silicon
photonic integration. Increased data rates can be addressed by
higher order modulation formats that require composite modu-
lators comprised of combinations of phase and amplitude mod-
ulators. Ultracompact LN modulators are very attractive for
such applications because of their small device footprint and
low power consumption. Compatibility with silicon photonic
foundry processes may require solutions that introduce LN in
the BEOL stage of fabrication.

In a similar vein, cascaded nonlinear devices on the same LN
chip can generate entangled photon states beyond two-photon
states. Moreover, the possibility of realizing EO and nonlinear
optical functions in a single LN PIC heralds the realization of
sources of complex entangled quantum optic states of light that
can be dynamically tuned via the EO effect. EO circuits could
be also utilized for further on-chip processing and manipulation.

VII. CONCLUSION

Thin film technologies have rejuvenated lithium niobate pho-
tonics in the past years and have made the versatile material a
competing candidate for modern integrated platforms. Improve-
ments in electrical and optical efficiency have been realized in
electrooptics and nonlinear optics, respectively, as a direct con-
sequence of the increased optical confinement. The compact
electrooptic modulators perform as well as commercial-off-
the-shelf counterparts, with smaller footprints, lower switching
voltages, and comparable digital and analog operation. Also,
efficient nonlinear optical frequency converters have been de-
veloped based on the high-contrast thin-film waveguide. These
devices can be integrated on silicon, with small bending radii,
and are ideal for forming densely heterogeneous photonic inte-
grated circuits.
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