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Lithium Niobate on Insulator: An Emerging Platform for
Integrated Quantum Photonics

Sina Saravi, Thomas Pertsch,* and Frank Setzpfandt*

Due to its properties, lithium niobate is one of the most suitable material
platforms for the implementation of integrated optical quantum circuits.
With the commercialization of lithium niobate on insulator (LNOI) sub-
strates in the recent years, the lithium niobate nanostructuring technology
has progressed immensely. Now nanostructured LNOI components can be
fabricated with a quality on par with any other material platform, and could
act as effective building blocks for integrated quantum circuits. The advanced
nanostructuring technology combined with its favorable material properties
make the LNOI platform a real contender for the realization of large-scale
optical quantum circuits. The aim of this perspective article is to examine the
utility of the LNOI platform toward this goal. To do this, first the availability
of the individual components that can act as the building blocks for such
circuits is investigated. Afterward, a fully on-chip implementation of a multi-
plexed source of single photons on the LNOI platform is envisioned, which is
a highly challenging task in all material platforms. Based on the performance
of the state-of-the-art components on the LNOI platform, the performance of
such a device is quantified and the areas in which more progress is needed

are pointed out.

1. Introduction

For the large-scale implementation of optical quantum infor-
mation processing protocols!=3] requiring potentially hundreds
of different functional optical elements, on-chip integration is
inevitable.! To date many different technologies and material
platforms for integrated optics have been evaluated for this
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goal. Up to now, silicon photonics has
been one of the workhorses of integrated
optical quantum technologies! due to its
matured fabrication technology. However,
from the point of view of relevant optical
properties, silicon itself is not the most
suitable material platform, %) as it suffers
from two-photon absorption loss, which
also makes the realization of fast and low-
loss switches challenging.®!

Several alternative material platforms for
integrated quantum photonics have been
suggested.®l Among them, lithium niobate
(LN) is recognized as a highly suitable can-
didate for implementing optical quantum
circuitry. LN has many favorable proper-
ties, such as a large transparency window,
strong second-order nonlinearity, possibility
for periodic poling, and access to fast and
low-loss switching through the electro-optic
effect.®! LN has been used extensively for
the integrated implementation of quantum
optical protocols using indiffusion or
proton exchange waveguide technologies
with weak mode confinement. However, a true large-scale imple-
mentation requires a high-density integration of compact and
low-loss nanostructured components, requiring a dedicated fabri-
cation technology on the LN platform, the development of which
started only about a decade ago.””) In the last few years, with the
commercial availability of lithium niobate on insulator (LNOI)
substrates, there has been an enormous progress in the fabrica-
tion of nanostructured elements on the LNOI platform,['*13 such
that state-of-the-art LNOI nanostructured elements have a quality
on a par with current silicon photonics technology.’! This makes
the LNOI platform a truly viable candidate for large-scale on-chip
implementation of optical quantum protocols.

There have already been few very recent reviews on the
development of nanostructured components on the LNOI
platform.l1%1 The specific objective of this progress report
is to take a detailed look at these recent developments and to
show, that lithium niobate is very suitable for large-scale inte-
grated quantum optics. To do this, we split this report in two
parts. In the first part we start describing in detail what makes
the LNOI platform uniquely attractive for integrated quantum
optical applications. We then review the functional elements
available on the LNOI platform and categorize them in terms
of the needed building blocks for integrated quantum optics.
In the second part of this report we underscore the suitability
of the LNOI platform for integrated quantum photonics by
quantitatively evaluating the implementation of a multiplexed
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single-photon source. This is a crucial missing component for a
practical large-scale implementation of optical quantum compu-
tation and simulation protocols. Here we will argue that such a
source could be implemented on the LNOI platform and quan-
tify its potential performance based on the quality of the state-of-
the-art nanostructuring technology demonstrated on LNOI. We
also point out the areas in which technological developments are
needed for a feasible realization and suggest future avenues of
research for improving the performance of such a source. With
this discussion we will show, that LNOI has large potential as a
platform for integrated quantum photonics in general.

2. Implementation of Functional Quantum
Photonic Elements on the LNOI Platform

Integrated quantum photonics is based on a number of specific
functional building blocks that enable to generate, control, and
detect tailored quantum light on photonic chips.*”) As we will
show below, the LNOI platform has the potential for realizing
all of the necessary functional photonic elements and thus is
ideally suited for integrated quantum photonics. Before we
review the different elements that already have been demon-
strated in LNOI, we will highlight the advantages this platform
has for quantum photonics.

2.1. Fundamental Advantages of the LNOI Platform

Before discussing specific elements for quantum photonics, we
are looking at the general properties and advantages of the LNOI
platform that makes it attractive for integrated optics in general
and quantum photonics in particular. The material lithium nio-
bate is well-established in optics for its advantageous properties.
These are mainly the large transparency range, which stretches
from a wavelength of 350 to 4.5 um, and its second-order non-
linearity, which enables nonlinear frequency conversion and fast
modulation of light using the electro-optic effect. This enables to
generate and control light from the UVIY8 to the mid-IR spec-
tral range.®?% In quantum optics, this particularly opens a path
to specific sensing schemes that rely on strongly degenerate
photon pairs.??2l The advantages of lithium niobate were also
recognized in integrated optics and low-loss waveguide technol-
ogies were developed already decades ago?*-’] and already have
been used for integrated quantum photonics.[#?%*1 However,
the used waveguide technologies rely on the indiffusion of tita-
nium or proton exchange, which results in a small change of the
refractive index that leads to weak guiding and comparably large
waveguide cross-sections, limiting the complexity of integrated
circuits to a few different functional elements.[28-31

2.1.1. LNOI Allows Nanostructuring

To use integrated quantum photonics for the realization of
applicable quantum protocols on a chip, hundreds or thou-
sands of individual functional elements will be necessary, espe-
cially for photonic quantum computing.*3233 This necessitates
a waveguide technology that allows for small waveguides that
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compress light transversally into tiny areas such that many
waveguides can be densely integrated without unwanted cross-
talk. Furthermore, a variable and precise control of the modal
properties in these waveguides is needed, that enables to tailor
the used photonic quantum states to the needs of the targeted
applications. These requirements can be met by waveguides
with a large refractive-index difference between core and clad-
ding created by nanostructuring technologies, that is, by selec-
tively removing the LN material.

However, nanostructuring of LN is challenging, as this crys-
talline material is very hard and chemically inert. In particular,
realizing a large index difference to the substrate while keeping
the crystallinity of the waveguide material unchanged is com-
plicated, although possible with ion-beam enhanced etching
techniques.3+%7]

This situation was changed notably with the development of
crystal ion slicing,[3®3% which enabled the creation of thin slabs
of crystalline lithium niobate*”] bonded to another dielectric
substrate. Based on this technology, which was commercial-
ized in the last years, different approaches for the creation of
waveguides have been explored, including proton exchange,*!
dicing, > ion-beam enhanced etching,®! focused-ion-beam
milling,! and femtosecond-laser micromachining with subse-
quent polishing.[*48]

However, the most promising structuring approach is
based on lithography and dry etching.**->? This approach is
sketched in Figure 1a and is very similar to the methods used
in silicon photonics and other established technology chains
for integrated optics. It enables large-scale fabrication of inte-
grated optical circuits®?33 with arbitrary lateral geometries,
which has already been demonstrated in LNOI.3 Based on
this technology, many functional elements that are needed for
integrated quantum photonics have been demonstrated, albeit
in mostly different contexts, like waveguides (see example in
Figure 1b),P¥ couplers, filters, and resonators (Figure 1c).l>!
Most importantly, these waveguide structures feature exception-
ally low losses as small as 3 dB m™ in the near-infrared (NIR),1>l
comparable to silicon photonics. However, compared to silicon
LNOI can provide such small losses over a much broader spec-
tral range and losses of 6 dB m™ were demonstrated in the vis-
ible spectral range.> Low losses are one of the most crucial
requirements for quantum photonics, as particularly entangle-
ment is very sensitive to loss-induced decoherence.

Due to the relatively large refractive index difference between
waveguide structures etched in LNOI and the surrounding clad-
ding media, not only ridge-waveguide-based structures but also
more complex nanophotonic structures have been realized in
this platform, ranging from photonic crystals*>7-¢1 (Figure 1d)
to resonant metasurfaces!®”®! (Figure le). Such structures
promise a large degree of freedom in the control of the spa-
tial and spectral properties of the modes in quantum-photonic
devices, which is very useful to tailor the properties of photonic
quantum states.[6:67]

2.1.2. LNOI has y'? Nonlinearity

One of the main advantages of LN in comparison to many other
established material systems for integrated optics in general
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Figure 1. a) Scheme of typical processing steps for nanostructuring LNOI with some characteristic examples for the used processes and materials.
Starting from the substrate material, first a mask stack is realized, where typical materials for the hard mask needed for the central etching step are
chromium or SiO,. The top resist layer is then typically exposed by electron-beam or photo-lithography and processed such, that in a next step the hard
mask can be opened using a lift-off process or reactive ion etching (RIE). Finally, the lithium niobate layer can be structured using ion-beam etching
(IBE), inductively-coupled plasma RIE (ICP-RIE), or RIE. b—e) Example structures made with processes similar to (a), in particular b) waveguides, where
the different shadings indicate periodic poling,® c) ring resonator,® d) detail of photonic-crystal cavity,’”) and e) metasurface. (b) Reproduced with
permission.>*l Copyright 2018, The Optical Society. (c) Reproduced with permission.>* Copyright 2019, The Optical Society. (d) Reproduced under the
terms of a Creative Commons Attribution 4.0 International License.’”! Copyright 2020, The Author(s), published by Springer Nature.

and integrated quantum photonics, like silicon or silicon
nitride in particular, is its second-order nonlinearity, described
by the second-order nonlinear tensor 1. Rooted in the absence
of centro-symmetry in the crystal lattice of LN, the ¥ nonlin-
earity enables nonlinear frequency conversion via parametric
three-wave mixing processes across a wide spectral range. This
is particularly relevant for the generation of quantum light, as
it allows for spontaneous parametric down conversion, where
one pump photon is split into a pair of signal and idler photons
sharing a common quantum state.

In LN, the ¥ nonlinearity can be conveniently controlled by
local inversion of the LN crystal lattice, for example, by electric-
field poling.[®®! This process switches the sign of the elements
of the ¥ nonlinear tensor while leaving the linear properties
of LN unchanged. If LN is poled in a periodic pattern along
the propagation direction of waves undergoing frequency con-
version, an additional wavevector is introduced, which can be
used to offset the phase mismatch between the interacting
waves by quasi-phase matching. Quasi-phase matching ena-
bles to achieve phase matching, and thus efficient nonlinear
interactions, independent of the linear properties of the optical
system. This is particularly important for waveguides, where
now the same waveguide geometry can be used with different
poling periods to enable efficient frequency conversion between
arbitrary spectral ranges.

Periodic poling has been an established technology for bulk
and integrated optics in LN since many years.®¥! However,
due to the specific properties of LNOI, which made the use of
existing poling approaches challenging, new strategies had to
be developed. Whereas typically the electrodes to apply the high
voltage needed for domain inversion are applied at the top and
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bottom sides of z-cut LN, in LNOI x-cut films are poled with
both electrodes located at the top of the substrate.’>%) Since
the electrodes in this technique can be placed quite close to
each other, small poling periods in the micrometer range and
below can be realized with high quality.”>7?l This can be used
to overcome even larger phase mismatches, which can occur
in frequency conversion schemes where the participating waves
travel in different directions.”? Thus, due to electric-field poling
and quasi-phase matching, LNOI enables phase-matching
geometries for classical and quantum frequency conversion
that go far beyond what is possible in other photonic integrated
platforms. This phase-matching technique is compatible to the
nanostructuring process described above.

The phase-matching techniques described above together
with the strong mode confinement in LNOI waveguides and
their small losses have led to a number of demonstrations of
very efficient classical frequency conversion. SHG with high
conversion efficiency was shown in waveguides®*’#7! and ring
resonators.’®l Furthermore, sum-frequency generation was
shown in resonators””! and waveguides.”® As these parametric
three-wave mixing effects are governed by the same rules as
spontaneous parametric down conversion for the generation of
photon pairs, these results bode very well for their efficient gen-
eration, which will be discussed later. Besides these nonlinear
effects directly relevant for quantum photonics, other observed
nonlinear effects include supercontinuum generation,” micro-
comb generation,®*#1 and the conversion of mechanic and
acoustic vibrations to the optical domain. 885

In addition to these nonlinear frequency conversion pro-
cesses, the second-order nonlinearity in LN also enables to
effectively change the linear properties of the material via an
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Table 1. Comparison between different platforms considered for realization of large-scale integrated quantum photonics.

Parameter LNOI

Siliconl®

Silicon nitridel®"! Gallium arsenidel®

Transparency window Visible-infrared

Propagation loss in etched Low linear loss no nonlinear loss

single-mode waveguides

Modulation mechanism Electro-optic effect

tion (induces losses)

SFWM

Mechanism for quantum-state SPDC

generation

infrared > 1000 nm

Low linear loss high nonlinear
loss (two-photon absorption)

Thermal (slow) free-carrier injec-

Visible-infrared Infrared > 900 nm

Low linear loss nonlinear loss  Low linear loss no nonlinear loss

(two-photon absorption)

Electro-static devices MHz
bandwidth

SFWM

Electro-optic effect

SPDC, quantum dots
(single photons)

externally applied voltage through the electro-optic effect. This
effect has been used to implement modulators working at
CMOS-compatible voltages,® and at modulation bandwidths
in the range of hundreds of GHz.[8-%)

The ability to create high-quality waveguides with tight con-
finement allows for dense waveguide networks with minimal
dissipation. Due to the electro-optic effect, these networks can
be reconfigured, thus enabling, for example, the implementa-
tion of tunable quantum gates. Finally, the second-order non-
linearity straightforwardly allows for the generation of many
different photonic quantum states, which in turn can be tai-
lored using the degrees of freedom enabled by tightly confining
waveguides. These fundamental properties and advantages
make LNOI an attractive platform for integrated quantum
photonics, which is on par with other, more established plat-
formsl®-92l as can be seen in the direct comparison in Table 1.
In the following, we will overview more specifically the indi-
vidual elements needed to implement versatile quantum cir-
cuits in integrated-optical platforms and the status of their
realization in LNOI. We will first discuss sources of photonic
quantum states, then functional elements for their manipula-
tion and storage, and finally detection and interfacing to other
systems for quantum applications.

2.2. Sources for Photonic Quantum States

The most prominent way for quantum light generation in
materials with second-order nonlinearity is by spontaneous
parametric down-conversion (SPDC), where a short-wavelength
pump photon is spontaneously split into a pair of signal and
idler photons of longer wavelengths.®?! The three-photon pro-
cess has to conserve energy, thus the frequencies of pump (p),
signal (s), and idler (i) have to obey @, = @ + @;. Furthermore,
efficient nonlinear interaction is facilitated by vanishing phase
mismatch, such that the propagation constants of the inter-
acting modes fulfill ks + k; = k.

Compared to photon-pair generation by spontaneous four-
wave mixing (SFWM), which is based on third-order nonline-
arity and prominently used in integrated quantum optics based
on silicon and silicon nitride,**"l SPDC can typically make use
of a much larger nonlinear coefficient, thus enabling efficient
photon-pair generation with lower pump power and/or shorter
waveguides. On the other hand, the typically large difference
in the wavelengths of the interacting waves in SPDC leads
to larger phase mismatches, which in LNOI have to be miti-
gated using quasi-phase matching. Furthermore, the different
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wavelengths have to be taken into account when designing
quantum waveguide platforms making use of SPDC.

SPDC and the emission of photon pairs in LNOI have been
first demonstrated in a micro-disk resonator coupled by a fiber
taper.®®%] Furthermore, photon-pair generation was recently
demonstrated in a fully integrated ring resonator,'%! shown
in Figure 2a, with photon-pair rates up to 36 MHz using just
13 W pump power and coincidence-to-accidental ratios of up
to 15.000. In periodically poled waveguides, pair generation
was demonstrated!'"1%] with photon-pair rates up to 11 MHz
for pump powers of 250 uW and maximal coincidence-to-acci-
dental ratios of close to 70.00001° as shown in Figure 2b. Due to
the high efficiency, appreciable photon-pair rates can be gener-
ated in very short waveguides of only 300 um length,%% and
over a broad spectral range.[102:103:106]

These first demonstrations are very encouraging for a
use of such sources in integrated quantum photonics, as the
reported count rates are already comparable or even better than
that of optimized silicon-photonics sources,'”l even without
employing techniques like the use of slow light!!%® for enhance-
ment of the generation efficiency. In LNOI, the degrees of
freedom offered by nanostructuring can be fully exploited for
controlling the properties of the generated quantum state, for
example, its spatial®®73l and spectral composition.[”10%]

Whereas photon pairs are the basis for quantum applications
in quantum cryptography, imaging,''% and some implementa-
tions of photonic quantum computation algorithms,™! sources
of pure single photons are needed for universal quantum
computing.'?l Pure single photons can be generated with
photon-pair sources using heralding,>" where only one of
the photons of a pair is used as a quantum resource, whereas
the other heralds the presence of this resource. To achieve this,
the two photons of a pair have to be in a spectrally factorizable
state, which can be realized by dispersion engineering of LNOI
waveguides.'%”! One of the drawbacks of such heralded single-
photon sources and SPDC sources in general is their probabil-
istic operation, where there is a low probability of generating a
pair per input pump pulse. To overcome this limitation, several
such probabilistic sources can be combined by multiplexing,!l
thus increasing the likelihood of generating a single photon in
a given time frame. We will discuss in depth the potential of
the LNOI platform for the implementation of such multiplexed
sources in the second part of this report.

On the other hand, pure single photons can also be deter-
ministically created using atomic emitters or quantum dots.'”]
The material LN naturally does not provide suitable color
centers or similar atom-like defects suitable as single-photon
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Figure 2. Overview of different quantum-state sources. a) Sketch and SEM images of LNOI ring resonator for photon-pair generation.%l b) Micro-
scope image of waveguide for photon-pair generation and measured dependence of coincidence-to-accidental ratio (CAR) on pair coincidence rate
(PCR).MT ¢) Sketch and SEM image of hybrid structure incorporating an InAs quantum dot in a LNOI waveguide.['”] d) Emission spectrum of erbium
ions implanted in LNOI resonator, demonstrating the possibility to also incorporate atomic emitters.["” (a) Reproduced with permission.%l Copyright
2020, American Physical Society. (b) Reproduced under the terms of a Creative Commons Attribution 4.0 International License.['”!l Copyright 2020, The
Author(s), published by the American Physical Society. (c) Reproduced with permission.l'”7l Copyright, AIP Publishing. (d) Reproduced with permis-

sion."? Copyright 2020, AIP Publishing.

sources. However, such centers could be created by selective
doping of the LN host material. Doping of LNOI has been dem-
onstrated with Tm,["'® Er,1%124 and Yb ions,'2>126] which were
used to demonstrate photoluminescence, amplification, and
lasing. Semiconductor quantum dots can be added to the LNOI
platform by hybridization, where a semiconductor structure
containing a quantum dot is coupled to a waveguide in LNOI
by specifically designed tapers.[1?’]

Finally, some quantum-photonic applications are not based
on number states of light like the single photons and photon
pairs discussed above, but rather use squeezed light as an
input.'?8! Although squeezed-light generation was not yet dem-
onstrated in LNOI, it was shown in LN waveguides!"?>-3! and
it is very likely that similar results are possible also in LNOI,
especially that ultralow-threshold optical parametric oscillation
using a quasi-phase matched microring resonator have already
been demonstrated on the LNOI platform. 132!

These different experimental demonstrations in LNOI show
that this platform is promising for the implementation of all
types of quantum-state sources.
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2.3. Manipulation and Storage of Quantum States

After discussing approaches for the generation of photonic
quantum states on the LNOI platform, we will now examine
the potential to also implement functional elements to control
such quantum states. Control in this respect means the ability
to influence the degrees of freedom of the photons contained in
a quantum state, for example, their spatial distribution, polari-
zation, spectrum, and also temporal distribution. We will first
discuss passive, that is, fixed elements, then tunable active con-
trol elements before finally discussing separately elements to
control time, that is, quantum memories.

2.3.1. Passive Manipulation
The purpose of functional elements for passive manipulation
is to connect different optical modes and thus to transfer or

distribute photons between them. In the spatial domain, this
is typically achieved using directional couplers, y-splitters, or
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Grating coupler

Figure 3. Modulators implemented in LNOI. a) Racetrack and ring resonators,[*% b) scheme and microscope image of modulator for amplitude and
phase based on interferometer quadrature, and c) modulator based on tunable Bragg grating."? (a) Reproduced with permission."’l Copyright
2018, The Optical Society. (b) Reproduced under the terms of a Creative Commons Attribution 4.0 International License."”l Copyright 2020, The
Author(s), published by Springer Nature. (c) Reproduced under the terms of a Creative Commons Attribution 4.0 International License.[*2 Copyright

2020, The Author(s), published by IEEE.

multi-mode interference splitters which are routinely fabricated
in LNOT.[55.133-135]

LN is a birefringent material. In LNOI waveguides, typi-
cally the extraordinary crystal axis is oriented transverse to the
propagation direction, which together with the typical wave-
guide cross-sections leads to a strong modal birefringence. This
enables to use the polarization degree of freedom for quantum-
optical functionalities. Spatial routing of photons based on their
polarization was demonstrated using a specifically designed
directional coupler,*! which can operate over a large spec-
tral range using an adapted design.™] Finally, waveguides in
LNOI can also be designed to show no modal birefringence,'3®l
thus leading to degenerate propagation constants for both
polarization modes.

For control of the spectrum, demonstrated wavelength fil-
ters include Bragg reflectors created by periodically indenting
the waveguide surface.®*I To achieve higher extinction and
narrower linewidth, which in integrated quantum photonics is
usually needed to filter out the strong classical pump beam, res-
onators or interferometric filtersl*?l are usually applied. In
LNOI, high-quality resonators and interferometers suitable for
this task have been demonstrated, especially also in the near-
visible spectrum where the pump beams would be situated
for photon-pair generation in the telecom frequency range.l>!
However, these configurations have not yet been used specifi-
cally for frequency filtering in quantum applications.

Aside from the mentioned linear passive optical elements, a
highly desirable functionality is to have passive elements that
can exhibit substantial optical nonlinearity at the single-photon
level. The LNOI platform has shown promise toward reaching
this goal, where leveraging the high nonlinearity and fabrication
quality on LNOI, single-photon anharmonicity close to 1% has
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been reached using a microring resonator.*4 It was also theo-
retically proposed™¥ that future improvements could increase
this number and eventually allow for the photon blockade
effect, which would be a path toward emitter-free, determin-
istic, and all-optical quantum operations at room temperature.

2.3.2. Active Manipulation

To implement universal quantum functionalities, like gates for
quantum computations, the needed integrated optical elements
shall be dynamically tunable. Besides fundamentally investi-
gated all-optical switching schemes,*! the most relevant tuning
mechanism in LN is the electro-optic effect, which allows to
change the refractive index of the materials upon application
of an electric voltage. An alternative is thermo-optic tuning,
which is often used in silicon photonics,*l and has been imple-
mented in LNOT as well.*#¥] However, thermo-optic modula-
tors are limited in their speed by the heat transfer in LN. In
contrast, electro-optic modulators in LNOI waveguides can be
operated at low voltages and high speeds due to the small wave-
guide dimensions and high field confinement compared to con-
ventional indiffused waveguides. The potential of LNOI for the
realization of modulators was recognized early.*) Modulator
concepts can be based on resonators, where the applied voltage
shifts the resonance frequency, such that the transmission of
an adjacent bus waveguide can be modulated,*3#] on interfer-
ometers, where the phase shift induced by a phase-only modu-
lator in one of the arms[**>!l leads to amplitude modulation at
the interferometer output,®*! or on Bragg reflectors, where
the applied voltage shifts the reflection band!™? or cavity reso-
nances.®3 Examples for these realization concepts are shown
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in Figure 3a—c, respectively. Based on interferometers, also
universal modulators controlling amplitude and phase have
been demonstrated.'¥] Modulators in LNOI show very prom-
ising features, such as small modulation voltages in the CMOS-
compatible range suitable for direct interfacing with standard
electronics,®1*15°] modulation speeds above 100 GHz and up
to 400 GHz,®-%9 extinction ratios of up to 53 dB using a cas-
caded design,*® and small form factors.”# Although most of
these demonstrations focused on the realization of modulators
for the amplitude of transmitted light, integrated quantum pho-
tonics is built on phase shifters, which are the heart of inter-
ferometer-based amplitude modulators, and switches, which
can be realized by utilizing both output waveguides of a tun-
able Mach-Zehnder interferometer.™>~1> These functionalities
enable the realization of tunable photonic quantum gates for
the spatial modes, which is the basis for integrated quantum
optics using the path degree of freedom.

To implement quantum gates that operate on the spectral
degrees of freedom, it is necessary to not only filter the spec-
trum, but transfer energy from one spectral mode to another.
This is typically achieved by nonlinear frequency conversion,
for example, by sum-frequency conversion, which in the
classical realm has been demonstrated in LNOIL077160] For
quantum applications, high conversion efficiencies are needed
to do this at the single-photon level, which should ideally be
done with 100% efficiencies and no added noise. Recently, such
quantum frequency conversions!'®! from telecom to near visible
has been demonstrated with a periodically poled LNOI wave-
guide with an internal efficiency close to 50% and a noise level
of 107* photons per time—frequency mode.l'®?l Using nonlinear
frequency conversion allows to bridge large differences in the
source and target frequencies, however, using fast electro-optic
modulation, optical signals can be shifted sufficiently to bridge,
for example, the frequency difference between ITU grid chan-
nels.'9 Using the electro-optic effect on the LNOI platform
with two coupled microring resonators, GHz-range frequency
shifts with near-unity efficiencies have been demonstrated,!%4
where the conversion efficiency is also tunable, further allowing
for the implementation of frequency beam splitters. Frequency
shifts in the electro-optically induced gratings also enable the
realization of periodic reflectors acting as dynamically switch-
able spectral filters.'® Thus, the possibilities for controlling
the spectrum of quantum signals in LNOI may be unrivalled by
any other integrated optical platform.

Finally, also the polarization can by dynamically controlled,
where coupling between the two polarization states in a wave-
guide can be implemented using periodically poled wave-
guides, which upon the application of a static electric field act
like a coupling grating.”®1] This concept already has been
applied to polarization control of single photons in an LNOI
waveguide.[16¢]

2.3.3. Storage of Quantum States

The delay or storage of photonic quantum states is a crucial
capability in complex quantum circuits and networks, either to
offset the probabilistic nature of spontaneous nonlinear photon
sources, to synchronize different functionalities on one optical
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chip, or to implement quantum communication. The sim-
plest way of implementing such storage is by employing long
waveguides, in which the propagation time equates the storage
time. Due to the small losses in LNOI, such long waveguides
can be implemented and have been demonstrated with lengths
exceeding 1 m, which equates to delay times in the order of
8 ns, on optical chips with dimensions in the range of tens of
mm as shown in Figure 4a.” Such delays can be dynamically
controlled with high speed using electro-optical switches!™ or
electro-optically induced gratings, that reflect photons at dif-
ferent positions in the waveguide.[3%

A much more compact scheme for photon storage has
also been realized on the LNOI platform based on two cou-
pled microring resonators and application of the electro-optic
effect.'”] The coupled system of resonators has a dark and
bright mode, where an incoming optical pulse from a coupled
ridge waveguide can couple to the bright mode. Then through
the application of a microwave pulse faster than the lifetime
of the bright mode, which is allowed by the fast electro-optic
effect, the optical pulse will be transferred into the dark mode
and trapped there. After the desired time delay, a second micro-
wave pulse will transfer the optical pulse back to the bright
mode to be released. The storage time in this scheme is only
limited by the lifetime of the dark mode, which is around
2 ns here. The authors in ref. [167] predict that if the fabrica-
tion technology in LNOI can be pushed to its limit of material
absorption, the storage time of this tunable device could reach
hundreds of nanoseconds.

Quantum memories are typically implemented using atomic
systems, which can absorb the signal photons and release them
after a defined storage time. This has been demonstrated in
conventional waveguides in LN using doping with Tm ions.["7%
Doping of LNOI with such ions has been successfully dem-
onstrated,/?) where the measured emission spectra shown in
Figure 4 are similar to the ones measured in other material
system. Hence, the implementation of quantum memories also
in the LNOI platform appears feasible.

2.4. Interfacing and Hybridization

Although many functionalities can be implemented directly
on photonic integrated chips based on LNOI, further means to
interface such chips to other devices and systems are needed to
realize additional functionalities. This includes the detection of
photons for connection to electronic circuitry, the highly effi-
cient coupling to fibers for integration in optical networks, and
the hybridization with other material platforms that can pro-
vide specific functions.]

2.4.1. Detection

The detection of photonic quantum states is the key to
measure the result of any photonic quantum operation.
Although many demonstrations have been conducted using
separate detectors, which where connected to the integrated
chips by optical fibers, chip-integrated detectors offer to mini-
mize the coupling losses inherent in these connections. In
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Figure 4. Functional elements for quantum photonics on LNOI chips. a) Meter-scale delay linel'”l and b) photonic molecule for storage of photons.[®’]
c) Demonstration of Thulium doping showing a scheme of the implemented device and the measured emission spectrum,'?% which can be developed
toward a quantum memory in LNOI. d) Cross-section and false-color SEM images of LNOI waveguide with integrated superconducting nanowire
single-photon detector.l'®8] e) False-color SEM image of silicon photodetector integrated with LNOI waveguide.'®”] (a) Reproduced with permission.l'*’]
Copyright 2020, Chinese Physics Letters. (b) Reproduced with permission.®] Copyright 2018, The Author(s), under exclusive licence to Springer Nature
Limited. (c) Reproduced with permission.?%l Copyright 2019, American Chemical Society. (d) Reproduced with permission.l'®8l Copyright 2021, The
Author(s). (e) Reproduced with permission.®l Copyright 2019, AIP Publishing.

recent years, superconducting nanowire single-photon detec-
tors (SNSPDs) became the state of the art for efficient and
broadband single-photon detection, especially in the telecom
wavelength range.[”!! SNSPDs have also been integrated onto
on-chip optical waveguides in different material platforms,[7?
with recent implementations on LNOI waveguides as
well.[168173:74] ref. [173] reached a detection efficiency of 46% at
1560 nm, with an SNSPD of only 250 um length integrated on
an LNOI ridge waveguide of 125 um length. A low dark-count
rate of 13 Hz and a timing jitter of 32 ps was achieved in this
implementation. Moreover, ref. [168] have implemented two
SNSPDs and an electro-optic switch integrated on the same
LNOI chip and demonstrated their successful combined oper-
ation at cryogenic temperatures, which is an important step
toward a full on-chip implementation of fast-reconfigurable
optical quantum circuits on the LNOI platform.
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Alternatively, photon detection can be also realized using
semiconductor detectors, as have been also integrated on
LNOLI Although the sensitivity of these devices is not yet
high enough to detect single photons, these results underline
the potential to also realize avalanche photodiodes or fast detec-
tors suitable for the characterization of squeezing.

2.4.2. Interfacing to Other Platforms

The most important interface to other photonic platforms
is the coupling to optical fibers, which is needed to transfer
photons into networks, to separated optical chips,”>7 to
external detectors, or to external fiber delay lines. Achieving
a highly efficient coupling between LNOI waveguides and
optical fibers is not trivial, as these two platforms have
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strongly differing mode-field diameters. One approach is by
using grating couplers, to which optical fibers can be attached
from above the optical chip. Such couplers have been dem-
onstrated in several works!3*777180 with coupling efficiencies
up to 72%. Grating couplers use resonances for efficient cou-
pling, thus limiting the spectral range in which they work. An
alternative approach is based mode converters, which change
the geometry of the waveguide to adapt the mode at the edge
of a photonic chip to the modes of a butt-coupled fiber. Such
structures, which are conceptually similar to inverse tapers
known from silicon photonics,® have been demonstrated in
LNOI as welll82-18] with measured coupling efficiencies close
to 90% to tapered or lensed optical fibers. Although these
results are encouraging, they still have to be improved to not
be a hindrance in the implementation of quantum devices,
especially if several photons should be transferred from or to
a photonic chip.

Furthermore, LNOI functional elements have been success-
fully integrated with other photonic platforms that are used
for integrated quantum photonics, for example, silicon!®”187188]
and silicon nitride.'-11 Finally, LNOI waveguides can be also
interfaced with superconducting quantum circuits, as optical-to-
microwave transducers have been recently demonstrated.[192-194
The LNOI platform can thus be connected to a multitude of dif-
ferent systems used in quantum technologies.

This overview of realized functional elements for quantum
photonics shows, that most of the needed elements already
have been realized in LNOI, although reports on more com-
plex integrated quantum experiments are still missing. How-
ever, with the demonstrated wealth of structures, many of
the experiments shown in other platforms can in principle
be implemented.

3. Implementation of a Complex Quantum Chip
on the LNOI Platform

In this section, we evaluate the feasibility of the on-chip reali-
zation of complex quantum systems using the LNOI plat-
form. We approach this by investigating a particular example
for which we quantify the performance and discuss the areas
that the current technology needs to be improved. Our repre-
sentative example of investigation is the on-demand source
of indistinguishable single photons, the realization of which
at the moment is arguably the biggest challenge and a bottle-
neck toward the large-scale implementation of optical quantum
computation and simulation protocols.>3] In this regard,
single-photon sources are the fundamental resource for gen-
eration of cluster states to perform all-optical quantum compu-
tations.'! They can also be used for the generation of three
photon Greenberger—Horne—Zeilinger states, '] which itself is
a fundamental resource for certain approaches for linear optical
quantum computation,'”%8 multiparty quantum key agree-
ment,®) quantum secure direct communication,?%) and all-
optical quantum repeaters.?’!l Single-photon sources are also
the fundamental resource for the implementation of Boson
sampling,Zl which is thought of as a path toward reaching
non-universal quantum supremacy in computation in the near
future. In all such applications, few to many single photon
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sources are needed, which ideally need to be indistinguishable
from one another and produce single photons on demand.

3.1. Spatial Multiplexing for On-Demand Single-Photon
Generation

One promising approach for realizing such sources is through
multiplexing SPDC-based heralded single-photon sources
(HSPSs). As explained earlier, HSPSs are probabilistic and
multiplexing is used to approach an on-demand operation.!!®!
However, HSPS multiplexing schemes are resource-hungry,
and approaching the ideal performance often requires more
and more components, including SPDC sources, single-photon
detectors, delay lines, and fast switches, along with fast elec-
tronics to synchronize the operations. Hence, integration of
such components in a miniaturized form is needed to paral-
lelize as many HSPSs as necessary for achieving the desired
photon statistics. To this date however, there has not yet been
a fully integrated implementation of such a system, with all
the components on the same chip, which in turn hindered
reaching a performance that can live up to the requirements for
large-scale quantum computing and simulation protocols.

We believe that the unique advantages of the nanostructured
LNOI platform could open up a way toward a fully integrated
multiplexed source, as it allows for efficient and engineered
pair generation along with low-loss and fast switching. Both are
central requirements for any multiplexing scheme. To explain
this vision and benchmark the capabilities of the LNOI plat-
form for this application, we focus on the spatial multiplexing
scheme,2 which we believe all the optical components for
its on-chip realization in principle exists on the LNOI plat-
form. There are also other types of multiplexing schemes for
on-demand single photon production, such as temporal and
spectral multiplexing,''® which we do not discuss here. None-
theless, their on-chip implementation relies on the same funda-
mental components that will be discussed here.

In spatial multiplexing, many HSPSs are used in parallel,
as shown schematically in Figure 5. The schematic here also
specifically depicts our vision for a full on-chip implementation
of spatial multiplexing, based on the components available on
the LNOI platform, where the steps of the operation and the
depictions of the components are based on our discussions
to follow. The HSPSs must all be identical to each other and
each produce factorizable photon pairs, such that detection of
one photon for heralding does not disturb the quantum state
of the other photon at the output. To avoid multiple-pair gen-
eration, the generation probability of each HSPS has to be
kept sufficiently low. Multiplexing is used to increase the total
generation probability. One photon from each HSPS goes to a
single-photon detector and the other photon to a routing net-
work of switches, which is controlled electrically by the collec-
tive response of the detectors. The response from all the detec-
tors will be analyzed to identify which HSPSs have produced a
pair, then the single photon from only one of the corresponding
HSPSs will be routed to the output. In this way, the probability
P of having an output is increased, while maintaining a high
fidelity F, where F indicates how much the output overlaps with
a pure single-photon state, with F = 1 being the ideal case.
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Figure 5. The envisioned fully on-chip implementation of a spatially multiplexed single-photon source on the LNOI platform, where only 4 sources
are shown in the schematic for a clearer view. The metal pads for the SNSPDs and the metal electrodes for the switches can be connected to a nearby

electrical chip by flip-chip bonding.

To increase P and F simultaneously, an increasing number
of sources must be used, due to the fundamental trade-off
between fidelity and generation probability in the SPDC process
underlying each HSPS. For example, assuming that we have
HSPSs with perfectly factorizable pairs, ideal detectors, and
no loss, then F = P = 0.99 requires 458 HSPSs. This number
is calculated based on the existing formulations for estimating
the performance of a multiplexed single-photon source, 18203
assuming that threshold (non-number-resolving) detectors
are used. If photon-number-resolving detectors are used, that
can distinguish between one and more than one photon, then
HSPSs can be operated at a higher gain and only 17 sources are
needed to reach P = 0.99 with a fidelity of F = 1, as multiple-
pair events can be discarded.['®203] If the detection efficiency is
lower, then more HSPSs are needed.™® With number-resolving
detectors, a lower detection efficiency also affects the fidelity,
as identifying multiple-pair events is less reliable. Hence, the
source gain has to be lowered to reach the needed fidelity,
which increases the needed number of sources to reach the
same output probability.l?*¥ If the sources are not fully factoriz-
able, there would be a limit on the fidelity that cannot be offset
by using more sources. If the path of single photons from the
source toward the output channel is lossy, then the output prob-
ability will be lowered, which again cannot be offset by having
more sources.2 Tt is clear that the only practical way of real-
izing such a system is through a fully integrated approach, with
a careful balance of miniaturization, loss, and tolerancing.

3.2. Performance Evaluation of Required Components for On-
Chip Spatial Multiplexing

To realize such a system fully on chip we need i) SPDC-based
photon-pair sources that can produce factorizable pairs, ii)
spectral filters and waveguide couplers to separate the photon
pairs from each other and from the pump, iii) fast on-chip
single photon detectors, iv) fast optical switches with CMOS
compatible driving voltages, v) fast on-chip electronics to drive
the switches, and vi) delay lines to compensate for the latency
in the electronic response. In the following, we discuss the
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currently achievable performance of these individual compo-
nents on the LNOI platform with regards to the multiplexing
application and quantify the total performance of a potential
multiplexed source, where some assumptions are made as to
what improvements are expected to be made beyond the state
of the art in the near future and also explaining what technolo-
gies have to be developed to reach this performance level.

3.2.1. Sources of Factorizable Photon Pairs

As explained, efficient photon-pair sources have been realized
in the LNOI platform using periodically poled ridge wave-
guides, 1941951 byt not engineered for factorizable pair genera-
tion. It has been shown theoretically that by a careful design of
the width and height of the waveguide and its poling period, fac-
torizable pairs can be generated on the LNOI platform,! where
the required sub-micron cross-section of the waveguide and the
few-micron poling periods are compatible with current LNOI
fabrication capabilities.’®’% The design in™! results in highly
factorizable pairs, with Schmidt numbers down to K = 1.05,
where K indicates the effective number of entangled pairs of
spectral modes, with the ideal factorizable case being K = 1.
Assuming a common exponential decay in the probability
of the entangled spectral modes,?®! one can calculate the
maximum achievable fidelity,?*3] where K = 1.05 will result in
F > 0.97, meaning that the heralding detection has little effect
on the quantum state of the single-photon output. This could
be further improved by engineering the poling pattern in the
waveguide, where an effective Gaussian nonlinearity pattern
can result in a near-unity K.2% Here, the role of nanostruc-
turing in reaching the required modal dispersion for factoriza-
bility should be emphasized, as the dispersion of weakly-guided
modes in conventional LN waveguides does not allow for this
effect, unless under a counterpropagating pair generation con-
figuration with sub-micron poling periods.’™ Tt should also
be mentioned, that if the signal and idler have the same cen-
tral wavelength, as designed in,!!¥ the factorizability condition
requires that they be in different modes, for example, in the
TE and TM modes of the waveguide.' By a proper choice of
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the poling period, the design could also be extended to produce
signal and idler at different wavelengths. Overall, we can con-
clude that the source on this platform imposes no fundamental
limit on the fidelity of the single-photon output. It should
still be noted, that the indistinguishability between the single
photons produced from the different sources relies on the fact
that all the photon-pair sources are fabricated and poled iden-
tical to one another, and it should be investigated to what extent
the required tolerances can be met on the LNOI platform.
Nevertheless, the electro-optic tuning of individual sources
could be thought of as a way of fine-tune the many different
sources into indistinguishability with one another.

3.2.2. Pump Rejection Filter and Other Beam Separations

After the photon-pair generation by SPDC, the strong classical
pump beam has to be filtered, so that it does not interfere
with single photon detection, and the signal and idler photons
should be separated from each other. For such passive manip-
ulation, LNOI can borrow solutions from the more matured
silicon platform.>2%l In general, on-chip pump rejection is a
challenging task in all integrated platforms, as the pump has
to be filtered with an extinction ratio exceeding 100 dB. We
believe that the LNOI platform could facilitate this, mainly
because the pump wavelength for SPDC can be very different
than the signal and idler (e.g., with the pump in the visible
range and the photon pairs in the NIR). To contrast, in pair
generation through SFWM the pump wavelength is usually
very close to that of the generated photon pairs, making a
large-extinction pump rejection, while introducing little loss
in the signal and idler channels, very challenging.?*! We
believe that partially effective solutions demonstrated on the
silicon platform, such as using Bragg grating filters, 210211
can be adapted to the LNOI platform, where the advantage
of having a very different pump wavelength could result in a
much better filtering performance. Bragg filters have already
been implemented on the LNOI platform,3% with 25 dB
extinction over a 3 nm spectral bandwidth using a 250 pm
long periodic Bragg waveguide. Hence, a 1 mm long Bragg
filter should give the desired 100 dB extinction, assuming the
structure does not suffer from propagation losses outside the
photonic bandgap of the Bragg structure. The performance of
this particular implementation was limited by the very large
76 dB cm™ propagation losses. This could be improved with
the currently available LNOI fabrication technology, which can
reach Q-factors above 1 million for photonic crystal resona-
tors,1?'2l where a corresponding propagation loss well below
1 dB cm™ can be estimated for the 1D periodic waveguides
that constitute these types of resonators.l?**! It should be men-
tioned that such photonic crystals where implemented for
NIR operation, whereas we want to filter a pump in the visible
range, which requires a shorter periodicity for the Bragg struc-
ture and could potentially make the fabrication more suscep-
tible to scattering-induced losses. However, it has already been
shown that nanostructured LNOI elements for visible regime
operation can be fabricated with very high qualities compa-
rable to the ones fabricated for NIR operations.l>>! Hence, with
the state of the art LNOI fabrication technology, it should be
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possible to realize a 1 mm long Bragg filter, that could sup-
press the visible pump by more than 100 dB and introduce a
loss below 0.1 dB for the propagating signal and idler modes
in the NIR. We note that the depth of the corrugations in the
Bragg waveguide will determine the spectral bandwidth of the
photonic bandgap and hence the filter, and should be chosen
correspondingly to cover the spectral bandwidth of the pump
pulse that is used for generating factorizable photon pairs.

For separation of signal and idler photons of different
wavelength or polarization, directional couplers made of two
coupled waveguides can be used, which have already been
designed and implemented on the LNOI platform,[3621 with
10 s of micrometers in coupling length and sub-micron gap
separation. Directional couplers can in principle be made
to not have any inherent excess losses, if no sharp bends or
strong tapers are introduced, and the total loss is determined
by the propagation loss of the waveguides that constitute the
coupler.P! For LNOI ridge waveguides, bending radii in the
order of a few 10 s of micrometers are suggested to avoid
bending losses.¥:21425] We take a total length of around
200 um for the directional coupler, including bending and
coupling regions, as an estimation of the length needed for
having a low-loss directional coupler. In addition it should be
mentioned, that the pump pulse could be separated into equal
channels for feeding the many sources on the chip, which
could be done in a compact way using a cascaded Y-splitter
tree, as was already demonstrated on the LNOI platform.l>’
The Y-splitters introduce extra losses for the pump, however
this only affects the efficiency of the HSPSs, which could be
offset by more pump power or longer sources, and does not
affect the fidelity of the single-photon output.

3.2.3. Single-Photon Detectors

To detect single photons for heralding, SNSPDs integrated on
waveguide structures can be used.”? Such threshold SNSPDs
have been implemented recently on ridge waveguides on the
LNOI platform with detection efficiencies close to 50%,[73]
although the measured efficiencies in this work was highly
underestimated, as the measured value was not corrected for
photon losses occurring on-chip between the input port and the
SNSPD. It can be expected that the SNSPDs on the LNOI plat-
form could soon reach the common efficiencies of above 90%
that is already reached in other integrated platforms.[’2 Using
periodic nanobeam structures, near-unity detection efficiencies
with recovery times below 10 ns has been reached on other plat-
forms, 21l which in principle can also be implemented on the
LNOI platform, allowing for fast repetition rates for the source.
Overall, such threshold detectors have a low sub-100 ps latency
in their response,?”] which lowers the length-requirement for
delay lines. For number-resolving capability, transition-edge
sensors can be used, which have already been implemented
on the conventional titanium in-diffused LN waveguides.?!®l
However, such detectors have a very long response time, in the
range of few microseconds, which makes them unsuitable for
such fast multiplexing applications. For achieving a fast photon-
number-resolving response, multiple threshold SNSPDs can
be multiplexed together.?'%! Such schemes have a probabilistic
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response, where more detectors are needed for a more accurate
number-resolving measurement. Nevertheless, high detection
efficiencies of 86% have also been reported for such detector
systems.?2% In principle, all such highly efficient on-chip detec-
tors can also be implemented on the LNOI platform.

3.2.4. 2 x 2 Switches

To perform switching on the single photon output, low loss,
and high bandwidth modulators are needed with CMOS com-
patible driving voltages, which have already been implemented
on the LNOI platform.B% In ref. [86], a modulator is realized of
two parallel 2 cm long ridge waveguides in a Mach—Zehnder
interferometer (MZI) configuration with traveling-wave elec-
trodes, with a half-wave voltage of 1.4 V. The modulator has a
bandwidth of more than 45 GHz for the applied electrical sig-
nals to the electrodes, which allows it to react to very fast sub-
nanosecond electrical pulses. Such a modulator can be turned
into a 2 x 2 switch, by substituting the splitter at its beginning
and the combiner at its end with 50:50 directional couplers, as
shown in Figure 5. Given the fast responses of the LNOI modu-
lators, the repetition rate of the multiplexed source will likely
be only limited by the repetition rate of the electronics or the
recovery time of the SNSPDs. The demonstrated modulator in
ref. [86] has a loss of around 0.5 dB, which is limited by the
propagation loss of around 0.2 dB cm™ in the structure. State
of the art fabrication of LNOI waveguides has resulted in prop-
agation losses as low as 0.027 dB cm 111356221 For the 2 x 2
switch, assuming two 200 um long directional couplers at the
beginning and the end of the 2 cm long modulated structure,
the total loss of the switch with the state-of-the-art technology
could be as low as 2.4 x 0.027 = 0.065 dB. It should be noted,
that at cryogenic temperatures the electro-optic coefficient
of LN is lowered. Different values have been reported for the
increase in the required modulation voltage, such as around
50% increase in ref. [222] and around 10% increase in ref. [223],
both at the temperature of 0.8 K and in a modulator based
on titanium in-diffused LN waveguides. This effect has been
recently measured with an electro-optic switch on the LNOI
platform at a temperature of 1.3 K, and an increase of about
15% was measured for the needed modulation voltage com-
pared to room temperature.18 At the same time, the cryogenic
operation allows the use of superconducting electrodes, which
reduce the RF losses in the electrodes, and has been reported
to increase the performance of LN modulators,??!l and could
potentially be used to counteract the reduction in the electro-
optic coefficient. It was also shown on the LNOI platform, that
more novel electrode configurations and designs can improve
the performance of the modulator even further.>41>]

3.2.5. Electronic Signal Processing and Delay Lines

A crucial step toward a successful implementation of on-chip
multiplexing schemes, or in general any type of feed-forward
quantum operation,?”! is the realization of high-repetition
rate and low-latency electronics and their integration close to
the optical chip.P! Latency in this context refers to the delay
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between the time a photon hits an SNSPD until the time the
processed electrical signal activates the respective switches.
During this time, the corresponding single photon in the other
channel has to be delayed, to only arrive at the switch after the
electrical signal has reached it. An effective way for introducing
delay on chip is using a long waveguide,??®! where a longer
delay requires a longer waveguide, which is accompanied by a
larger propagation loss. For every 1 ns of on-chip delay an LNOI
ridge waveguide of around 14 cm is needed,™ which with the
best fabrication technology for LNOI results in a loss of around
0.027 x 14 = 0.378 dB. Hence, every nanosecond of delay to
compensate for electronic latency inflicts 0.4 dB of losses on the
single-photon output.

All current implementations of multiplexing schemes have
electronic latency in the order of hundreds of nanoseconds,!'®!
which forces them all to use off-chip optical fibers as a practical
solution for introducing such a long delay,??-232l where 20 m
of fiber is needed to introduce around 100 ns delay. A large
part of the electronic latency is caused by the time the radio
frequency (RF) signals need to propagate from the detectors to
an off-chip circuit for analysis and back to the switch. Having
all the optical components on the same chip, which is possible
on the LNOI platform, allows for bringing the electronic and
optical components close to each other, for example by flip-chip
bonding the electronic chip to the optical chip,?*3l which then
significantly shortens the communication delay between the
optical and the electronic chips. There would still be a latency
associated to the processing of electrical signals, which should
be minimized as much as possible, using fast and low latency
RF and electronic components. Importantly, such components
should also be compatible to the cryogenic temperatures, that
are necessary for the operation of the SNSPDs. There is active
research ongoing toward the development of electronic and RF
components for application in quantum technologies, 23423
and their review is beyond the scope of this work. Nevertheless,
it is important that the existing technology in this area can be
optimized for the use in multiplexing applications, to minimize
the electronic latency as much as possible, preferably to below
a nanosecond.

3.3. Quantifying the Overall Performance of a Spatially Multi-
plexed Single-Photon Source

Overall, we can conclude that in the LNOI platform, the only
constraint on the performance of a spatially multiplexed source
of single photons is imposed by the underlying propagation
loss of the waveguides, which ultimately limits the probability
of having a single photon at the output. To quantify this, let
us consider the case of a spatially multiplexed source with
threshold SNSPD detectors, as shown schematically in Figure 5.
Here we use the methods presented in refs. [118,203,204],
which quantify the performance of multiplexed sources under
the effect of imperfect components. We simplify our calcula-
tions by assuming that the sources can produce perfectly fac-
torizable pairs (which is expected to be possible on the LNOI
platform based on the presented discussions) and ignore the
dark counts of the detectors, which is a good starting approxi-
mation for SNSPD detectors. The effect of both parameters
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can be introduced in the calculations based on the methods
presented in refs. [118,203,204]. We expect that a detection effi-
ciency above 80% can be realized on the LNOI platform in the
near future. In this case, for reaching a fidelity of F = 0.99 and
an output probability of P > 0.99 (assuming no losses yet) a few
hundreds of sources need to be multiplexed (692 for 80% detec-
tion efficiency and 458 for 100% detection efficiency!!18-203]),

The number of needed HSPSs will have an effect on the
number of the switches that will appear in the path of the
single photon toward the output. To direct the output of N
sources into one output, N — 12 x 2 switches are needed, where
one way of arranging them is in a log-tree configuration, with

the maximum depth of the switching network being [1111—1;]].[204]
n

That means for any number of sources in the range of 513 < N <
1024 the switching network would have a depth of l:lln_l;l] =10,
n

meaning that a maximum of 10 switches would appear in the
path of a single photon before it reaches the output. Hence, our
total switch-induced losses can be estimated to be 0.065 x 10 =
0.65 dB.

We now add the loss we expect from the shorter compo-
nents. We estimated the loss of the pump rejection filter to be
around 0.1 dB. The total length of the source depends on the
spectral bandwidth that is desired for the generated photons,
where a longer source results in a narrower bandwidth and at
the same time a more efficient interaction. Here we assume
that the source and the separator of the signal and idler have
an overall length of 1 cm, which gives a total loss of 0.027 dB,
assuming that the single photon could also be lost at any stage
in the source. Hence, the overall loss in the path of the single
photon output, not considering the delay lines, will be 0.027
+ 0.1 + 0.65 = 0.777 dB. Assuming at least 1 ns of latency in
the electronics, the loss introduced by the delay line should be
added to this, putting the total loss at 0.777 + 0.378 = 1.155 dB.
This loss corresponds to a probability factor of 10701>° = 0.77
for the output signal photon to be present in the output, which
lowers the output probability by the same factor, resulting in
P =0.99 x 0.77 = 0.76. Overall, the probability that the multi-
plexed source outputs a triggered single-photon has the lower
bound of g = F x P =10.99 X 0.76 = 0.75.12°l Compensating each
extra nanosecond of latency by adding more delay lines lowers
this probability by a factor of 109378 = 0.92. The output prob-
ability considering 1 ns latency, surpasses the minimum value
of g = 0.67, found in ref. [196] as a necessary condition to be
met to perform efficient linear optical quantum computa-
tion. More specifically, ref. [196] requires the availability of
both efficient sources and detectors, where the multiplica-
tion of their efficiencies surpass 2/3. For this condition to be
met even with an ideal detector, the source output probability
must surpass 2/3.

3.4. Suggested Paths toward Improvements and Applicability

To improve this generation efficiency and reduce the losses
in the presented multiplexed source few paths exists. As dis-
cussed, the latency in the electronics should be decreased
as much as possible, to reduce the need for delay lines. Even
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assuming that future improvement in the fabrication tech-
nology on the LNOI platform could reduce the propagation
losses significantly and allow for using low-loss few-meter-long
delay lines, it has to be noticed that longer delay lines require
a larger footprint24 and fitting many of them on the same
substrate might not be feasible. Nevertheless, with the existing
technology, reducing the electronic latency to 1 ns is a must,
and lowering it even further will reduce the delay-dependent
losses. Another path to be followed is the development of fast
and efficient number-resolving detectors on the LNOI platform
by multiplexing multiple SNSPDs together. To reach this goal,
first the efficiency of the single SNSPD detectors on the LNOI
platform has to be increased to reach the near-unity efficiency
that can be achieved on other platforms, although this goal is
expected to be naturally reached in the near-future, considering
the current slope of the developments. With number-resolving
detectors, the needed number of HSPSs can be reduced from
a few hundreds to a few tens of HSPSs. In this case, the depth
of the switching network could be reduced by a factor of two,
which then reduces the switch-induced losses by a factor of
two. It should be mentioned that such detectors should not be
truly number resolving, but only be able to distinguish between
one photon and more than one photon. It could also be that the
reduced number of sources could improve the speed of logical
operations in the electronics, as with fewer sources there are
fewer logical operations to be done, thereby reducing the total
latency and consequently the delay-induced losses.

Finally, we shortly discuss the applicability of this imple-
mentation on chip in terms of the footprint the components
require. Low-loss LNOI components have been fabricated on a
wafer scale on 6-inch LNOI wafers.”)l Hence, it is in principle
possible to fabricate a large number of LNOI components on
the same chip. The most spacious components are the switches
and the delay lines. For each switch we assume a lateral size of
50 wm, based on optimized designs on the LNOI platform, %
which is mostly occupied by the electrodes. Assuming around
700 switches (corresponding to the case of having about 700
HSPSs), given that each switch is about 2.4 cm long, the total
footprint needed for the switches is about 700 x 2.4 cm x 50 um
= 8.4 cm?. For the delay lines, we assume a lateral size of about
a few micrometers, considering the lateral spacing needed
between adjacent waveguides to avoid unwanted couplings.
With a latency in the order of a few nanoseconds, delays lines
with a few tens of centimeters in length are needed, which
could potentially be formed into curved or spiral shapes for an
economic fitting.">”! Hence, each delay line is about an order of
magnitude longer and about an order of magnitude narrower
in lateral size compared to a switch, which overall means that
the delay lines occupy about the same footprint as the switches.
The rest of the components put together are much shorter in
length compared to the switches and the delay lines and conse-
quently require much less footprint. From this discussion, we
can estimate that all the optical components need a footprint in
the order of 20 cm?, which fits well within the area of a 6-inch
wafer. It should be noted, that this is an estimate of the min-
imum needed footprint. To reach this minimum footprint, the
components have to be properly arranged on the chip. In this
arrangement, the feasibility of connection to the electronic chip
through flip-chip bonding should also be taken into account.
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3.5. A Short Discussion on Other Quantum Optical Applications
Based on Similar Circuitry on LNOI

In our discussion on multiplexing, we mainly focused on the
application of the LNOI platform for discrete-variable (DV)
quantum simulation and computation,!'* which are based on
using single photon states. There exist also continuous-variable
(CV) protocols, based on using squeezed states in the high
gain regime of pair generation, which have attracted interest
due to avoiding some of the practical complexities of the DV
approaches.[221-28] L ow-confinement integrated LN wave-
guides have already gained attraction for implementation of
CV operations,? due to their high efficiency in generation of
squeezed states,**! which is expected to be even more efficient
on the high-confinement LNOI platform.2*l There are also
hybrid DV and CV approaches for quantum information pro-
cessing,2#2#8] where the LNOI platform could be particularly
useful for their on-chip implementation.

Specifically, a similar circuit structure as shown in Figure 5
can also be used for a fully on-chip implementation of quantum
simulation based on Gaussian Boson sampling (GBS),24>2#l
with the difference that photon-pair sources should be replaced
by sources of squeezed light with spectral factorizability. Pre-
liminary calculations have suggested that squeezing factors
of 20 dB could be possible using state-of-the-art LNOI ridge
waveguides.?*l As said, factorizability is also reachable on this
platform. The 2 x 2 switches can be used to create a reconfig-
urable interference network between the squeezed outputs for
performing a unitary operation and reprogramming the circuit
for different simulations. Fast feed-forwarding and hence delay
lines would not be required here. The single-photon detec-
tors would be moved to the end of the circuit, where number-
resolving capability is needed for this application, which as said
is in principle possible on LNOI. The filters would be needed to
reject the pump. The directional couplers are needed to sepa-
rate the signal and idler. We clearly see the utility of LNOI for
different fully on-chip optical quantum circuits, where the anal-
ysis we presented for multiplexed single-photon sources can
similarly be extended to evaluate their performance.

4, Conclusion

In this perspective, we tried to promote the notion that LNOI
is a platform which is very well suited for the realization of
integrated quantum photonics on large scales. As we showed,
basically all elements needed to realize quantum-optic function-
alities have been already implemented and experimentally char-
acterized, albeit usually in classical contexts. However, based on
these elements, quantum circuits comparable to recent demon-
strations in silicon photonics can be implemented in a straight-
forward manner. However, as we detailed in the section on the
implementation of a single photon source, LNOI enables to go
even further and at least potentially enables the implementa-
tion of such sources which are of central importance especially
for applications in photonic quantum computing. Based on our
analysis, we are convinced that lithium niobate, one of the clas-
sical materials of integrated and nonlinear optics, has a bright
future also for integrated quantum photonics.
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