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Status and Potential of Lithium Niobate on Insulator (LNOI)

for Photonic Integrated Circuits

Andreas Boes,* Bill Corcoran, Lin Chang, John Bowers, and Arnan Mitchell

Lithium niobate on insulator (LNOI) technology is revolutionizing the lithium
niobate industry, enabling higher performance, lower cost and entirely new
devices and applications. The availability of LNOI wafers has sparked
significant interest in the platform for integrated optical applications, as LNOI
offers the attractive material properties of lithium niobate, while also offering
the stronger optical confinement and a high optical element integration
density that has driven the success of more mature silicon and silicon nitride
(SiN) photonics platforms. Due to some similarities between LNOI and SiN,
established techniques and standards can readily be adapted to the LNOI
platform including a significant array of interface approaches, device designs
and also heterogeneous integration techniques for laser sources and
photodetectors. In this contribution, we review the latest developments in this
platform, examine where further development is necessary to achieve more
functionalities in LNOI integrated optical circuits and make a few suggestions
of interesting applications that could be realized in this platform.

of the original PIC platforms that en-
abled optical fiber communications is
lithium niobate (LiNbO;). This can be
explained by its material properties, as
lithium niobate is robust, has a low-loss
transparency window, spanning visible
to mid infrared, and has strong electro-
optical coefficient (133 = 30.8 x 1072 m/V
atA = 0.63 um).'Y) Furthermore, lithium
niobate has a high second order op-
tical nonlinearity (d;3; = —33 pm/V at
A = 1.064 pm) enabling parametric
wavelength conversion and optical signal
generation,'” making it applicable even
during changing standards. However,
traditional waveguide fabrication tech-
niques in lithium niobate produce only a
subtle index contrast.'®) The small index

1. Introduction

In the last decades, research into photonic integrated circuits
(PICs) has intensified and PICs are now emerging as a mature
and industrial platform, enabling the integration of active and
passive optical components on a single chip in a scalable man-
ner. Prominent PIC platforms, which are being developed to in-
dustrial scale, are silicon on insulator (SOI),'™* silicon nitride
(SiN),b7! and indium phosphate (InP)¥'% among others. One
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contrast constrains the radius of bend-
ing and other adiabatic waveguide struc-
tures to the millimeter or even centimeter
range,' which limits the ability to integrate multiple optical
components on the same chip. This is in stark contrast to the
thin-film semiconductor platforms, which are currently driving
the integrated photonic revolution, enabling increasingly com-
pact and complex integrated systems on a single chip.
Heterogeneous integration of bulk lithium niobate on plat-
forms with a high refractive index contrast enables shorter bend-
ing radii and a higher integration density, while the attractive ma-
terial properties of lithium niobate can still be employed. The
heterogeneous integration of lithium niobate with SOI waveg-
uides has attracted significant interest, which enabled electro-
optical tunable resonators,>1°) Mach-Zehnder modulators/?-2!l
and Mid-IR modulators.*”) Further, multiple die bonding en-
ables integration on 200 mm and 300 mm SOI wafers.?*2* Also
SiN, which has nominally a lower refractive index compared to
lithium niobate at telecommunication wavelengths, has success-
fully been heterogeneous integrated with lithium niobate.?>! The
advantage of heterogeneous integration of SiN and lithium nio-
bate is that both materials are transparent at visible wavelengths,
which makes this platform very interesting for future applica-
tions in imaging, visualization, sensing and life-sciences. The
downside of the heterogeneous integration is that it requires a
bonding process, which comes with difficulties such as thermal
stress due to different thermal expansion coefficients of the mate-
rials and bonding defects due to particles and other impurities.2°!
Recently, thin-film lithium niobate on insulator (LNOI) has be-
come commercially available. A detailed fabrication process of
LNOI wafers and is given by Gorazd Poberaj et al.,*”! but for
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convenience, a brief summary of the process is as follows. LNOI
wafers are generally fabricated by a process called “ion-slicing”,
which is a similar process used to fabricate industry standard
silicon on insulator (SOI) wafers. A high dose of He" ions is
implanted into a bulk LiNbO; wafer. Due to the nature of ion
implantation physics, the He™ ions initially pass through the
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LiNbOj; crystal with little damage until they lose sufficient en-
ergy to be able to interact strongly with the crystal. At this point
they stop forming an implantation layer where the crystal is sig-
nificantly damaged and which is rich with He defects. The depth
and thickness of this damage layer can be adjusted by controlling
the magnitude and spread of the ion acceleration energy. The
implanted wafer is then bonded onto another wafer (often also
LiNbOj; but potentially Si or other) that has been coated with a sil-
ica buffer layer. This silica buffer layer is bonded to the implanted
wafer face and will later act as the insulating layer beneath the LN
thin film. The bonding process is performed at elevated temper-
atures (on the order of 165 to 230 °C),?! which also causes the
He in the implantation layer to form gaseous bubbles or blisters,
creating a cleavage layer that exfoliates a thin-film of LINDO; onto
the silica buffer layer. A final annealing step at 450 to 500 °C is
used to further increase the bonding strength of the LiNbO; thin-
film with the buffer silica layer and recover the LiNbO; crystal
properties, which may have suffered from the ion implantation
process. The final fabrication process of a LNOI wafer is the pol-
ishing of the exfoliated LiNbO; thin-film to the required thick-
ness with a low surface roughness to reduce scatter losses of op-
tical waveguides.

The standard size of such LNOI wafers is currently three and
four inches. Moving to larger LNOI wafer diameters is mainly
limited by the availability of larger bulk LiNbO; wafers, which
are needed for the wafer fabrication process. Wafer sizes up to
125 mm are currently commercially available from companies
such as ‘Gooch & Housego’. The “ion slicing” wafer fabrication
technology is scalable to larger wafer sizes as the fabrication of
SOI wafers with diameter up to 300 mm from companies such
as ‘Soitec’ shows. This indicates that the LNOI wafer size can
be expected to increase as the fabrication processes mature and
the demand increases. The thickness of the lithium niobate thin
film, which is bonded on top of the silica buffer layer is usually
between 300 and 700 nm. The lithium niobate crystal cut can be
freely chosen, although X-cut and Z-cut LNOI wafers are most
common. The substrate underneath the silica buffer layer is ei-
ther lithium niobate or silicon.

Since its market introduction, the LNOI platform has attracted
significant interest as it enables the fabrication of ridge and wire
waveguides with a significant refractive index contrast, offering
many of the advantages enjoyed by other thin-film semiconduc-
tor counterparts. Such waveguides possess well confined optical
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Figure 1. Schematically overview of a LNOI integrated optical chip. The
bottom photonic integrated circuit illustrates the heterogeneous integra-
tion of a laser with an optical intensity modulator in form of a Mach-
Zehnder interferometer. The top photonic integrated circuit illustrates the
integration of a laser that pumps a nonlinear optical resonator in form of
a racetrack for the generation of a frequency comb. The nonlinear optical
resonator has a quasi-phase matching section and electrodes for tuning.

modes, resulting in high optical intensities when using moderate
optical power, which makes them very attractive for nonlinear op-
tical applications. The buffer silica layer underneath the lithium
niobate thin-film improves the electro-optic efficiency of copla-
nar electrodes on LNOI, by enhancing the overlap of the elec-
trical field with the waveguide mode. The wire or ridge waveg-
uide refractive index contrast also helps to accommodate tighter
bending radii on this platform, enabling a high optical compo-
nent integration density. These properties make LNOI an inter-
esting platform for PICs. Examples of photonic components were
reviewed by Gorazd Poberaj et al. in 2012.%7)

In this paper, we present an updated review of the current de-
velopments in LNOI, identifying optical elements in LNOI that
need further optimization and suggesting opportunities where
the properties of LNOI PICs can be uniquely valuable. Some ex-
amples of new capabilities and new applications are shown in
Figure 1. It is now possible to integrate lasers and photodetectors
and other devices such as isolators and circulators with LNOI
devices. Integration improves performance and reliability. For
example, integrating the laser pump with the second harmonic
generator®® results in better performance because the SHG in-
put coupling losses are removed. The reliability may be better
because aging and degradation of the coupling alignment is re-
moved by integration and a pathway is opened to realize systems
of electro-optic and SHG components with increasing complex-
ity which would be simply impractical without integration tech-
nologies. Indeed, these developments mean that for the first time
it is possible to bring the best optical generation, manipulation,
routing, detection and nonlinear wavelength conversion onto a
single, scalable integration platform.

The paper is structured as follows. Section 2 focuses on the dif-
ferent photonic building blocks that can be combined to achieve
highly functional PICs in LNOI. The reviewed building blocks are
optical waveguides (2.1), optical interfaces (2.2), electro-optical
interfaces (2.3), nonlinear optical elements (2.4), resonant struc-
tures (2.5), polarization elements (2.6), gain elements (2.7), and
photodetectors (2.8). Section 3 gives some suggestions for LNOI
PIC applications in the field of telecommunication (3.1), quan-
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tum photonics (3.2) and visible and Mid-IR wavelength photon-
ics (3.3). In the section 4 we summarize the current status of the
LNOI platform development for PICs and highlight the remain-
ing challenges and the unique opportunities that can be pursued
using this platform.

2. Photonic Building Blocks in LNOI

In the following an overview of different photonic building blocks
is given. A combination of these building blocks can be assem-
bled to generate highly functional photonic circuits in LNOI. The
first and most fundamental building block for PICs in LNOI are
optical waveguides, which are reviewed in the next section.

2.1. Optical Waveguides

A variety of different optical waveguides have recently been
demonstrated in LNOI. For the aim of integrating many optical
components on a single chip, one would like to achieve low loss
waveguides with a strong optical mode confinement to allow tight
waveguide bending radii. In this section, we give a brief overview
of the different waveguides in LNOI and discuss their relative
merits and trade-offs.

Diffusion based waveguides are well established in bulk
lithium niobate, examples are waveguides fabricated by titanium
indiffusion or by proton exchange.'*) One might think that such
diffusion based fabrication methods might also be suitable to lat-
erally confine the optical waveguide mode in LNOI. Titanium in-
diffusion cannot be used to fabricate waveguides in LNOI as the
high annealing temperature (=1000 °C)!"*! damages the bond be-
tween the lithium niobate thin-film and the silica buffer layer,
which withstands only temperatures up to =500 °C.*°) How-
ever, proton exchange takes place at lower temperatures (150-
400 °C)!"* and was successfully employed to fabricate waveguides
in LNOLPB®33 With this fabrication method, waveguide losses
down to 0.2 dB/cm for the TE mode®® and 0.6 dB/cm for the TM
modelY have been achieved. However, the refractive index con-
trast in the in-plane dimension is limited, resulting in a waveg-
uide bending radius in the millimeter length scale.?* The wide
waveguide bending radius makes this fabrication technique un-
suitable for achieving a high integration density of optical compo-
nents on PICs. Furthermore, one should keep in mind that pro-
ton exchange only increases the extraordinary refractive index,
whereas the ordinary refractive index is reduced, which leads to
waveguides that only guide light with one polarization.

Wire and ridge waveguides in LNOI are promising as they en-
able a high integration density and tight waveguide bends due to
the stronger refractive index contrast in the in-plane dimension.
Removing the lithium niobate around the waveguide core can be
used to fabricate wire and ridge waveguides. Several fabrication
methods have been demonstrated to achieve the removal of the
surrounding lithium niobate. A purely mechanical one has been
reported using a precision dicing saw to remove the lithium nio-
bate on either side of the waveguide.?*¢ This method achieved
waveguides with a loss of 1.2 dB/cm for the TE and 2.8 dB/cm
for the TM mode.® The clear downside of using a dicing saw
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Figure 2. a) Illustration of the removal of lithium niobate by using a scraping tool. b) Curved waveguide fabricated by scrapping away the lithium niobate
on either side of the waveguide. Reproduced with permission.?”] Copyright 2014, Optical Society of America.

to fabricate wire waveguides is that only straight cuts and there-
fore straight waveguides are possible. This makes this fabrication
technique unsuitable for achieving more complex PICs on LNOI.
A similar purely mechanical method of achieving wire waveg-
uides is the use of a ultra-precision diamond scraping tool as it is
illustrated in Figure 2a.’”) Although this enables curved waveg-
uides (Figure 2b), the minimum separation of two waveguides is
limited by the width of the diamond tool, which makes small sep-
aration between waveguides, (e.g. for waveguide directional cou-
plers into rings), impractical. Furthermore, it has so far only been
demonstrated on bulk lithium niobate. On LNOI issues might
arise due to the weaker bonding strength of the lithium niobate
thin film to the silica buffer layer.

More flexible and high-resolution techniques to remove the
lithium niobate on either side of the waveguide core are dry and
wet etching. Wet etching has successfully been used to form
straight waveguides in bulk lithium niobatel®® by using a metal
mask and a mixture of hydrofluoric and nitric acid. However,
this fabrication approach is limited due to crystallographic depen-
dence of etching rates. This not only reduces the crystal cuts that
can be used with this fabrication method, but it may also result
in preferential etching along crystal facets, resulting in abrupt
changes in sidewall orientation along waveguide bends, which
leads to increased scattering losses.

More promising is the fabrication of wire waveguides using
dry etching, as it is illustrated in Figure 3a to d. The first step is
to fabricate an etching mask, ideally with a good selectivity com-
pared to lithium niobate, on the LNOI surface (Figure 3b). After-
wards the LNOI is etched in a reactive ion etching (RIE) process
(Figure 3c), followed by the removal of the etching mask (Fig-
ure 3d), resulting in a wire or ridge waveguide. The dimensions
of a single mode wire waveguide for C-band telecommunication
wavelengths are usually in the one micron range for the width
and a height of 500 to 700 pm. The most critical step of this fab-
rication sequence is the RIE process. Different gases and param-
eters have been investigated to dry etch lithium niobate.?”3%]
One of the main issues, when etching lithium niobate with flu-
oride based gases is the formation of crystalline lithium fluoride
(LiF) particles at the surface,***”! causing a rough lithium nio-
bate surface unsuitable for optical applications. The formation of
LiF can be reduced by choosing appropriate etching parameters
or exchanging the lithium with hydrogen ions by a proton ex-
change process.3?404841 The LiF formation can be eliminated by
avoiding the use of fluoride based etching gases, such as when us-
ing only physical etching by argon milling.?”#?I This process is
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very promising as it was successfully used to achieve wire waveg-
uides with losses as low as 3 dB/cm and bending radii <20 um®
for telecommunication C-band wavelengths. The optical losses of
the waveguide were further improved by optimizing the waveg-
uide fabrication process, which resulted in an outstanding result
with waveguide losses as low as 2.7 dB/m.Y This indicates that
this fabrication technique can be used for integrating many opti-
cal components on a single PIC.F% A downside of this approach is
that the waveguide sidewalls can have a significant angle of ~40°
to 45°.%%) which must be considered in designing the waveg-
uides and can cause issues when fabricating strongly coupled
waveguides.

More exotic fabrication techniques for removing the lithium
niobate on either side of the waveguide core is the use of focused
ion beam (FIB) milling®®? or a combination of argon ion irradia-
tion and potassium hydroxide (KOH) etching.>3) However, while
proof of concept devices have been realized, both techniques are
rather slow and cumbersome with FIB milling being a serial pro-
cess, which cannot easily be scaled to wafer scale production and
ion irradiation requiring substantial masking, offering limited
control over fine featured geometries.

An attractive alternative to etching the lithium niobate is to
form a ridge waveguide by depositing and structuring an optical
load material on top of the LNOI as it is illustrated in Figure 3e
to h. The fabrication steps include the deposition of the optical
load (Figure 3e), followed by the deposition and patterning of the
etching mask (Figure 3f). Afterwards the optical load material is
patterned by an etching process (Figure 3g) and the etching mask
is removed (Figure 3h). Such ridge waveguides are usually wider
(approximately 2 to 3 um wide) compared to the wire waveguides,
due to the weaker lateral confinement of the optical mode. Dif-
ferent optical load materials have been tested so far including
silicon nitride,?®>*%! titanium dioxide (TiO,),?! tantalum pen-
toxide (Ta,0s),P% and chalcogenide glass.’”! The most promising
optical load material seems to be SiN, as it offers a similar trans-
parency range and refractive index as lithium niobate. Further-
more, SiN is CMOS compatible, which means that the deposition
and etching of SiN are standard processes. Low loss SiN can be
deposited on the surface of the LNOI by sputtering?®! or plasma
enhanced chemical vapor deposition (PECVD).>” Using this fab-
rication approach, waveguide losses as low as =~0.3 dB/cm?®
and bending radii in the order of 200 umb” were achieved for
telecommunication C-band wavelengths. Lower losses might be
achievable by bonding SiN on LNOI, which was deposited by low
pressure chemical vapor deposition (LPCVD).’]
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Figure 3. The fabrication steps for a wire waveguide by removing the lithium niobate on either side of the waveguide core are illustrated in (a)—(d).
A LNOI sample structure is illustrated in (a). b) An etching mask gets deposited and patterned on the LNOI surface, followed by c) a RIE process to
remove unprotected the lithium niobate. d) The wire waveguide fabrication is completed after the removal of the etching mask. The fabrication steps
for ridge waveguide using optical loading are illustrated in (e)—(h). e) First the optical load material is deposited on the LNOI surface. f) Afterwards, an
etching mask is deposited and patterned on top of the optical load material. g) The optical load material is then removed on the unprotected areas by
RIE, followed by h) the removal of the etch mask to complete the ridge waveguide fabrication.

Wire and ridge waveguides have both their advantages and
drawbacks. The smaller interaction area of the optical mode with
the sidewall in ridge waveguides results in a lower optical waveg-
uide loss compared to a wire waveguide. The stronger lateral re-
fractive index contrast of wire waveguides enables on the other
hand tighter waveguide bending radii, so that a suitable waveg-
uide geometry can be chosen depending on the required waveg-
uide bending radii and optical losses for a specific photonic ap-
plication. A silica buffer layer on top of the waveguide can help
to protect the waveguide and reduce optical losses.

2.2. Optical Interfaces

Efficient and easily accessible optical interfaces with photonic cir-
cuits on LNOI chip are essential if this platform is to be used prac-
tically. In this section, a brief overview of the common coupling
methods is given and approaches for applying these coupling
methods to wire and ridge waveguides in LNOI are discussed.

Grating couplers are a very attractive method to couple light
from a standard optical fiber into and out of waveguides on PICs.
The coupling can be done anywhere on the surface of the opti-
cal circuit, enabling wafer scale optical testing and the expanded
area of most grating couplers provides excellent alignment toler-
ance. These advantages come at the cost of increased insertion
loss and somewhat limited spectral range.®*! The first grating
couplers in LNOI wire waveguides have been demonstrated by
etching through a top SiO, cladding layer and partially etching
into the lithium niobate thin-film.[®’l The fabricated grating struc-
tures and achieved coupling efficiencies can be seen in Figure 4.
The measured coupling loss per coupler was =12 dB, which is
a significant fabrication penalty compared to the simulated cou-
pling loss of ~4 dB and shows that the fabrication of the grating
couplers needs further optimization. Furthermore, the design of
the grating coupler itself can be improved, by adding a bottom
reflective layer to increase the coupling efficiency.®!

The potential grating coupler efficiency improvements that
are possible can be seen when comparing these results with
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grating couplers fabricated in the optical waveguide platform of
SiN, which has a similar refractive index compared to lithium
niobate, where coupling efficiencies of 4-5 dB per coupler are
achievable.l®>Yl The limited spectra bandwidth and multi dB in-
sertion loss penalty make grating couplers unsuitable for applica-
tions where optical power on chip is a priority such as nonlinear
optics.

Butt coupling can be used to couple higher optical powers into
waveguides with a broad spectral bandwidth. However, butt cou-
pling presents the challenge that there can be a large mode mis-
match, in size as well as in shape, between the mode in the op-
tical fiber and the waveguide mode and the small dimensions of
the waveguides placing significant demands on alignment toler-
ances. Increased coupling efficiency has been achieved by using
lensed or tapered fibers, with one report demonstrating a loss
of =6 dB per facet for the SiN optically loaded waveguides in
LNOLP¥ Other coupling structures may be needed to improve
the butt coupling efficiency even further.

Methods that have been successfully employed to couple light
efficiently from standard optical fibers in SOI and SiN waveg-
uides are mode size converters, such as waveguide tapers and
inverse tapers. Polymer waveguide tapers have achieved good
coupling results on SOI waveguides with coupling loss as
low as 0.8 dB/facet.l®>® More complex silicon based tapers
were also successfully used to couple light into SOI waveg-
uides with a coupling loss of 2.2 dB/facet.*” Similar schemes
and coupling efficiencies should also be achievable for wire
waveguides in LNOI, but these have yet to be developed and
demonstrated.

Inverse tapers have been successfully implemented in SOI[®®!
and SiN waveguides (see Figure 5),1%! with coupling losses as low
as of 0.7 dB/facet. For LNOI waveguides, inverse tapers are suit-
able for wire waveguides since their mode size can be adiabat-
ically expanded by narrowing the wire waveguide width down.
This might be more challenging for optical loaded ridge waveg-
uides, as narrowing down the width of the ridge can result in
more of the light residing in the lithium niobate slab creating
mode asymmetry.
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Figure 4. a) Grating couplers and waveguide on LNOI. b) SEM image of single grating coupler. c) FDTD simulated (top, blue and black) and experi-
mentally measured (bottom, red and green) transmissivity for a single grating coupler.°®! Copyright 2015, Optical Society of America. Reproduced with
permission from M. Mahmoud, S. Ghosh, and G. Piazza, CLEO: Science and Innovations, CLEO-SI 2015 (2015).

Buried
high-index-contrast
wave%uide (SiN or Si)

(a) Cantilevered glass
waveguide

Cladding Si0y— |
Buried Si0, =

Undercut and filled
with index-matching
material (n_,,)

(b)
Glass
—— —— waveguide
with buried
. ‘.—SiN or Si
O e

NJNC X2 000 10pm

WD 4.0mm

Figure 5. a) Schematic of inverted taper to expand the size of the waveguide mode. b) SEM image of the fabricated taper. The coupling losses of the
illustrated taper are as low as of 0.7 dB/facet. Reproduced with permission.[®l Copyright 2010, IEEE. IEEE Photon. Technol. Lett. 22, 1744 (2010).

Overall, it can be noted that further investigation and develop-
ment of optical interfaces is necessary to achieve good coupling
efficiencies from standard optical fibers to waveguides on the
LNOI platform. However, many advances that have been made
on other platforms such as SOI and SiN can be transferred to
LNOI waveguides.”*’!) One might even consider coupling with
high efficiency first to a SiN waveguide,® which then couples
adiabatically to a LNOI waveguide by using appropriate waveg-
uide tapers.®!

2.3. Electro-Optical Interfaces

One of the attractive material properties of lithium niobate is the
linear electro-optic effect, also known as the Pockels effect, which
induces a linear change in refractive index when an electric field
is applied to lithium niobate.”” The refractive index change de-
pends thereby not only on the strength of the electric field, but
also on the direction of the electric field as it is a tensor product,
where the highest electro-optical coefficient in lithium niobate is
along the crystallographic Z direction.”?

Changing the refractive index of a lithium niobate waveguides
requires the local application of an electric field, which can be
achieved by depositing electrodes at the LNOI surface. One can
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categorize the use of electrodes on LNOI in two processes that
take place at different time regimes, one is the use for ‘slow’
processes such as the tuning of ring resonators in the second to
microsecond time range, the other one is for very fast processes
such as modulating the optical power using a Mach-Zehnder in-
terferometer in the GHz frequency range.

First, we review the use of the Pockels effect in LNOI for slow
tuning processes. Ring resonators and microdisk resonators are
widely used in integrated optical circuit designs’?! for applica-
tions such as filters, nonlinear optical elements and modula-
tors. Ring resonators and microdisk resonators are sensitive to
fabrication accuracies and temperature changes, which can shift
the resonance frequency response. The resonance frequency
shift can be compensated on platforms such as SOI or SiN
by heaters that are computer controlled with a feedback loop.
However, heaters have a significant energy consumption and are
therefore not a very attractive solution for remote applications.
Ring resonators and microdisk resonators on LNOI can make
use of the electro-optical effect to tune the resonance by apply-
ing a semi-static electric field, which consumes less energy. This
was successfully done A. Guarino et al.,” showing that their ring
resonator in LNOI (Figure 6a) could be tuned by 0.14 GHz/V.
Similarly, ]. Wang et al.” showed that a microdisk resonators in
LNOI had a tunability of 3.0 GHz/V, shown in Figure 6b.
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Figure 6. a) Electro optical tunable ring resonator by Andrea Guarino et al., achieving a tunability of 0.14 GHz. Reproduced with permission.’4 Copyright
2007, Springer Nature. b) Electro optical tunable microdisk resonators by J. Wang et al., achieving a tunability of 3.0 GHz/V. Scale bar in SEM image is
10 um. Reproduced with permission.I”>] Copyright 2015, Optical Society of America.

Fast electro optical processes often employ the waveguide
structure of a Mach-Zehnder interferometer for modulating the
optical power (see Figure 7b). Electro-optical modulators in ti-
tanium indiffused waveguides are well established and have
been used by industry for decades. Transferring the modulation
technology to the platform of LNOI is very attractive as the sil-
ica layer underneath the lithium niobate thin-film enhances the
overlap of the electric field with the optical waveguide mode
(as indicated in Figure 7a), which increases the modulation
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efficiency. This results in a lower electrical power consumption
of such modulators, achieving a voltage-length product (VL) of
1.8 VemP% and 1.5 Vem P9 Further, the lower permeability of the
silica layer helps to increase the velocity of the travelling electric
wave on the electrodes, so that a lower gold electrode thickness
is required in order to match the velocity of the traveling elec-
tric wave with the velocity of the optical wave. These advantages
have enabled Mach-Zehnder modulators in LNOI that achieve
modulating frequencies up to 110 GHz,"% showing that it is a
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Figure 7. a) lllustration of the waveguide cross-section together with the
electrodes. b) Schematic of a Mach-Zehnder modulator with multimode
interference structures as 3 dB couplers. c) Graph of the modulation re-
sponse as a function of frequency. Reproduced with permission.**! Copy-
right 2016, IEEE. IEEE Photon. Technol. Lett. 28, 736 (2016).

very attractive platform for ultra-fast modulators. Special care
needs to be taken for such modulators to achieve an impedance of
the electrodes of 50 2, which reduces unwanted reflections.67’!

Resonant structures such as ring resonators can also be used
for modulating optical signals. The optical intensity modulation
is achieved by electro optically shifting the resonator frequency
periodically across the laser light frequency, resulting in a peri-
odic low power transmission at the bus waveguide. Wang et al.
demonstrated that a resonator in the shape of a ring and a race
trace can successfully be used for intensity modulation frequen-
cies up to 40 GHz.% The highest achievable modulation fre-
quency in such resonators is limited by the photon lifetime in
the resonator, which depends on the quality (Q) factor of the res-
onator. This means that a higher Q factor of the resonator will
reduce the achievable modulation frequency, whereas a lower Q
factor requires higher modulation voltages as the resonant fre-
quency dip is wider.

2.4. Nonlinear Optical Elements

Lithium niobate is known to have a high second order non-
linearity, which makes it an interesting material for nonlinear
optical processes such as second harmonic generation (SHG),
sum and difference frequency generation (SFG and DFG), and
spontaneous parametric down conversion (SPDC)."? To achieve
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Figure 8. Nonlinear optical waveguide in LNOI by spatial modulating the
width of the waveguide with a period of 2.77 um and a groove depth of
80 nm. Reproduced with permission.[*>] Copyright 2017, Optical Society
of America.

efficient frequency conversion in lithium niobate, the phase
velocity of the interacting wavelengths either have to be the
same or alternatively have to be compensated by schemes such
as quasi-phase matching (QPM)"® or modal dispersion phase
matching (MDPM). MDPM has recently been used in LNOI
proton exchange and wire waveguides, achieving SHG with
a conversion efficiency of 48% Wlcm™? and 41% W lcm ™2,
respectively.?**] The phase matching condition was fulfilled by
carefully designing the waveguide properties to phase match
the fundamental mode in the infrared wavelength regime with
a higher order SHG mode.

Wang et al.*! showed that one can also achieve a nonlinear
optical element in LNOI by periodically altering the wire waveg-
uide dimensions, as it is show in Figure 8. By doing so, an ad-
ditional momentum difference Ak = 27 /A could be applied
to the propagating electromagnetic wave, compensating for the
phase mismatch, which resulted in a conversion efficiency of
6.8% W~ lcm~? of the fabricated waveguide.

In LNOI waveguides, QPM can be achieved by inverting the
spontaneous polarization of the lithium niobate crystal period-
ically along the waveguide. The inversion of the crystal direc-
tion, also called domain inversion, can either be done before the
lithium niobate thin-film is bonded on the silica buffer layer”’!
in the LNOI wafer fabricated process or afterwards on the LNOI
wafer itself.25>+881 A method to generate domain patterns on
LNOI is the electric field poling technique. This technique re-
verses the direction of the spontaneous polarization by locally
applying an electric field along the polar z-axis of the crystal, ex-
ceeding the so-called coercive field.®? On LNOI wafers the geom-
etry and position of the electrodes depends on the crystal cut that
is used. For a Z-cut LNOI wafer the electrodes for applying the
electric field should be above and below the lithium niobate thin-
film. This has been achieved by using a conductive atom force
microscope (AFM) tip on the top surface and a ground electrode
underneath the lithium niobate thin film (Figure 9a). The crys-
tal's spontaneous polarization can be locally inverted by apply-
ing a voltage to the AFM tip, which exceeds the coercive field.[®!
This domain engineering method offers the possibility to directly
write domain patterns in LNOI and achieve a very high resolution
with domain sizes smaller than 100 nm. The drawback of this
domain engineering method is that it is a serial process and
therefore rather slow. Furthermore, the domain inversion pro-
cess requires a conductive ground electrode underneath the
lithium niobate thin film, which may limit its use for optical
waveguide applications. The literature is currently not conclu-
sive on the stability of the inverted domains when an AFM
is used. Gainutdinov et al.B! indicated that the AFM written

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) r

S

~Au Inverted
~ S0, domains

www.lpr-journal.org

Electrodes

Tnverted
o ~Si0, domains

Figure 9. a) Periodic domain engineering for QPM structures in Z-cut LNOI can be achieved by applying a voltage to a conductive AFM tip and scanning
it across the surface of a LNOI sample, where the ground electrode is between the lithium niobate thin film and the silica layer. b) A method to achieve
QPM structures in X-cut LNOI is by patterning metal electrodes on the surface and applying a strong electric field to them, causing domain inversion.

The period of the QPM pattern is defined by the finger period.

domains are stable, whereas Shao et al.®* found that the inverted
domain life time is in the order of 25 h for a 540 nm thick lithium
niobate thin-film. Therefore, the domain stability of AFM written
domains has to be further investigated.

For X-cut LNOI wafers, two digitated electrodes can be pat-
terned on the surface of the LNOI wafer to generate a periodic
poling pattern, where the poling period is determined by the fin-
ger period. The electrode fingers are oriented along the crystal-
lographic Z-direction as it is illustrated in Figure 9b. The do-
main inversion process occurs when a high voltage is applied to
one electrode and the other electrode of the pair is connected to
ground, which generates a high electric field at the tips of the
electrode fingers exceeding the coercive field.® The fingers sep-
aration is in the order of tens of microns and the applied volt-
ages are in the order of several hundreds to a few thousand volts.
This domain engineering method has successfully been used to
achieve domain inversion with periods down to 2.4 um.?8 The
literature indicates that the inverted domains with this method
are stable.

The periodic domain patterns achieved using digitated elec-
trodes on X-cut LNOI wafers have successfully been used for non-
linear optical applications,?*>* in ridge waveguides fabricated by
SiN optical loading (Figure 10a). Conversion efficiency of up to
160% W~lcm ™2 have been achieved as indicated in Figure 10c.
This domain engineering method is therefore a very promising
fabrication method for achieving highly efficient nonlinear opti-
cal elements in LNOI. However, simulations predict that conver-
sion efficiency of up to 1600% W~!cm~2 should be achievable in
these waveguides, which is one order of magnitude higher than
the ones experimentally observed.”® This indicates that further
investigations are necessary to achieve the predicted nonlinear
optical efficiencies in such waveguides.

Resonant structures can also be used as nonlinear optical el-
ements in PICs and will be discussed in more detail in the next
section.

2.5. Resonant Structures

Resonant structures find a variety of uses in PICs such as wave-
length filters, nonlinear optical elements and sensors. In this sec-
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tion we discuss resonant structures, such as microdisks, ring
resonators, and photonic crystals that have been realized in
LNOL

Microdisk resonators or whispering gallery mode (WGM) mi-
cro resonators confine light at the edge of the resonator via to-
tal internal reflection, which can lead to remarkably high opti-
cal intensities. The microdisks are fabricated by patterning the
thin-film lithium niobate in a circular disk shape. The silica layer
underneath the disk is partially removed by hydrofluoric etch-
ing, only leaving a silica pedestal in the disk center behind. An
example of a typical microdisk resonator is shown in Figure 11.
Such microdisks have been investigated for nonlinear optical,®
electro-optical %) and optomechanical applications.’**! The Q
factors achieved in such LNOI microdisks are in the order of 10°
to 10° with disk radii ranging from 6 to 40 um.#%

Ring resonators are very similar to microdisks, with the dif-
ference that ring resonators have usually a single mode waveg-
uide as a guiding structure. Ring resonators have been fabricated
in LNOI by a number of researchers. Siew et al.*’] fabricated a
ring resonator with a bending radius of 50 um and a Q factor
of ~2,800. Similarly, Guarino et al.’* fabricated a ring resonator
with a bending radius of 100 um and a Q factor of ~4,000 using
ridge waveguides. Wang et al.?% fabricated resonators in shape
of a ring and a race track, and achieved Q factors up to =50,000.
However, one should note that the focus of Wang et al. was not
to achieve very high Q factors, as they used the ring resonators
to modulate light.®% The same group demonstrated shortly after-
wards exceptional Q factors up to 107 in LNOI waveguides using
an optimized design and waveguide fabrication technique.l>!

Photonic crystals are periodic dielectric structures, which for-
bid the propagation of certain wavelengths of light due to the
existence of a band gap.®? The dielectric periodicity is usually
achieved by removing the optical guiding material periodically,
for example by drilling holes using focused ion beam milling
(FIB). Such photonic crystals are attractive as they offer the pos-
sibility of ultra-small and efficient filter and nonlinear optical de-
vices. An example is a one dimensional photonic crystal with a
defect (Figure 12), which has been fabricated in a LNOI opti-
cal waveguide, showing that such a structure has a band pass
filter spectral characteristic.”? The extinction ratio of this filter
was 12.5 dB and the cavity had a Q factor of 156. Recently, a
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Figure 10. a) Schematic of a periodically poled LNOI waveguide with SiN as optical loading material. b) Cross-section of a SiN optically loaded waveguide.
c) Normalized efficiency as a function of the pump wavelength for a periodically poled ridge waveguide in LNOI, which was fabricated by patterned SiN
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America.

Figure 11. SEM image of a suspended 400 nm thick and 28 um diameter
lithium niobate microdisk supported by a silica pedestal on top of a LN
substrate. Reproduced with permission.[®% Copyright 2014, Optical Soci-
ety of America.

photonic crystal nanobeam resonators with optical Q as high as
10° has been demonstrated in LNOIL®® This is an outstanding
achievement, as the Q is two orders of magnitude higher com-
pared to previous results. The high optical Q, together with tight
optical mode confinement, lead to a cavity resonance tuning of
~0.64 GHz/a]J, corresponding to ~84 MHz/photon, which is
caused by the photorefractive effect. Two dimensional photonic
crystals have also been fabricated in LNOI and their band struc-
ture at C-band telecommunication wavelengths studied.*” The
inclusion of a defect in a two dimensional photonic crystal can
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be used to form a cavity and the nonlinear optical properties of
such a cavity has been investigated when it was used for SHG.*!
The Q factor of the cavity for the fundamental wavelength was
678. This shows that photonic crystals are interesting options to
form a building block in LNOI photonic circuits.

The fabrication of Bragg gratings in bulk lithium niobate is
well established, as they can be fabricated in iron or copper doped
lithium niobate using holographic illumination techniques.®
The fabrication of Bragg grating by removal or etching of lithium
niobate has also been investigated,””* however in weakly guided
waveguides such techniques can suffer from significant scatter-
ing loss due to the weak confinement. For LNOI waveguides this
is less of an issue due to the higher refractive index contrast of
the optical waveguide, so that Bragg grating similar to what has
been established in SiN waveguides® can potentially be realized
on LNOL

2.6. Polarization Elements

The optical properties of lithium niobate depend strongly on the
polarization of the optical wave. This strong dependence can
be explained by lithium niobate’s natural birefringence and by
the fact that the nonlinear optical and electro optical coefficients
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Figure 12. a) Photonic crystal micro-cavity with lattice constant a =
450 nm, radius of holes R = 0.25a, and two holes with radii of 0.8 and
0.6R on each side of the cavity. Measured (black line) and simulated (red
line) normalized transmission of the PC micro-cavity. Reproduced with
permission.’Zl Copyright 2016, Institute of Physics and IOP Publishing.

are tensors. This shows that optical elements that can control
the polarization of the light in LNOI optical circuits are impor-
tant. Polarization elements of interest include polarizers, polar-
ization beam splitters (PBS), and polarization converters and
rotators.

Saitoh et al.'% showed that it is possible to design TE-pass and
TM-pass polarizer in LNOI using ridge waveguides by varying the
waveguide dimensions. The function of the polarizer is realized
by radiating the unwanted polarization in the slab waveguide,
which is based on the lateral leakage of the ridge waveguide.'°!
The lateral leakage takes place when the waveguide mode of the
ridge waveguide is phase matched to a laterally propagating slab
mode, which propagates under a certain angle. The use of this ef-
fect in LNOI waveguides resulted in simulated extinction ratios
of 108 dB/mm and 27 dB/mm for TE-pass and TM-pass polariz-
ers, respectively.

Polarization beam splitters have been designed and simulated
in LNOL. Duan et al.’ showed in their simulations that a nega-
tive refractive photonic crystals can be used to separate the differ-
ent polarizations. However, the suggested device uses slab modes
to excite the photonic crystal, creating challenges for on chip in-
tegration. Furthermore, the holes in such photonic crystals can
introduce significant scattering losses due to the fabrication tol-
erances, which makes this solution not very attractive. More at-
tractive is the design suggested by Gong et al.,'%®l who use a
directional coupler based design to achieve a PBS. Their sim-
ulations suggest that an extinction ratio of 35 dB between the
two polarizations is possible. However, there are more polariza-
tion beam splitter designs that might be interesting to realize

Laser Photonics Rev. 2018, 1700256

1700256 (11 of 19)

www.lpr-journal.org

Figure 13. Schematic configuration of the proposed polarization splitter-
rotator based on an asymmetrical directional coupler. Reproduced with
permission.!'%! Copyright 2011, Optical Society of America.

in the LNOI platform, which have already been demonstrated in
silicon-based optical platforms. A nice overview of such devices
is given by Dai et al.'® Of particular interest is a polarization
beam splitter-rotator that converts a TM input mode toTE; mode
that can be coupled to a neighboring waveguide via an asymmet-
rical directional coupler, so that two fundamental TE modes are
leaving this device as it is illustrated in Figure 13.1% This en-
ables polarization multiplexing approaches on chip, where both
arms can be manipulated by nonlinear optical or electro optical
elements.

On-chip electrical controllable TE/TM polarization convert-
ers have been demonstrated using diffused waveguides in
lithium niobate, employing the r5; electro-optical coefficient and
phase-matching grating electrodes.'%! Such TE/TM polarization
converters have also been demonstrated in ion-sliced lithium nio-
bate, showing that it can be realized in LNOI. This might be es-
pecially interesting as the thin-film lithium niobate enhances the
electric field overlap with the optical waveguide mode, which in-
creases the efficiency.'?’]

2.7. Gain Elements

Rare earth elements such as erbium and thulium have success-
fully been diffused in lithium niobate crystals to achieve op-
tical gain media. In the past, such optical gain devices have
mainly been fabricated in titanium diffused waveguides, where
the erbium was diffused first into the lithium niobate at ~1000
to 1130 °C for =100 to 150 h, before the titanium waveguide
was fabricated.'®® This has led to the development of opti-
cal amplifiers!®!1% and laser!!'*!! on lithium niobate chips at
telecommunication wavelengths. Similar elements are also very
interesting for LNOI waveguides, as they would enable a higher
functionality including devices such as amplifier and laser light
sources on chip. However, doping lithium niobate with rare earth
elements by a diffusion process may need to be completed before
the lithium niobate thin film is bonded on the silica buffer layer
as the high diffusion temperatures would destroy the bonding
layer.*! A potential alternative would be the local implantation of
rare earth ions in combination with a low temperature (500 °C)
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Figure 14. Schematic drawing of the hybrid laser structure on SOl with the
optical mode superimposed. Reproduced with permission.!"l Copyright
2006, Optical Society of America.

annealing step."¥] This indicates that further investigations are
necessary to achieve such gain elements on LNOI wafers.

Another option to achieve on-chip lasers is the heteroge-
neous integrate of electrically pumped evanescent lasers on LNOI
waveguides. Such lasers have successfully been demonstrated on
SOI, as it is illustrated in Figure 14.1'% A similar heterogeneous
integration of III-V lasers should also be possible on LNOI and
needs be investigated in the near future. Special car needs to
be taken as LNOI has a lower refractive index compared to SOI
waveguides.

2.8. Photodetectors

Photodetectors have been investigated early on in lithium nio-
bate. W. K. Chan et al. demonstrated in 1989 a GaAs photode-
tector integrated with lithium niobate waveguides for the detec-
tion of red laser light.!*>-11] After this initial demonstration, no
significant progress was made to investigate and develop pho-
todetectors for lithium niobate waveguides further. This can
probably be attributed to the rise of silicon photonics and the
ability to integrated many optical components, such as photode-
tectors, on the same chip. Now, LNOI offers a similar optical in-
tegration density, which makes the development of photodetec-
tors for LNOI waveguides attractive. This means that many of
the well-established heterogeneous integration fabrication capa-
bilities of I1I-V photodetectors on silicon based platforms should
be transferable to LNOI waveguides.''#12% Such heterogonous
photodetectors are very attractive as they can have high band-
widths, such as the recent demonstration of 65 GHz band-
width high-power photodetectors.'?!l This shows that further
investigations are necessary to have photodetectors available on
LNOI waveguides.

Single photon detectors on titanium indiffused lithium nio-
bate waveguides have recently been demonstrated, showing that
also detectors for quantum optical applications are feasible when
lithium niobate is used as a material platform.['?212] The higher
confinement of the optical mode in LNOI waveguides will in-
crease the optical field overlap with the single photon detector,
benefiting the photon absorption probability.

3. Emerging and Potential Future Applications

The previous section introduced different building blocks that are
interesting in order to achieve highly functional PICs in LNOI. In
this section, these building blocks will be taken into the context of
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telecommunication, quantum optics and visible wavelength pho-
tonics to discuss how the building blocks in LNOI can achieve
attractive functionalities in these fields. The motivation of this
section is to give an overview of what is possible with LNOI and
where potential attractive applications are without claiming to
give a complete list.

3.1. Telecommunication

LNOI is a very attractive platform for telecommunication applica-
tions as LNOI provides the ability to integrate fast electro optical
modulators and efficient nonlinear optical elements on the same
chip. In the following some interesting telecommunication ap-
plications for LNOI PICs are given.

3.1.1. 1Q Modulator

For decades, diffused waveguide based lithium niobate modula-
tors were one of the standard optical modulators in telecommu-
nication applications. As indicated in section 2.3, lithium niobate
modulators in LNOI can achieve very high modulation frequen-
cies with moderately low voltage-length product (V,L). The low
voltage-length product can be important in both the energy con-
sumption of the device, but also in allowing for compact device
size. At 1.5 Vem,P® LNOI modulators can be envisaged to have
the same compact dimensions as the InP modulators that are
now displacing traditional in-diffused LN waveguide based mod-
ulators in coherent optical transceivers.'2*1%] Moreover, the fast
response time of LNOI modulators (up to 110 GHz®) make their
modulation bandwidth more than sufficient for future 400 Gb/s
channels running at over 60 Gbaud,!!?l and may prove to be a key
enabler for terabit-per-second channels.['?’]

In modern, high-capacity optical communications systems,
dual-nested Mach-Zehnder modulators enable full field modu-
lation, allowing for spectrally efficient modulation of light waves
using quadrature-amplitude modulation. A schematic of such a
circuitis given in Figure 15b. Further, it is possible to integrate an
optical equalizer on the same chip to improve the optical signal-
to-noise ratio (OSNR).[128.129]

3.1.2. Wavelength Converters

Nonlinear optical elements are very attractive for telecommu-
nication applications as they allow a variety of interesting ap-
plications such as the transfer of signals from one wavelength
to another without the need of going via the electrical domain,
thus reducing the network operational cost, energy consump-
tion and electronic processing latencies. Examples of such wave-
length converters are the generation of optical phase conjugation
to correct nonlinear phase noise accumulated along fibers!'*
and optical multicasting to deliver the same data to numerous
customers.'*! Realizing such systems on LNOI is very attrac-
tive as conversion efficiencies of 1600% W~'cm~2 are predicted
in LNOI waveguides,®® reducing the pump power necessary for
the nonlinear optical processes and achieving nonlinear optical
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Figure 15. a) Schematic illustration of an 1Q modulator, consisting out
of two Mach-Zehnder modulators (MZM) and a /2 phase shifter in the
lower arm of the IQ modulator. b) Polarization multiplexed 1Q modulator,
where a polarization beam splitter-rotator (PBSR), as show in Figure 14,
splits and rotates the two polarizations at the input as well as combines
them after the 1Q modulators.

signal amplification on chip.!*? The nonlinear optical process
that takes place in the periodically poled waveguides is that the
pump wavelength gets frequency doubled, generating a second
harmonic, which in turn acts as a pump for a stimulated differ-
ence frequency generation (DFG) process, generating the phase
conjugated idler. As the second order nonlinear DFG process re-
lies on quasi-phase matching, wavelength conversion in lithium
niobate avoids nonlinear cross-talk issues that impair other well-
explored platforms that exploit third order nonlinear effects.!'*’]
The photorefractive effect, which can result in optical damage,
relaxes two to three orders of magnitude faster in LNOI*** com-
pared to bulk lithium niobate. This together with the strongly
guided optical waveguide modes makes LNOI waveguides more
resistant to optical damage. This can be explained by the fact that
the refractive index change caused by the photorefractive effect
is relatively small compared to the refractive index contrast of a
single mode waveguide in LNOI, which significantly reduced the
risk of the optical mode distortion due to the photorefractive ef-
fect. This may render heating of lithium niobate waveguides for
high power applications unnecessary with potential benefits in
terms of energy efficiency and simplified packaging. However,
further investigations may be required in order to be conclusive
on this. Such systems can be made even more attractive by adding
more functionality on chip such as polarization diversity and fil-
tering of the pump wavelength. This can be achieved by on-chip

SHG

www.lpr-journal.org

polarization beam splitter-rotator and an additional nonlinear el-
ement in parallel as well as a Bragg grating or ring resonator
for filtering the pump wavelength.'*! The proposed PIC is illus-
trated in Figure 16.

3.1.3. Comb Sources

The generation of frequency combs has attracted significant
attention in the last decades as they found applications in
frequency metrology, optical clocks, and precision navigation
among others.[3¢137] Coherent comb sources are particularly in-
teresting for high speed communication as phase stable laser
light sources are required for advanced modulation formats and
Kerr frequency comb sources, for example in SiN, have been suc-
cessfully been used for such applications.!'*¥13% Comb sources
have also been theoretically investigated in lithium niobate in
the structure of a microdisk resonator*% and ring resonators.['*!
This promises to be very exciting as lithium niobate has a high
optical nonlinearity and the spectral behavior of the resonators
can be designed by using QPM structures with a certain period
in the resonator. When X-cut LNOI samples are used, the QPM
structure can only be along Y-propagating waveguides as the crys-
tal Z-direction gets inverted, this limitation can be accommo-
dated by using race track resonator geometry, where the straight
sections are Y-propagating and can be periodically poled (see
Figure 17a). This configuration also allows the use of coplanar
electrodes on the other side of the race track resonator, which can
be used to match a fundamental resonance wavelength of the res-
onator with the wavelength that is phase matched with the QPM
structure. Furthermore, one has to ensure that both, the funda-
mental and the second harmonic wavelength, are resonant in the
racetrack. The nonlinear process that takes place in the resonator
is that the pump wavelength gets frequency doubled, generat-
ing the second harmonic. The second harmonic acts as a pump
for difference frequency generation processes that matches the
free spectral range (FSR) of the resonator, generating a frequency
comb.'*! The comb lines themselves may generate even more
wavelengths near both the fundamental and harmonic via SHG
and SFG processes. The nonlinear optical processes are illus-
trated in Figure 17b. Such comb sources can be pumped by on-
chip lasers, reducing any coupling losses that might occur. Fur-
thermore, it is possible to natively integrate comb sources with
high speed modulators on LNOI, which is attractive as coupling
losses between different platforms can be avoided.

I l‘.id\er 4 I
] PUTP -t Ll
signag | N DFG
Signal and Bragg Phase
pump in (dual——— PBSR QPM structure f PBSR |———conjugated
Polarization) graing signal out

Figure 16. Proposed nonlinear optical circuit that can be used for optical phase conjugation and optical multicasting that uses polarization multiplexed
signals, which get separated by polarization beam splitter-rotator (PBSR), as show in Figure 13, to split and rotate the two polarizations at the input as
well as combines them after the nonlinear optical elements and the Bragg filters to suppress the pump wavelength.
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Figure 17. a) Race track resonator with QPM structure in one straight sec-
tion for the nonlinear optical process and electrodes on the other straight
section for tuning one resonance wavelength to the wavelength that is
phase matched in the QPM structure. b) Illustration of the nonlinear opti-
cal processes that take place in the resonator. The pump wavelength (grey
arrow) gets frequency doubled. The frequency doubled light acts then as
a pump for difference frequency generation (DFG) processes, that gen-
erate wavelengths that match the FSR of the resonator, generating a fre-
quency comb around the initial pump wavelength. The frequency comb
itself might generate even further wavelengths around the frequency dou-
bled wavelength via sum frequency generation (SFG) and second har-
monic generation (SHG) processes.

SF
FG_

3.2. Quantum Optics

Lithium niobate is an attractive material for quantum optical
applications. A detailed overview of work, which used lithium
niobate crystals for quantum optical application is given by
Alibart et al.'*Zl Most of the reviewed work by Alibart et al.'+
used lithium niobate only as a photon source for quantum
applications. However, integrating more optical elements on the
same platform would be highly beneficial as it reduces coupling
losses and increases the operation stability, enabling operations
involving photon interference with minimal decoherence. This

www.lpr-journal.org

makes LNOI a very attractive platform for quantum optical
PICs, as it offers low loss optical waveguides, high integration
density, integration of nonlinear optical elements for quantum
light sources and the integration of ultra-fast electro-optical
modulators on the same platform. The following lists only a few
attractive applications for quantum optical applications in LNOI.

3.2.1. Photon Pair Sources

One of the most popular methods for generating quantum light is
the entangled photon pair generation via spontaneous paramet-
ric down conversion (SPDC), which is a nonlinear optical pro-
cess, converting high energy photons into pairs of low energy
photons. Such SPDC sources can under certain conditions create
a particularly interesting state of quantum light, which is a her-
alded spectrally pure single photon."314] Therefore, it is highly
desirable to be able to generate such heralded spectrally pure sin-
gle photons in the platform of LNOI.

As described above, efficient nonlinear optical elements can
be engineered in LNOI by periodically inverting the crystal di-
rection applying the QPM method. With the ability of achiev-
ing very short domain inversion periods in LNOL®BY it should
be possible to generate SPDC sources with counter-propagating
photon pairs in LNOI. The phase matching function of such a
QPM structure is illustrated in Figure 18b. If this phase match-
ing function is multiplied by a standard spectral pump envelop
(Figure 18a), then the resulting joint spectral amplitude (Figure
18c), shows minimal spectral correlations within each photon-
pair, resulting in a high spectral purity.'*] A heralded spectrally
pure single photon can be achieved by detecting the other photon
of the pair. Such single photon sources are highly interesting as
they could be used for on-chip quantum optical applications such
as boson sampling.[1*°!

3.2.2. Single Photon Wavelength Converters

Historically, wavelength conversion by using nonlinear opti-
cal elements was attractive for up-converting single photons
from communication wavelengths to single photons at visible

(a) Pump (b) Phasematching (C) JSA
1553 1553 1553
1551 1551
E g E
= = =
he X = ==
~ -~ ~
1549 1549
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1547 1549 1551 1553 1547 1549 1551 1553 1547 1549 1551 1553

Ay [nm]
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Figure 18. Pump envelope, phase matching function and joint spectral amplitude (JSA) plotted in the Gaussian approximation without phase. Repro-

duced with permission.["l Copyright 2009, Optical Society of America.
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Figure 19. Illustration of green laser light source integrated on chip by using two cascaded nonlinear optical processes to up convert the laser light from

the erbium doped on chip laser.
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Figure 20. Illustration of a MZI that uses one arm as a sensing arm. The refractive index change due to adhering biomarkers in the sensing arm is
compensated by measuring the output power of the MZI and adjusting the voltage in the reference arm accordingly, to enable a working point at the

highest sensitivity.

wavelengths. This was the case as single photon detectors had a
low detection efficiency in the past and suffered from large dark
counts at communication wavelengths.[#/148] Recent progresses
in the development of highly efficient single photon detectors at
communication wavelengths!'*>1°1l makes the up-conversion of
single photons not necessary. However, wavelength converters
are still attractive as they can convert single photons from quan-
tum dots or ion traps, which usually emit in the ultraviolet to
near infrared wavelength regime, to single photons at commu-
nication wavelengths. Such wavelength converters enable long
distance quantum state transfer from flying qubit to a stationary
qubit or vice versa, and entanglement distribution between two
remote matter qubits in long-distance quantum networks.[1>2-1>
The high conversion efficiencies that are achievable in LNOL?¥
makes this platform very attractive for such wavelength down
conversion schemes and the integration of quantum dots in such
waveguides seems also feasible.!'>’]

3.2.3. Quantum Memory

Quantum memories will be an essential element for future long-
range quantum communication networks, by enabling the syn-
chronization of the flow through the communication network by
holding the quantum information until it is needed. The hold-
ing of the quantum information can be achieved by mapping the
quantum state of light to quantum transitions of a material sys-
tem, whereas the revers process can be used for releasing the
quantum information. Erbium and thulium doped lithium nio-
bate waveguides have successfully been used to store the quan-
tum information of light in the nanosecond to microsecond time
scale, by using the photon-echo protocol. >3 This shows great
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promise that similar quantum memories can also be established
in LNOI, as the lithium niobate can locally be doped with erbium
or thulium before the lithium niobate thin film is bonded onto
the silica buffer layer in the LNOI wafer fabrication process.

3.3. Visible and Mid-IR Wavelength Photonics

Lithium niobate and silicon nitride are both transparent at the
visible and Mid-IR wavelength regime, which makes wire and
ridge waveguides in LNOI attractive for visible and Mid-IR
wavelength photonic application such as biophotonics. Lithium
niobate is also resistant to most chemicals, which makes the
functionalization of the surface for biophotonic application
feasible.'®l Furthermore, one can expect that many of the func-
tionalization techniques that where developed for surface acous-
tic wave biosensors on lithium niobate and lithium tantalate, %"
can be transferred to the LNOI platform. Ridge waveguides have
recently been demonstrated in LNOI with aloss of 4 + 2 dB/cm at
a wavelength of 674 nm.['*? In the following, we give examples of
some interesting optical elements for biophotonic applications.

3.3.1. Visible Wavelength Converters

Visible light sources on chip are difficult to integrate, resulting
in the use of grating couplers or butt coupling to couple laser
light into the biophotonic integrated circuits.'®] LNOI offers the
possibility to generate a nearly arbitrary range of visible wave-
length signals on chip by using nonlinear optical elements and

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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designing the quasi-phase matching period appropriately. It has
already been demonstrated that 1530 nm laser light can be effi-
ciently frequency doubled on chip to generate light with a wave-
length of 765 nm.”8 Similarly, one can also think of generating
other wavelength using SHG, SFG and DFG and combinations
of these processes. For example, one can generate green light by
first frequency doubling 1550 nm laser light, which will generate
775 nm light, followed by a cascaded sum frequency process of
1550 nm and 775 nm light to generate a wavelength of 517 nm.
A schematic of such a system with an integrated erbium doped
laser is illustrated in Figure 19. Even more attractive might be to
use an heterogeneous integrated electrically pumped evanescent
laser as a pump for the nonlinear optical processes.'™ Another
alternative to generate visible wavelengths are nonlinear optical
resonant structures such as ring resonators.!1“%

Similarly, one can generate Mid-IR wavelength in LNOI waveg-
uides by a stimulated DFG process. This makes this platform also
interesting for typical Mid-IR such as gas sensing or blood sugar
sensing.[1%4

3.3.2. Tracking Mach-Zehnder Interferometer

Mach-Zehnder interferometers are an attractive and very sensi-
tive configuration for biophotonic sensors.'®*l One arm of the
Mach-Zehnder interferometer is thereby exposed to the biolog-
ical specimen, whereas the other arm acts as a reference arm.
The power at the output of the Mach-Zehnder interferometer can
then be used to determine the refractive index change in the mea-
suring arm, which follows a sinusoidal function.

An attractive way to achieve a linear measurement system that
works at the highest sensitivity point of the MZI, is by fabricating
the MZI in LNOI and using electrodes at the reference arm of
the MZI as illustrated in Figure 20. The electrodes can then be
used to induce a refractive index change in the reference arm that
maps the refractive index change of the sensing arm by applying
a voltage to the electrodes. The applied voltage induces thereby
a refractive index change via the electro-optical effect in LNOI.
The applied voltage can then be used as a linear measurement of
the refractive index change in the measurement arm, making it
a simple and attractive solution for biophotonic applications.

4, Conclusion

The recent developments in the integrated optical platform
lithium niobate on insulator (LNOI) were reviewed. It has been
shown that many of the key building blocks for highly integrated
photonic integrated circuits (PICs) have been established on this
platform including low loss optical waveguides, electro-optical in-
terfaces for ultra-fast modulation, nonlinear optical elements and
resonators.

However, further work needs to be done to make LNOI an at-
tractive and competitive integrated optical platform. (i) This in-
cludes improved optical interfacing to LNOI waveguides, reduc-
ing the fiber to chip coupling losses for example by developing
inverted tapers and waveguide tapers on LNOI. (ii) The nonlinear
optical elements that have been established in this platform have
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shown a nonlinear optical efficiency of 160% W~!cm~2. However,
simulations indicate that the nonlinear optical efficiency should
be an order of magnitude higher in this platform.?* The reasons
for the lower experimentally achieved efficiencies needs to be
investigated. (iii) Polarization rotating and controlling elements
need to be further investigated and experimentally demonstrated
as most of the polarization elements so far have only been simu-
lated. Furthermore, for telecommunication applications it would
be very attractive to use polarization beam splitter-rotators (Fig-
ure 13) in LNOI as it enables polarization multiplexing. (iv) Op-
tical gain media need to be demonstrated in this platform, either
via bonding already doped lithium niobate in the LNOI wafer fab-
rication process, or by doping the LNOI wafer after fabrication
using ion implantation techniques. Also, the heterogeneous in-
tegration of ITI-V lasers on LNOI waveguides needs to be investi-
gated. (v) The development of photodetectors on LNOI waveg-
uides requires further investigation. Integrated photodetectors
will be very important for future PIC applications as it increases
the device stability and eliminated additional coupling losses.

We also gave a brief overview of some interesting applications
of LNOI PICs in the field of telecommunication, quantum pho-
tonics and visible and Mid-IR wavelength photonics. In telecom-
munications, we suggested the use of high speed electrodes in
LNOI for IQ modulators, highly efficient nonlinear optical wave-
length converters and comb sources. In quantum photonics,
some interesting applications are the use of nonlinear optical el-
ements in LNOI for pure heralded photon sources, single photon
wavelength converters and rare earth doped LNOI as a quantum
memory. In the field of visible wavelength photonics, the use of
LNOI circuits for visible wavelength light sources on chips and
as biosensors in refractive index tracking Mach-Zehnder interfer-
ometer might be interesting applications and the potential to cre-
ate combs of coherent light at visible wavelength presents some
exciting sensing and imaging opportunities.

From this review, the potential benefits of LNOI are clear, how-
evet, it is worth considering whether LNOI will be widely adopted
as a fundamental platform for photonic integration, or whether
sufficient benefits could be achieved by hybrid integrating local
islands of LiNbO; onto a more mature wafer platform such as
SiN and SOI. The extremely low loss (2.7 dB m~'PY) and the tight
waveguide bending radii available in the LNOI platform are com-
parable to well established SiN platforms, so there is no compro-
mise in terms of insertion loss and device compactness to take
advantage of the strong electro-optic and nonlinear optical prop-
erties of LN. This virtuous combination of properties has main-
tained the industrial relevance of diffused lithium niobate waveg-
uides for decades, strongly suggesting that LNOI will become an
important and potentially widely used PIC platform in the near
future. The major drawback of LNOI is the limitations of wafer
sizes and high cost per wafer; however as discussed, there are few
fundamental obstacles that would prevent LNOI wafers to scale
in a similar manner to SOI wafers, as they share a very similar
manufacturing method. Thus, larger wafer sizes, lower cost and
maturing manufacturing tolerances should develop as the com-
munity adopts this platform. We see no reason why the LNOI
platform could not become a major wafer platform for PICs.
Overall it can be concluded that LNOI is still a rapidly developing
platform and more optical elements need to be experimentally
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demonstrated in this platform. The potential to integrate sources
and detectors with this platform presents a tantalizing vision for
a truly integrated photonic system on a chip.
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