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Quantum photonics at telecom wavelengths based on lithium niobate waveguides

Olivier Alibart, Virginia D’Auria, Marc De Micheli, Florent Doutre, Florian

Kaiser, Laurent Labonté, Tommaso Lunghi, Eric Picholle, and Sébastien Tanzilli
Université Cote d’Azur, CNRS, Laboratoire de Physique de la Matiére Condensée, France®

Integrated optical components on lithium niobate play a major role in standard high-speed com-
munication systems. Over the last two decades, after the birth and positioning of quantum infor-
mation science, lithium niobate waveguide architectures have emerged as one of the key platforms
for enabling photonics quantum technologies. Due to mature technological processes for waveguide
structure integration, as well as inherent and efficient properties for nonlinear optical effects, lithium
niobate devices are nowadays at the heart of many photon-pair or triplet sources, single-photon de-
tectors, coherent wavelength-conversion interfaces, and quantum memories. Consequently, they find
applications in advanced and complex quantum communication systems, where compactness, sta-
bility, efficiency, and interconnectability with other guided-wave technologies are required. In this
review paper, we first introduce the material aspects of lithium niobate, and subsequently discuss all
of the above mentioned quantum components, ranging from standard photon-pair sources to more
complex and advanced circuits.

PACS numbers: 03.67.Hk, 42.50.Lc, 42.65.Lim, 42.50.Dv, 42.65.Wi
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I. INTRODUCTION: INTEGRATED
PHOTONICS, A PARADIGM SHIFT FOR
QUANTUM ENGINEERING AND
TECHNOLOGIES

Over the last decades, quantum photonics has become
a thriving field of research, promoting both fundamental
investigation of quantum phenomena and a broad variety
of disruptive quantum technologies [1, 2]. From the fun-
damental side, entanglement has been exploited, among
others, for more and more convincing nonlocality demon-
strations [3-5], single-photon complementarity [6, 7], and
random walks [8, 9]. From the applied side, we now find
reliable quantum-enabled applications, among others, in
secure communication, referred to as quantum cryptosys-
tems [10-13], teleportation-based quantum communica-
tion [14, 15], metrology [16, 17], as well as in fast com-
puting algorithms [9, 18-21].

In this framework, integrated optics (IO) technolo-
gies allow realizing complex and scalable quantum cir-
cuits [1, 2, 22, 23], finding striking repercussions in all
the above mentioned research areas, otherwise unreach-
able using bulk approaches. Notably, quantum random
walks (QRW) and boson sampling are very good exam-
ples of new topics in quantum physics being enabled
by integrated optics [24]. A QRW can be implemented
via a constant splitting of photons into several possible
waveguide. Experimentally, it amounts to chaining 50/50
beam-splitters, but the price to pay is the rapidly grow-
ing size of the setup. Until the 21-evanescently-coupled
waveguides demonstrated in 2001 by the university of
Bristol (UK) [8], the largest realization using bulk optics
used to be limited to a 5-item system. Yet, technology
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triggered a new pathway for quantum information pro-
cessing as a 101-coupled-waveguides device was presented
in 2014 [25]. This example clearly shows the potential of
integrated optics (IO) when it comes to enabling new
research fields.

The aim of this article is to establish that integrated
photonics provides a powerful technological basis for a
broad class of advanced quantum experiments. Most
of the devices we shall discuss have taken advantage of
guided-wave optics ability to dramatically enhance the ef-
ficiency of nonlinear interactions. This is because it per-
mits maintaining high optical power densities over dis-
tances far exceeding those permitted by the diffraction
limit in bulk devices. For passive devices, IO has pro-
vided a possibility of assembling many components on
single chips, simplifying the realization and use of com-
plex circuits.

However, 10 faces one problem, that of coupling in-
tegrated devices to subsequent fiber systems. In semi-
nal experiments [26, 27], for instance, entangled photon
pair collection efficiencies were limited, preventing from
reaching the level of bulk optics approaches. Nowadays,
monolithic integrated devices containing advanced pho-
tonics circuit powered by on-chip photon-pair sources are
having a tremendous impact on the progress made in
the field of quantum information science. More specif-
ically, quantum photonics requires fully integrated de-
vices for producing (multiple) pairs of entangled pho-
tons efficiently, and where photons can be coherently ma-
nipulated using frequency-conversion stages, dynamical
routers and phase shifters, combined with external pho-
tons, and eventually detected. Those devices are there-
fore often considered as enabling quantum nodes where
bits of quantum information (qubits) can be tailored at
will and on-demand thanks to on-chip capabilities.

Among the multiple platforms available that are cov-



ered for example in Ref. [2], this review focuses on lithium
niobate (LiNbQOg, in the following this material will be re-
ferred to as LN) only. The motivation lies in the fact that,
compared to equivalent setups exploiting different plat-
forms, such as silicon photonics [28, 29] or silica [30], LN
circuits enable highly efficient periodically poled waveg-
uide (PPLN/W) photon-pair sources as well as ultra-fast
electro-optic modulators. Those complementary aspects
make them unique and very appealing for on-chip engi-
neering of quantum light despite they feature a larger
footprint and incompatibility with CMOS electronics.

In the following, we will start with briefly present-
ing LN properties from the material science perspective.
Then, we will discuss in more details the applications of
such a platform along five thematics: entangled photon-
pair sources, heralded single photons, applications rang-
ing from quantum interfaces to quantum memories, and
the use of IO for linear quantum computing and bright
squeezed state of light. We will finish with a conclusion
and some perspectives related to LN-based integrated
quantum photonic devices. We shall note that this review
is not intended to be encyclopaedic. It rather intends
to provide a honest overview on LN integrated optical
technology as applied to various tasks, while referring to
works of historical interest as well as current state-of-the-
art.

II. LITHIUM NIOBATE, THE MATERIAL
ASPECTS

A. Generalities

When considering the requirements for a quantum pho-
tonics platform, the material has obviously to be trans-
parent in the wavelength ranges of interest. Moreover,
when photon-pair generation is intended, high nonlin-
ear coefficients are desired, as well as practical phase-
matching solutions. Less critically, the damage threshold
should be as high as possible, and the substrate should
ideally be available in large scale, at low cost, with high
quality and uniformity. In this section, we will start with
a quick comparison between several materials motivating
why LN appears as a prime candidate for quantum pho-
tonics platforms. We will then discuss the properties of
LN and the material structuration available for photon
pair generation. We will finish with a quick overview of
the post processing characterizations used to evaluate the
performance of such devices for quantum applications.

Generally speaking, three families of materials are cur-
rently used:

e non-centrosymmetric crystals (or x(? crystals) are
the most widely used, well-known, and exploited
materials to obtain efficient nonlinear processes;

e symmetric materials such as silica (or x®) mate-
rials), have lower nonlinearities, however they also
have lower losses, therefore less efficient frequency

conversions can be compensated by much longer in-
teraction lengths. Note that artificial x(?) nonlin-
earities can be induced via poling techniques [31],
despite reduced overall optical nonlinearity and the
fact that poled gratings can usually not be engi-
neered over more than a few cm lengths;

e semiconductors such as silicon and AlGaAs are
promising materials thanks to extremely controlled
technological processes allowing to design very
small footprint nanostructures potentially exploit-
ing some of the highest nonlinear coefficients re-
ported to date (e.g., in ZnSe d ~54 pm.V~1).
However, practical phase-matching conditions or
propagation losses are still issues at the present
time [32].

Tab. I presents the most commonly used x(® crystals
benefiting from high enough fabrication quality as well as
a compatibility with waveguide integration technologies.
Although etching processes allow obtaining waveguide
structures in beta-baryum borate (BBO) and lithium tri-
borate (LBO), the associated propagation losses are usu-
ally very high (~ 7dB.cm™!) [33], which is at least one
order of magnitude higher compared to waveguide struc-
tures realized on LN, lithium tantalate (LT), and potas-
sium titanyl phosphate (KTP).

Substrate|Highest NL coeff.| Waveguide integration
(pm.V~")

LiNbO3 34 [34] titanium indiffusion
proton exchange

LiTaOs3 15 [35] proton exchange

KTP 18.5 [36] ion exchange

BBO 1.6 He™" implantation

LBO 2.97 + etching

TABLE I. Usual nonlinear crystals used for frequency conver-
sion.

The latter three materials are compatible with nonlin-
ear coeflicient engineering techniques which allow quasi-
phase matching (QPM), and therefore precise engineer-
ing of photon-pair wavelengths over a broad range. In ad-
dition, these crystals exhibit non-zero electro-optics co-
efficient which means that one can modulate waveguide
properties by applying electric fields, giving thus access
to dynamic, and potentially high-speed, manipulation of
light fields, and notably, single photons.

In this paper, we will focus on the perspective of-
fered by the LN platform in quantum photonics appli-
cations, thanks notably to unique optical-optical and
electro-optical nonlinear capabilities, as well as in terms
of mature technological processes required to tailor those
properties.



B. Lithium niobate properties

LN is a monocrystal grown in the form of a boule
by Czochralski method [37] with high reproducibility
and homogeneity. If an electric field is applied while
the crystal is cooled down below its Curie temperature
(~1145° C), the boule is in a ferroelectric phase [38], i.e.
it exhibits a spontaneous electric polarization due to a
permanent shift of lithium and niobium ions relatively to
oxygen planes (elementary cell shown in FIG. 1). Also
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FIG. 1. Crystaline structure of lithium niobate. The small
red and white circles are the niobium and lithium atoms, re-
spectively. On the left picture, they are shifted above the
oxygen planes inducing a positive spontaneous polarization
field along the z axis. Applying a negative electric field (E in
the middle of the figure) during the fabrication permanently
shifts the niobium and lithium atoms below the oxygen planes,
therefore inverting the direction of the crystal’s spontaneous
polarization.

note that LN also has uniaxial negative birefringence,
and is a photorefractive material. Note that, for quan-
tum photonics applications, photorefractivity is mainly a
detrimental effect, since pump light fields below 800 nm
dynamically changes the spatial-mode properties of the
waveguides even at small pump powers. As will be shown
later, this has repercussions on nonlinear efficiencies as
soon as photon pair generation is considered since this
effect randomly changes the phase matching condition
(see section later) over time. Practically, this problem
is circumvented by operating the crystal at a tempera-
ture above 50 °C to allow for fast charge recombination
in the waveguide and therefore smoothing the waveguide
properties over the measurement time.

C. Nonlinear interactions using PPLN

Light propagating through a LN crystal induces an
electric polarization in the material that can be approx-
imated by a Taylor series as:

—
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where ¢g is the vacuum permittivity, E the propagating
electric field, and x™ the n*" order electric susceptibility
of the material'. Since the nonlinear coefficient decreases
rapidly with the considered order (X(") > X("“))
and LN is non-centrosymmetric, we limit our description
to second-order nonlinearities, and more specifically to
parametric effects, especially three-wave mixing [39]. In
these processes, three electromagnetic fields interact in
the dielectric medium, and energy is exchanged between
the fields. This process obeys to energy conservation laws
summarized in Tab. II, and it can be seen as successive

Process Frequencies Conservation

involved | input | output law

SFG w1, W2 w3

w3 = w1 + w2

SHG w1, W1 w3 w3 = 2w1
DFG w1, W2 W2, W2, W3 |W3 = W1 — W2
SPDC Wp Ws, Wi |Wp = Ws + wj

TABLE II. Energy conservation rules of nonlinear parametric
processes.

transitions between virtual energy levels. Following this
representation, three kinds of processes can be identified,
as depicted in FIG. 2:

o Sum-frequency generation (SFG): here, two pho-
tons at frequency w; and wo are annihilated and
one is created at a frequency ws corresponding to
the sum frequency wy +ws. A particular case is the
second-harmonic generation (SHG) where the two
input photons have the same energy [39];

e Difference frequency generation (DFG): here, two
photons at frequencies w; and wo are injected in
the crystal (w; > ws); one photon at w; is annihi-
lated, while two photons are created, respectively
at frequencies wy (via stimulated emission) and ws,
with wg = w1 — wa.

e Spontaneous parametric down-conversion (SPDC):
here, one input pump photon at frequency w, is
annihilated in the medium and two photons, sig-
nal at ws and idler at w; are spontaneously cre-
ated. Differently from previous processes, only the
upper virtual level of energy is fixed by the input
frequency. The intermediate levels are free, so that
a continuum of transitions is possible.

It is interesting to note that those three processes are
fully exploited in quantum photonics for various applica-
tions as outlined in the following sections.

As an example among possible nonlinear optical effects
with second-order materials, the SPDC process is widely

1 Even orders of y exist only in non-centrosymmetric materials.
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FIG. 2. Nonlinear three-wave mixing parametric processes:
Sum Frequency Generation (SFG), Spontaneous Paramet-
ric Down-Conversion (SPDC), Second Harmonic Generation
(SHG, a particular case of SFG in which w1 = ws), Difference
Frequency Generation (DFG, a SPDC process stimulated by
injection of a wave at frequency w»). Thick lines represent
the ground energy level of the medium, dashed lines repre-
sent virtual states of excitation.

exploited for photon-pair generation (see Section ITI). As
for all other processes, the nonlinear coefficient of the ma-
terial couples the three interacting fields, via a given non-
linear coeflicient, depending on their polarization states.
In the case of PPLN, among all possible nonlinear in-
teractions, three are widely exploited in quantum pho-
tonics applications. Type-0 interaction couples, via the
ds3 ~27pm/V, pump, signal, and idler fields that are all
polarized along the extraordinary (e) axis of the crystal.
Type-I interaction couples, via the ds; ~5pm/V, an e-
polarized pump field with ordinary (o) polarized signal
and idler fields. Finally, type-1I interaction couples, via
the doy (= ds; for symmetry reasons), an o polarized
pump field with orthogonally polarized signal and idler
fields.

However, nonlinear mixing must also obey phase
matching condition (also referred to as momentum-
conservation in the particle-like picture). For instance,
for the SPDC process, this imposes Ep = ks + I%-, with
kp,s,i the k-vectors of the three coupled fields. When this
condition is fulfilled, constructive interference occurs all
along the crystal and the efficiency of the nonlinear pro-
cess increases quadratically with the interaction length
(see FIG. 3, curve a), as is the case for SFG, SHG,
and DFG processes. Oppositely, when the k-vectors are
not perfectly phase-matched, the interaction between the
three beams shows constructive interference only over a
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length called the coherence length (Leon) after which the
above mentioned interference becomes destructive. Con-
sequently, constructive and destructive interference oc-
cur repeatedly, leading to a strongly reduced efficiency
which oscillates with the propagation distance through
the crystal as shown in FIG. 3 (curve c).
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FIG. 3. Power generated as a function of the propagation
length for different phase-matching conditions: a) perfect
phase matching (dotted), b) quasi-phase-matching (solid),
¢) phase mismatch (dashed). Inset drawings show the vec-
torial representation of the phase-matching condition, where
the indices {3, j, k} represent the three interacting fields.

Because of chromatic dispersion, perfect phase match-
ing (PM) condition is not easily fulfilled for an arbitrary
combination of wavelengths [40]. To achieve this, differ-
ent techniques have been demonstrated:

e Birefringent PM: the exact dispersion compensa-
tion is obtained by exploiting the difference of
refractive indices between different polarizations.
Even if it can be tuned by temperature or angle
variations, PM cannot always be fulfilled depending
on the involved wavelengths and material. In addi-
tion, the temperature at which PM is reached might
be incompatible with other practical constraints,
for instance, LN is photorefractive and it is usually
required to operate above room temperature;

e Modal PM [41]: it exploits the refractive index mis-
match between different propagating spatial mode
orders. Once again, this PM condition cannot be
achieved for a large set of parameters;

e Quasi-phase matching (QPM) [39] relies on the
periodical poling of the crystal polarization and,
consequently, the sign of the nonlinear coefficient.
The fundamental advantage of this approach is
that almost any phase mismatch can be compen-
sated by appropriately engineering the poling pe-
riod. Therefore, an extremely large set of wave-
lengths can be addressed.

Among these techniques, QPM is the best established
one and is used for a wide range of frequency conversions.



Although many techniques of micro- or nano-domain en-
gineering have been demonstrated [42], the most com-
mon and effective way to reverse the material sponta-
neous polarization consists in applying an intense electric
field (typical voltage ~ 21 kV.mm~?! for LN) through the
crystal as schematically represented in FIG. 4. The pe-
riodic poling is imprinted through standard photolitho-
graphic techniques by depositing an electrode pattern on
the crystal, either using a metallic deposition [43] or a
electrolytic liquid [44]. Periodicity typically varies be-
tween 5 to 35 um. LN substrates prepared this way are
referred to as periodically-poled lithium niobate (PPLN).

+X(2)
_X(2)

electrode

L L L L 1L L

L) I AR A A A R R §

High voltage
generator

FIG. 4. a) Bulk LN crystal with its spontaneous polarization
oriented in +Z (crystallographic axis); b) The same crystal
after a high voltage field has been applied through electrodes:
crystal cells located between electrodes show a polarization
inverted.

D. Enhancing nonlinear effects with waveguides

By definition, an integrated optical circuit must in-
clude structures that allow guiding of light between dif-
ferent locations of the chip. Waveguides are obtained
by locally increasing the refractive index of the consid-
ered material. Typically, LN waveguides feature widths
of a few microns and lengths of up to 10cm. Com-
mon increases of refractive index (dn) are reported in
table ITII. Waveguide architecture provides the following
advantages:

e higher confinement of the electric fields leading to
increased nonlinear process efficiencies (several or-
der of magnitudes compared to bulk-crystal ap-
proaches);

e longer interaction lengths (centimeter scales) which
also enhance nonlinear process efficiencies;

e integration of on-chip linear-optic functions (tun-
able couplers, wavelength demultiplexers as well as
phase shifters);

e efficient interfacing with optical-fiber technologies.

Two prime techniques have emerged for waveguide fab-
rication on LN substrates: titanium doping by thermal
indiffusion (Ti-ind) and proton exchange (PE). In ad-
dition, many research efforts are currently deployed to
create new waveguide structures that will be discussed
at the end of this section.

Titanium indiffusion stands as the oldest tech-
nique [45]. Although it allows to fabricate waveguides
with lower optical confinement, this technique increases
the refractive index of both ordinary and extraordinary
axis. Therefore, Ti-ind structures guide both transverse
electric (TE) and transverse magnetic (TM) polarization
modes [46]. In addition, Ti-ind process preserves the non-
linear properties of the LN [47]. A thin titanium film (of
typically 100 nm thick) with the desired waveguide pat-
tern is deposited on the substrate surface through stan-
dard lithographic processes. Ti-stripes are later diffused
into the substrate for several hours at high temperature
(~1000° C) in controlled atmosphere. The periodic pol-
ing is made after the waveguide fabrication, since poling
does not withstand such high temperatures [48].

All proton-exchange (PE) fabrication techniques are
based on the substitution of lithium ions by protons in
the crystal. Compared to Ti-ind, PE leads to higher
confinement but increases only the refractive index of
the extraordinary axis (decreasing the refractive index
of the ordinary axis), so only TM-polarized light can
be guided. The fabrication process starts by periodi-
cally poling the crystal. Then, a buffer layer (usually
silica) with the reciprocal pattern of desired waveguides
is deposited using standard lithographic techniques. The
samples are later immersed for several hours into a lig-
uid source of protons (usually pure benzoic acid) at a
temperature between 160 and 200° C. During this pro-
cess, Li ions out-diffuse from the crystal matrix and are
replaced by protons that indiffuse into the medium. Af-
ter this step, the concentration of protons accumulated
at the surface is so high that the superficial crystalline
structure layers are altered, leading to high optical losses
and an almost suppressed nonlinear coefficient. To re-
store the optical properties of the LN material, PE is
complemented with one (or two [49]) annealing step that
diffuses protons deeper into the substrate and relaxes the
stress in the crystalline structure, partially restoring the
nonlinear properties of the material [50]. This technique,
called annealed-proton exchange (APE), allows to fab-
ricate waveguides with low transmission losses and high
conversion efficiency (see Tab. III).

To improve this technique and exploit the full nonlin-
ear coefficient of LN, a further diffusion step in a lithium-
rich bath can be introduced. While protons are diffus-
ing within the material, lithium ions take their place
back, replacing protons closer to the surface. This im-
proved version of APE is called reverse-proton exchange
(RPE) [49, 51]. After RPE, the confinement region is
buried below the surface where the nonlinear properties
of the material remain intact. In addition, the refractive



index profile has a circular symmetry such that the over-
lap between the three mixing modes is maximal, resulting
in the most efficient nonlinear parametric process [52].
The circular symmetry also allows better coupling with
gaussian-shaped modes, as those guided in single-mode
fibres. However, the optimization of the two diffusion
processes is challenging and so far electrode control of
the buried waveguide properties have never been demon-
strated.

A third PE variation technique referred to as soft-
proton exchange (SPE) has been developed to keep the
mode close to the surface without affecting the nonlin-
ear coefficient [53]. With this technique, the exchange is
performed at higher temperatures (~ 300 °C) in a proton
bath buffered with lithium ions. The less acid bath re-
duces the proton substitution rate while the higher tem-
perature increases the proton diffusion speed, preventing
their accumulation at the surface. This soft alteration of
the crystalline structure preserves the LN optical prop-
erties. In addition, this technique allows higher refrac-
tive index jumps leading to a more efficient optical con-
finement with respect to the other techniques presented
above [54].

For all the above mentioned techniques, the fabrica-
tion parameters are chosen by engineering the effective
index of the modes propagating in the waveguide. This
depends on the geometrical characteristics of the waveg-
uide (width, depth) and on the refractive-index pro-
file [49, 54] induced by the waveguide fabrication. The
latter information is usually obtained using the so-called
m-line technique [55, 56]. Those techniques are currently
very well mastered and are even used at the commercial
scale. However, there are many research groups develop-
ing more advanced waveguide structures to address some
particular issues, such as weak mode confinement, large
mode asymmetry or propagation losses due to crystal
structure modification. At the moment, those waveguide
devices have mainly been used for classical functions (sec-
ond harmonic generation or wavelength filtering), but it
is reasonable to expect a direct transfer toward quantum
photonics. However, those structures are hardly scalable
for now and the coupling efficiency with single mode fi-
bre remains an issue. Despite those problems, they surely
display what the future of integrated quantum photonics
will be made of.

Basically, they differ from proton exchanged or indiffu-
sion techniques by a surface machining to create a ridge
structure allowing much higher confinement [57-60] while
avoiding substitution of lithium ions in the crystalline
structure at the origin of excess losses. Unfortunately,
the tolerance of such novel techniques induces rugosity
along the ridge waveguide therefore introducing addi-
tional propagation losses. Moreover, the coupling effi-
ciency to standard optical fiber has not been optimized
yet and such structures report insertion losses over 6 dB.

It is worth noting that the approach outlined in ref. [61]
seems promising since it only relies on surface deposition
of high index materials to create the guiding structure

and avoid crystal structure modification or material ma-
chining.

E. Characterization of LN chips

Ideally, LN chips should feature low transmission losses
and high nonlinear conversion efficiency in order to in-
crease the success rate of quantum photonics experiment
and drastically reduce the acquisition time. These quan-
tities ultimately determine the final design of the chip
and the optimization of the fabrication processes. More-
over, quantum states engineered through these photonic
chips should be characterized in order to quantify their
fidelity to the ideal state. In the following, we discuss
how to characterize these quantities.

1. Transmission losses

Transmission losses (u) of a straight LN waveguide can
be measured by exploiting the refractive index mismatch
between LN (~2.15 at 1550nm) and air (~1). A low-
finesse cavity is created by polishing a straight waveguide
on both end-facets orthogonally to the direction of the
propagating beam. FIG. 5 gives an example of the trans-
mission spectrum of the light exiting from the waveguide.
The contrast (C') of the Fabry-Perot resonances is used
to measure p [62], which reads
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where R is the end-facet (Fresnel) reflection coefficient
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and nyy is the effective index of the waveguide.
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FIG. 5. Example of transmission curve obtained at the output
of a home-made LN waveguide for losses estimation. The
losses coefficient is inferred from Eq. 2 taking into account
the obtained contrast and reflectivity of the end factes.



Technique|An @ 632 nm|Polarization| Transm. Loss Note
Ti-ind <0.01 ™ & TE <0.1 dB/cm Nonlinearity preserved
PE 0.1 ™ >1 dB/cm No nonlinearity
APE 0.02 ™ <0.1 dB/cm Nonlinearity reduced
RPE 0.015 ™ <0.1 dB/cm | Buried waveguide, nonlinearity preserved
SPE 0.03 ™ <0.1 dB/cm |Surface waveguide, nonlinearity preserved

TABLE III. Summary of common waveguide integration techniques on LN associated with their respective properties.

While the sensitivity of this technique increases for
smaller losses, it can only provide an upper bound on .
In practice, the contrast of the fringes is also decreased
by the quality of the polishing at the input/output facets.

2. SPDC conversion efficiency and joint-spectral amplitude

When the aim is to generate correlated photon pairs
for a particular purpose, the energy correlation of the
produced photons is an important figure of merit that
needs to be estimated. We describe here the solutions
that have emerged from the quantum community to pro-
vide such figures. The photon quantum state is derived
from a nonlinear Hamiltonian associated with SPDC pro-
cess as outlined in [63]. After an interaction length L, in
the so-called low-pumping regime approximation, the bi-
photon quantum state reads:

[Y)sppc = 10) + (4)
wedw; flws, w;)e MF26T (w)al (w;
0 [ [ dodosflen) (@) @)]0), (5)

where 7 is a constant related to the probability of the
spontaneous process, a(ws;) are the creation opera-
tors of signal and idler photons respectively, Ak =
kp — ks — ki — 2% is the QPM condition which relates
the three mixing fields and the poling period A, and

flws,w;) = a(ws + w;)sinc {Aké} is a function related to
the pump spectral distribution a(ws + w;) and to the
QPM conditions.

f(ws,w;) is called joint spectral amplitude (JSA) func-
tion and |f(ws,w;)|? is the joint spectral intensity (JSI)
function [64, 65]. This figure not only quantifies the prob-
ability distribution of the bi-photon state, but also pro-
vides direct information about its purity [66]. Here, we
only present an intuitive approach and we refer to [63, 64]
for a more rigorous discussion. Figure 6 shows two sim-
ulated JSA functions for a SPDC process pumped either
with (a) a continuous wave (CW) pump or (b) an ultra-
fast pulsed pump. The JSA gives the degree of spectral
correlations between the emitted two-photon state where
narrower lines correspond to spectrally defined twins.
Each photon of the pair corresponds to a unique spec-
tral mode so that the output state is pure. Broadband
pumps reduce the degree of spectral correlations between

the twin photons which are emitted in a mixture of dif-
ferent spectral modes 2.
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FIG. 6. Calculated JSA for a type-0 PPLN based SPDC
source under (a) CW and (b) pulsed pumping regimes, re-
spectively. The width of the joint spectrum is related to the
spectral purity of the source. A broader line indicates a sta-
tistical mixture of different spectral modes. The curves are
calculated following the model presented in Ref. [66].

To our knowledge, no direct measurement of the JSA
have been reported so far, while the JSI is usually
acquired trough spectrally resolved single-photon coin-
cidence measurements [66, 68, 69]. In practice, this
strategy depends on the brightness of the source and
the maximal count rate of the single-photon detectors.
These constraints impose a trade-off between the spec-
tral resolution and the total integration time, resulting
in hours-long measurements with modest spectral resolu-
tions. Long integration times are discouraging, therefore
this measurement is rarely implemented.

In Ref. [70], an interesting alternative approach has
been proposed to measure the JSI. The authors begin
with an analogy between SPDC and DFG processes
stimulated by vacuum fluctuations. This analogy is
supported by the fact that DFG and SPDC share
the same phase-matching configuration and pump
spectrum, and thus the same spectral correlation
function [71]. Standard DFG process can be seen as
amplified-spontaneous-emission.  In other words, by
seeding a nonlinear source with a strong pump and

2 For sake of completeness let us mention that, differently from the
JSA, JSI can provide only an upper bound for the purity of the
quantum state [65, 67]



an idler beam, the resulting difference-frequency beam
is N(w;) times more powerful than the corresponding
spontaneous signal. N(w;) corresponds to the number
of photons in the idler beam. Within this framework,
the spontaneous emission is amplified by several (~ 8-
9) orders of magnitudes above usual SPDC process.
Therefore, single-photon detectors can be replaced by
classical optical spectrum analyzer and the entire SPDC
spectrum can be characterized by simply scanning
the idler laser. This analogy has been experimentally
verified in several works investigating different photonic
platforms [72-74] or different observables, e.g. polariza-
tion [75]. Figure 7 (a) and (b) show a direct comparison
between standard and stimulated-DFG approaches.
Thanks to the extremely high resolution offered by the
DFG technique, measurements are able to resolve the
Fabry-Perot interferences within the waveguide due to
the high index mismatch at the waveguide facets. The
results agree with the theoretical predictions (reported
in FIG. 7 ¢ and d for both approaches). In addition to
the extremely higher-resolved measurement (100 times
more points), DFG measurements takes only one third
of the time.

1525.0

£ 08
£
=
=S 06
=
g 15245 3
g 0.4
3
2 2
2 15240 .
0
1
1525.0
5 08
£
£
£ 06
=
5 15245
[-]
& 0.4
=
5 02
= 15240
0
15115 15120 15125 15115 15120 15125
Signal wavelength (nm) Signal wavelength (nm)
FIG. 7. (a) Experimental JSI obtained with SPDC-based

measurement with a sampling rate of 25x25 pixels, and
an integration time of 120 min. (b) Experimental JSI ob-
tained with DFG-based measurements with a sampling rate
of 141x501 pixels, an integration time of 45 min. (c¢) Theoret-
ical prediction for the SPDC measurement. (d) Theoretical
prediction for the DFG measurement. Figures and data re-
produced from Ref. [72] with permission of the auhthors.

In summary, regarding current technology, LN is one

of the most widespread substrate to develop integrated
quantum circuits. It allows efficient generation of quan-
tum states through nonlinear processes, because of its
highest non-linear coefficient. For quantum photonics
purposes, it is extremely robust and versatile thanks to
the exploitation of the QPM technique. Its manufactur-
ing is well established, enabling the integration of almost
all possible elementary optical function. This not only
increases the efficiency of the nonlinear process but it
also expands the number of optical functions that could
be integrated on chip.

The characterization of the different properties of in-
tegrated quantum chips suffers from the limited count-
ing capabilities of current single-photon detectors. Sur-
prisingly, quantum phenomena can sometimes be par-
tially mimicked using classical stimulated process. The
resulting classical measurements allow for faster acquisi-
tions and larger spectral resolutions. An example of this
approach, the spectral characterization of the bi-photon
state, has been given.

III. ENTANGLED PHOTON PAIR SOURCES

An entangled state of two particles exhibits remark-
able (non-classical) properties [3-5, 20, 76]. It is as if
these particles would exhibit a synchronized randomness,
which is a purely quantum mechanical feature with no
equivalent in classical physics, where all measurement
outcomes are predictable (at least in principle).

Quantum information science has found ways to ex-
ploit these unique features to develop new powerful quan-
tum protocols and applications without classical equiv-
alents. Some of the most prominent examples empha-
sizing the interplay between fundamental and applied
aspects of the field are given by teleportation [77-84],
entanglement swapping [85-88], also referred to as quan-
tum relays [89], and repeaters [90-93], which are all en-
abled by entanglement [3]. From the more applied side,
entanglement allows for absolutely secure communica-
tion [10, 11, 94, 95], quantum cryptosystems being now
commercially available [96]. It also allows to perform
metrological measurements with accuracies outperform-
ing classical devices [16, 17, 97] and has the potential
to solve complex mathematical problems in significantly
reduced computational times [8, 18-20, 98-108]. In prin-
ciple, the above mentioned experiments and applications
can be performed with any entanglement carrier and ob-
servable. However, photonic systems have been identified
as predominant, thanks to their weak sensitivity against
decoherence effects when they propagate in optical fibres,
straightforward generation and detection, the availability
of high-performance (fibre) optics, and their high speed
of travel. Most future quantum systems will therefore
likely rely on photonics, which is why it is important to
continue developing efficient, stable, and compact entan-
gled photon pair sources.

This section is outlined as follows. In subsection IIT A,



some of the pioneering energy-time, time-bin, and po-
larization entanglement sources based on PPLN/W are
described, which are still used in today’s research lab-
oratories. Subsection IIIB gives details about the re-
alization of some high-performance polarization entan-
glement sources based on hybrid approaches. The idea
for these sources is to exploit, at the same time, the
highly efficient generation of energy-time entangled pho-
ton pairs, and the straightforward detection of polariza-
tion entanglement. Subsections IITC and IIID are de-
voted to frequency-bin and path entangled photon pair
sources based on PPLN/Ws. These rather new concepts
might have a great impact for future quantum informa-
tion applications, such as entanglement-based secret key
distribution, metrology, and lithography. Finally, some
advanced sources are described (subsection IITE), for
entanglement generation in both ultra-narrowband and
broadband operation regimes. Narrowband sources are
usually intended for light-matter studies, such as the de-
velopment of quantum memories. On the other hand,
broadband sources can be exploited for high-rate quan-
tum key distribution in wavelength division multiplexed
networks.

A. Pioneering entanglement sources

In 2001 and 2002, two pioneering photonic entan-
glement sources were demonstrated [26, 27|, generating
energy-time and time-bin entanglement by taking advan-
tage of the highly efficient type-0 nonlinear interaction in
a PPLN/W. The waveguide structure was fabricated us-
ing the soft proton-exchange technique. Through sponta-
neous parametric down conversion (SPDC), a vertically
polarized pump photon, |V),, is converted to a pair of
vertically polarized signal and idler photons, |V)4|V);,
which are wavelength correlated by energy-conservation.
Entanglement may then be revealed using suitable un-
balanced interferometers, referred to as Franson configu-
ration [109], as explained in the caption of FIG. 8.

In 2001, a group in Tokyo (Japan) generated pho-
ton pairs at 854nm and revealed energy-time entangle-
ment with an unbalanced free-space Michelson interfer-
ometer, obtaining two-photon interference raw visibilities
of 80 £+ 10% [26]. Conversely, a collaboration between
Geneva university (Swiss) and Nice university (France)
used a fully guided wave approach in which they gener-
ated photon pairs in the telecom range (1310 nm) [110],
distributed them in standard optical fibres, and attested
for both energy-time and time-bin entanglement. Two-
photon interference fringe visibilities of 92% and 84%
were obtained, respectively with error bars of about
1% only [27], representing a clear violation of the Bell
inequalities (> 71%) [111]. Shortly after that, the
Geneva/Nice collaboration also showed that entangle-
ment is preserved even after distribution over 11km in a
fibre link within the Swiss telecom network [112], which
opened new perspectives in the field of quantum commu-
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FIG. 8. Principle for generating and analysing energy-time
entangled photons, as explained in Ref. [27]. A source gener-
ates a flux of energy and time correlated photon pairs, which
are sent, after separation at a beam-splitter (BS), to two un-
balanced interferometers at Alice’s and Bob’s sites (Franson
configuration [109]). The individual photons can either travel
along a short or a long path (sa,s or la,g). The phase dif-
ference between the two arms is given by ¢a B, and the path
length difference in both interferometers is set to be bigger
than the coherence time of the individual photons to avoid
single photon interference at each interferometer’s output.
In half of the cases, both photons take opposite paths. In
the other half of the cases, both photons take the same path
(sa — s and 1o — Ig), and those events can be post-selected
from the others by time-tagging. If both photons exit the in-
terferometer through the bottom output (towards detectors
D; and D3), then they are projected into the following state:
[¥) o |sa)|sB) + et (P2F9B)|14)|Ig). The contributions |sa)|ss)
and |la)|lg) become indistinguishable when the photon pair
generation time is unknown to more than the travel time dif-
ference between short and long paths, which can be achieved
by a continuous wave pump laser for which the spontaneous
generation of photon pairs inside the PPLN/W occurs at to-
tally random times (energy-time entanglement). Or, a pulsed
pump may be used, for which photon pairs can be sponta-
neously generated at two different times, which match the
travel time difference of the interferometers (time-bin entan-
glement). Both strategies make it impossible to know whether
both photons took the short or long paths. In this case, entan-
glement is observed, which is expressed as a phase-dependent
sinusoidal oscillation of the two-photon coincidence rate, R,
between the two detectors, Rc o< 1+ V -sin (¢a + ¢B). Here,
V' is the visibility of the interference finges, which has to be
above 71% to demonstrate the presence of entanglement.

signal idler 2

nication. One of the limitations of energy-time and time-
bin entanglement is that half of the photon pairs are in-
trinsically lost, as they are projected into non-entangled
time-bins.

Our group, in collaboration with teams in Marcoussis
(France) and Singapore have recently demonstrated an
advanced approach where only 25% of the detected pairs
are projected into non-entangled time slots. The corre-
sponding experimental setup is shown in FIG. 9. We used
a PPLN/W, in which the waveguide was realized through
titanium indiffusion, which allows guiding horizontal and
vertical polarization modes, therefore making it possible
to exploit the type-II SPDC interaction. Here, a hori-
zontally polarized pump photon, |H),, gives birth to a
pair of cross-polarized signal and idler photons, |H)s|V);.
Via a transcriber stage, we introduce a polarization de-
pendent delay between the two photons, allowing to gen-
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FIG. 9. Time-bin source setup in which only 25% of the
paired photons projected into non-entangled time-bins. A
770nm CW laser pumps a type-II PPLN/W in which cross-
polarized photon pairs at 1540nm are generated (|H)|V)).
A transcriber stage, composed of a polarizing beam-splitter
(PBS) and two Faraday mirrors (FM) introduces a time-
delay between the two photons. When the paired photons
are separated on PBSy, a cross-time bin state is generated,
[y = % (|0ya|l)s 4+ |1)a]0)B). Analysing this state with
standard Franson-type unbalanced interferometers leads to a
coincidence histogram exhibiting five coincidence peaks. En-
tanglement is measured in the central three peaks, corre-
sponding to 75% of the generated photons, as oposed to 50%
for standard energy-time experiments. Figure inspired from
Ref. [113].

erate two photon states in which both photons are in
opposite time bins, which can be used advantageously to
reduce the above-mentioned projection losses [113].
Another heavily exploited entanglement observable is
polarization, which can be straightforwardly generated
by exploiting type-II SPDC in a PPLN/W. By sending
the cross-polarized photons, |H)s|V)i, to a non-polarizing
beam-spitter, and considering only cases in which the
pair has been split up, the following state is generated:

1
V2

in which ¢ and b denote the two different spatial
modes after the beam-splitter. By ensuring that sig-
nal and idler photons are indistinguishable over all
observables, except their polarization modes, a maxi-
mally polarization entangled state is generated, |¢)) =
5 (H)alV)s +V)a|H)y). Indistinguishability is typi-
cally achieved by QPM engineering and filtering (spec-
tral modes), a birefringent walk-off compensator (tempo-
ral modes), and choosing appropriate optical components

|¥) (H)s,alV)sp + [V)s.al H)sp) » (6)
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(polarization dependent losses). In this perspective, in
2007, a group in Osaka (Japan) exploited the type-II in-
teraction in a PPLN/W for the first time to generate po-
larization entangled photon pairs at 1560 nm. In a Bell
inequality test, raw visibilities of ~ 76% were reported,
despite a fairly low two-photon coincidence rate on the
order of ~ 157! [114]. By optimizing the experimental
setup using fibre optics components and reducing losses,
our group demonstrated coincidence rates of ~ 1kHz and
raw visibilities of about 83% [115].

Photon pair Temporal walk-off i Deterministic Entanglement analysis
generation compensation separation
DWDM
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FIG. 10. The PPLN/W based polarization entangled photon
pair source with deterministic pair separation is composed
of the following components. A 770nm pump laser is cou-
pled via a mirror (M) and lens (L) into a titanium indif-
fused PPLN/W and type-II SPDC is exploited for genera-
tion of cross-polarized photon pairs. The temporal walk-off is
compensated using a standard polarization maintaining fibre
(PMF) in which the sign of birefringence is inverted com-
pared to the PPLN/W. Photon pairs are deterministically
separated using two standard dense wavelength division mul-
tiplexers (DWDM) and entanglement is analysed using the
standard setup, made of fibre polarization controllers (PC),
half-wave plates (HWP), a Soleil-Babinet phase compensator
(SB), polarizing beam-splitters (PBS), and avalanche photo
detectors (APD) in the Geiger mode. A logic AND gate (&)
registers coincidences between the detectors. Figure inspired
from Ref. [116].

Note that for the above-mentioned experiments, pho-
ton pairs have been split up probabilistically, i.e., using a
non-polarizing beam-splitter, which leads to a 50% loss in
the coincidence rate [114, 115]. In 2012, our team demon-
strated that type-II-generated photon pairs can be de-
terministically separated into two standard telecommu-
nication wavelength channels. As shown in FIG. 10, we
used an all-guided wave approach made of off-the-shelves
telecom components, i.e., a polarization maintaining fi-
bre for temporal walk-off compensation, and standard
dense wavelength-division multiplexers for deterministic
photon pair separation. Using low-noise InGaAs single
photon detectors, raw fringe visibilities exceeding 97%
have been obtained at coincidence rates up to 1 kHz [116].
Another strategy based on an interlaced bi-poling grating
structure on a single type-II PPLN/W has been proposed
in 2009 [117], and demonstrated by two groups in Pader-
born (Germany) and Osaka (Japan) [118, 119]. Here, two
QPM conditions are obtained simultaneously, generating
non-degenerate signal and idler photons with opposite
polarization modes which can be conveniently separated
using coarse wavelength splitters. Entanglement visibil-
ities of up to 95% have been reported, which underlines



the potential of this approach.

For more details on the above-mentioned pioneering
entanglement sources based on PPLN/Ws, we recom-
mend also a very extensive review paper, written by T.
Suhara in 2009 [120].

B. Hybrid polarization entanglement sources

Despite the relatively narrow emission spectrum, which
can be advantageous for some applications, type-11 SPDC
is unfortunately several orders of magnitude less efficient
compared to the type-0 interaction. However, the lat-
ter interaction is not capable of generating polarization
entanglement in a natural fashion. In order to exploit
the high efficiency, and the broadband emission of type-0
sources for polarization entanglement generation, several
(interferometric) hybrid approaches have been developed.

For example, a group in Tsukuba (Japan) demon-
strated, in 2003, a telecom wavelength, broadband,
and highly efficient, polarization entangled photon pair
source based on two simultaneously pumped type-0
PPLN/Ws in a Mach-Zehnder interferometer configura-
tion [121], and similar realizations have been reported
subsequently [122, 123]. As shown in FIG. 11, both
PPLN/Ws generate vertically polarized signal and idler
photons, |V)s|V);, at the same rates and with identical
emission spectra. The polarization of the pairs at the
output of one PPLN/W is rotated by 90°, leading to
|H)s|H);. Both contributions are then sent to a non-
polarizing beam-splitter, and the separation of a photon
pair on this device leads to a polarization entangled two-
photon state [¢) = % (IV)alV)p + €' ?|H)a|H)p). The
phase factor ¢ is related to the interferometer’s path
length difference, which necessitates an active phase sta-
bilization system for high quality entanglement analysis.

Some of the issues of a Mach-Zehnder interferometer
based source can be circumvented by using a Sagnac-loop
configuration, as has been demonstrated by a collabo-
ration of several Japanese groups [124-128]. Here, the
PPLN/W is placed in the center of a fibre loop and si-
multaneously pumped in both directions, which ensures
identical emission spectra. Because the generated photon
pairs are collected in the same fibre loop, one obtains au-
tomatically a stable phase between the two contributions,
which is at the very nature of a Sagnac loop configura-
tion. Finally, both pair contributions are combined on a
polarizing beam-splitter to generate the entangled state
|1). For this configuration, a dual-wavelength polarizing
beam-splitter is required, and some attention has to be
paid to the multimode behaviour of the short wavelength
pump light inside the fibre loop.

These issues may be overcome by exploiting SHG and
SPDC processes on the same chip. As demonstrated
by two Japanese teams in Saitama/Tokyo and Ibaraki,
the PPLN/W chip can be pumped by a telecom wave-
length laser which is frequency doubled (SHG) inside the
device. The doubled light gives then birth to the de-
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FIG. 11. Hybrid polarization entanglement source based on
two type-0 PPLN waveguides in a Mach-Zehnder interferom-
eter configuration. In each PPLN/W, vertically polarized
photon pairs, |V)s|V)i, are generated. The pairs at the out-
put of one PPLN/W are rotated by 90° in order to obtain
|H)s|H);. Both contributions are sent to a non-polarizing
beam-splitter at the interferometer output. If a pair is sep-
arated, then it is projected into the polarization entangled
state [¢) = % (IV)alV)b + € ®|H)a|H)b). Note that, in or-
der to measure high quality entanglement, the phase, ¢, of the
interferometer needs to be stabilized, which requires an active
stabilization system and a phase shifter. Figure inspired from
Ref. [121].

sired photon pairs via SPDC in the same or a second
PPLN/W [129, 130]. It should be mentioned that, in
this configuration, only non-degenerate photon pairs can
be exploited, as the pump laser light needs to be rejected
to avoid detector saturation.

Finally, a group in Kanagawa (Japan), and our team
demonstrated that energy-time entanglement can be con-
verted to polarization entanglement by a properly engi-
neered polarization dependent delay line [131-133]. As
shown in FIG. 12, the idea here is to generate energy-
time entangled photon pairs in a type-0 PPLN/W and
send them to an unbalanced interferometer in which pho-
tons in the longer (shorter) arm exit horizontally (verti-
cally) polarized. Via time-tagging, only the events, in
which both photons take the same path (i.e., |[V)s|V);
and |H)s|H); contributions) are post-selected. If the pho-
ton pair creation time is unknown (for example when they
are generated using a CW pump laser), then a polariza-
tion entangled state is obtained. Provided that the in-
terferometer is phase-stabilized, such sources offer great
long-term stability and entanglement quality.

C. Frequency-bin entanglement sources

Analysis of energy-time and time-bin entanglement re-
quires actively stabilized unbalanced interferometers, and
for long distance polarization entanglement distribution,
active stabilization systems need to be employed to com-
pensate dynamic polarization mode drifts. In this per-
spective, frequency-bin entanglement is an interesting
candidate, as it necessitates only stabilizing the phase
difference between two optical phase modulators in the
microwave domain. The underlying concept is similar
to energy-time entanglement, however, instead of per-



Entanglement analysis

| ' N Alice
- HWPPBS
: l N Bob
V
1 . 4 SMF
o
Filter - P61 :IV) ppLN/w - Vs

type-0 Laser e PMF
780.24 nm

[Entanglement transcriber]

f-PB:

[Bandwidth versatile photon pair generation|

FIG. 12. Polarization entanglement generation from a stan-
dard high-efficiency energy-time entanglement source. (a) A
780 nm laser pumps a type-0 PPLN/W in which vertically po-
larized energy-time entangled photon pairs are generated and
filtered down to the desired spectral bandwidth. (b) Then,
the paired photons are rotated to the diagonal state |D)|D)
and sent to the transcriber stage, which is essentially a polar-
ization dependent delay line made of fibre polarizing beam-
splitters (-PBS) and polarization maintaining fibres (PMF)
of different lengths. A piezo-electric fibre stretcher (PZT)
allows to stabilize the phase of the transcriber. At the out-
put of the transcriber stage, four contributions are observed,
(i) to (iv). A polarization entangled state is generated when
both photons exit the transcriber simultaneously (contribu-
tions (i) and (iv)), and the photon pair generation time re-
mains unknown. Post-selection of these events is done using
time-tagging electronics. (c) After the paired photons are
separated on a beam-splitter (BS), a standard polarization
Bell state analysis setup is employed to verify entanglement.
Figure inspired from Ref. [132].

forming entanglement analysis in the time domain, the
frequency domain is exploited. A typical experiment ex-
ploits type-0 SPDC in a PPLN/W to generate a flux
of (time-frequency) correlated photon pairs. After pair
separation, standard telecom high-speed electro-optical
phase modulators (typically based on LN waveguides) are
used to create superposition of different frequency modes,
and dense wavelength division multiplexers, followed by
single photon detectors, are used for the quantum state
projection [134, 135]. So far, violation of the Bell inequal-
ities has been demonstrated, and further performance
improvements will make this type of entanglement in-
teresting for quantum communication applications, such
as entanglement swapping.

D. Path entangled photon pair sources

Path-entangled photonic states have recently attracted
a lot of interest, as they might lead to interesting ap-
plications in both quantum metrology [16] and lithogra-
phy [136]. Omne particularly interesting class of states
are the so-called NOON-states, which represent a co-
herent superposition of having N photons in path
a and zero in path b, and conversely, |¥)noon =
\/% (IN)al0)s + [0)a|N)p). Such states show an N times

higher phase sensitivity compared to classical light, which
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can be used to measure refractive index changes with su-
perior performance [97]. Generation of the most elemen-
tary two-photon NOON-states directly on a PPLN/W
chip has been reported recently by a Chinese collab-
oration [137], a group in Germany [138], and in Aus-
tralia [139].

The Chinese collaboration basically implemented the full
source experimental setup of refs. [121-123] on a mono-
lithic device, which is an impressive achievement [137],
which will be discussed in more detail in Section VI.
For now, it is rather interesting to focus on the German
and Australian devices that exploit guided-wave photon-
ics to produce naturally path-entangled photon pairs.
The concept lies on an ingenious solution involving two
evanescent-field-coupled PPLN/Ws on the same chip as
shown in FIG. 13.
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FIG. 13. Sketch of the proposed scheme for tunable gen-
eration of biphoton quantum states, with two pump beams
(red) exciting a directional coupler and generating photon
pairs (blue) via SPDC. The output state is described by a
wavefunction in the spatial mode basis. Figure inspired from
Ref. [139].

The sample is pumped in a single input port of the

chip. The pump (at ~775nm) remains localized in that
particular waveguide whereas the created paired photons
are delocalized over the coupled mode of the structure.
Thanks to a proper engineering of the coupling constant,
the pairs are naturally produced in one of the eigenmode
of the coupled structures which are no longer the individ-
ual nonlinear waveguides but actually a coherent super-
position of them. When those waveguides are decoupled,
it happens that the phase matching naturally creates an
entangled two-photon state (|2,0) +10,2)) /v/2. As no
interferometer is involved, this device shows excellent sta-
bility and is largely independent of PPLN/W fabrication
parameters and imperfections [138].
The Australian group has pushed the concept further, by
showing that if both nonlinear waveguides are pumped
coherently with a controllable phase relation (see also
FIG. 13), it is possible to tune the produced entangled
state [139]. In all considered experiments, proper device
engineering allowed to obtain quantum state fidelities ex-
ceeding 80%, which underlines the relevance of these ap-
proaches and opens new perspectives in quantum metrol-
ogy and lithography.



E. Advanced photonic entanglement sources

In the following, a few advanced photonic entangle-
ment sources are described. They are intended to achieve
the highest performances in two rapidly growing fields
in quantum optics, namely quantum memories for the
storage of single photons, and quantum key distribution
(QKD) in wavelength-division-multiplexed telecom net-
works.

Quantum memory devices have attracted high inter-
est, as they allow to store a single photon excitation in
a stationary device, and re-emit it on demand. This
makes it possible to obtain photons in a determinis-
tic fashion, which could tremendously boost the perfor-
mance of many quantum information protocols and ap-
plications. One limitation of current quantum memories
is their rather narrowband acceptance bandwidth, typi-
cally on the order of 0.01 — 2 pm, which is much narrower
than the emission of typical photon pair sources based on
SPDC (1 — 100nm). In order to adapt the photon pair
source to the memory, two ways are generally considered.
The broad spectrum may be filtered at the source itself
in an optical parametric oscillator (OPO) configuration.
To this end, highly reflective coatings are deposited on
both facets of the PPLN/W, creating a waveguide opti-
cal cavity. The emission inside the cavities narrow fre-
quency modes is thus enhanced, and all other frequency
modes are suppressed. This scheme has been success-
fully implemented by the Geneva group using a titanium
indiffused type-0 PPLN/W OPO with 0.91 pm spectral
bandwidth at 1560 nm [140]. As degenerate photon pairs
were exploited, an additional narrowband filter (10 pm)
was required to suppress the emission at non-degenerate
cavity modes. They also performed energy-time entan-
glement analysis and demonstrated 81% visibility in the
standard Bell inequality test. The group in Paderborn
(Germany) used a titanium indiffused type-II PPLN/W
OPO to obtain non-degenerate cross-polarized photon
pairs at 890 nm and 1320 nm with a spectral bandwidth
of 0.17pm at 890 nm [141]. As shown in FIG. 14, thanks
to the non-degenerate configuration, waveguide birefrin-
gence is exploited to allow the OPO to emit photons at
one pair of cavity frequency modes only, which means
that no additional filter is required. However, they did
not yet perform entanglement analysis. In both experi-
ments, it was sufficient to stabilize the length of the op-
tical cavity via temperature control, which is much less
complex than the typical high-level stabilization systems
required for bulk-optics based OPOs.

Another strategy towards obtaining a narrowband
emission spectrum is to filter the photon pairs after
they have been emitted by the PPLN/W. Especially in
the telecom range of wavelengths (1530 nm — 1565 nm),
this can be conveniently achieved using ultra narrow-
band phase-shifted fibre Bragg gratings, which are com-
mercially available for bandwidths ranging from 0.2 pm
to 10pm. Note that this filtering strategy is essen-
tially reserved to waveguide-based photon pair sources
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FIG. 14. Working principle of the PPLN/W OPO of the
Paderborn group. (a) Schematics of the setup. Highly reflec-
tive coatings at 1320 nm and 890 nm are deposited on a tita-
nium indiffused type-1II PPLN/W, pumped by a 532 nm laser.
(b) PPLN/W emission (dashed lines) and cavity modes. The
first (second) curve represents the cavity modes for the 890 nm
(1320nm) photons. Note that waveguide birefringence in-
duces a different cavity mode spacing at the two wavelengths.
Because of conservation of the energy (wi = wp — ws), SPDC
can only occur when the cavity modes overlap. The third
and fourth curves show the overlaps for a low and high fi-
nesse OPO, respectively. If the finesse is chosen to be high
enough, then only one mode can be generated, which results
in two-color ultra-narrowband photon pair source without the
need of additional filters. Figure inspired from Ref. [141].

only, which show high enough efficiencies to obtain a
decent flux of photon pairs, even after filtering the
spectrum from several 10s of nm down to the pm
level. In this perspective, the Geneva group demon-
strated an energy-time entangled photon pair source
based on a type-0 PPLN/W with a spectral bandwidth
of 10pm at 1560 nm [142] which was subsequently used
in an entanglement-swapping experiment without clock-
synchronization [143]. Our group took also advantage of
the high SPDC efficiency of type-0 PPLN/Ws to demon-
strate a hybrid polarization entanglement source achiev-
ing bandwidths of 0.2 pm and 4 pm at 1560 nm. Near per-
fect visibilities of 99% and 97%, respectively, have been
achieved in the standard Bell inequality test [132, 133].
The 0.2 pm source was further used to perform a contin-
uous wave teleportation experiment [84], and the 4 pm
source was an essential building block for testing the
foundations of quantum physics in a quantum delayed-



choice experiment showing wave-particle complementar-
ity [7].

It is expected that, in the near future, these sources will
be eventually used for quantum-memory based experi-
ments. For this, the wavelengths of the photon pair
sources and quantum memories need to be matched,
which will be described in more details in Section V.

Another very prominent field in quantum optics and
quantum information is QKD, which allows to establish
absolutely secure communication links [10, 94-96]. In
this perspective, entangled photon pairs are highly in-
teresting as those links can be established in a device-
independent manner, i.e., without the necessity to trust
the photon pair source [4, 5, 144-150]. Today, researchers
seek to improve the speed of QKD links in order to make
them compatible with real world applications. Similarly
to standard telecommunication networks, the speed of
these systems can be increased using wavelength division
multiplexing techniques, i.e., by multiplexing (and de-
multiplexing) several independent signals into (and out
of) the same fibre communication link.

As shown in FIG. 15, thanks to the conservation of
the energy (wp, = ws + w;), wavelength-correlated signal
and idler photon pairs are found across the full emission
spectrum of the SPDC source. If the spectrum is then
demultiplexed into 2 X N narrow wavelength channels, N
correlated, i.e., entangled, channel pairs are found. This
allows one to analyse entanglement in N channel pairs
simultaneously, consequently enhancing the total coinci-
dence rate by a factor N. It shall be noted that this re-
quires a broadband photon pair source with an emission
spectrum covering all the N channel pairs. In addition,
the source must be very efficient to obtain a high flux
of photon pairs in each of the channel pairs. First ex-
periments in this perspective have been carried out by
a Japanese group in 2008. They used a telecom wave-
length broadband hybrid polarization entangled photon
pair source based on a type-0 PPLN/W in a Sagnac loop
configuration. Strong correlations across the full emission
spectrum of the source were found, which demonstrate
the potential for an N times speed-up of coincidence
rates [125-128]. In 2013, a similar experiment was re-
ported by a collaboration between Stockholm (Sweden),
Vienna (Austria), and Waterloo (Canada), using a hybrid
polarization entanglement source, this time based on two
type-0 PPLN/W in a Mach-Zehnder configuration. In
addition, they demonstrated active routing of entangle-
ment between different users [123]. In the perspective of
long-distance QKD using polarization entangled photon
pairs, a major limitation is polarization mode dispersion
in optical fibres. This causes a wavelength dependent
phase shift, requiring adapted entanglement analysers for
each channel pair [128], and/or active compensation of
birefringence fluctuation using integrated electro-optical
devices based on lithium niobate [151-153].

It has recently been demonstrated that this issue can
be conveniently overcome by distribution energy-time en-
tanglement and corresponding Michelson fiber interfer-
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FIG. 15. Emission spectrum of an SPDC source, as can be ob-
tained with the setup of FIG. 16, see also Ref. [12]. Thanks to
the conservation of the energy, it can be decomposed in many
correlated wavelength channel pairs. The black dots, con-
nected by lines, represent the typical nondegenerate emission
spectrum of a type-0 PPLN/W with 4 cm length pumped by a
770 nm continuous wave laser. Additionally, several telecom-
munication wavelength channels are shown, here in the heav-
ily exploited standard 100 GHz wavelength grid, as defined by
the International Telecommunication Union. Wavelength cor-
related photon pairs are found in channels labeled with iden-
tical colors, which are located pairwise symmetrically around
the degenerate wavelength of 1540 nm. This allows using one
source of entangled photon pairs to supply, at the same time,
either multiple users with entanglement or to increase the co-
incidence rate in a two-use scanario by a factor equal to the
number of exploited channel pairs.

ometers for analysis purpose. As shown in FIG. 16, our
group used a type-0 PPLN/W whose emission is deter-
ministically split into long and short wavelength parts
by two broadband fibre Bragg gratings, and supplies
two users with broadband energy-time entangled photon
pairs. At the end of the fibre link, spanning up to 150 km,
each user needed to employ only one unbalanced fibre
interferometer, followed by a standard 8-channel telecom
wavelength division multiplexer, to analyse entanglement
with an 8 times increase coincidence rate [12]. Note that
by properly aligning these two interferometers, entangle-
ment analysis can be further performed in almost 100
standard 50 GHz telecom channel pairs simultaneously
without the need to adapt the analyzers as a function
of the wavelength. This corresponds to the typical emis-
sion bandwidth of a type-0 PPLN/W with a few centime-
tres of length (+» 80nm at 1540 nm), and especially cov-
ers the commonly used telecom C-band of wavelengths
(1530 — 1565 nm) [154].

To conclude, the development of entangled photon pair
sources has benefited from both fundamental and ap-
plied repercussions which have stimulated the commu-
nity to demonstrate highly specific photon pair sources.
It has therefore produced a very large variety of different
waveguide-based entanglement sources spanning over all
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FIG. 16. Experimental setup for entanglement distribution in
a dense wavelength division multiplexing environment as ex-
ploited in Ref. [12]. A 770 nm pump laser generates entangled
photon pairs over a broad bandwidth in a type-0 PPLN/W.
Thanks to two broadband fibre Bragg gratings (BB-FBG),
Alice and Bob are supplied with photons below and above
degeneracy, respectively. In order to reveal energy-time en-
tanglement, photons pass unbalanced Michelson interferome-
ters, made of a beam-splitter (BS) and Faraday mirrors (FM).
At the interferometer out, the photons are demultiplexed
into eigth standard telecom 100 GHz wavelength channels, as
shown in FIG. 15. This allows to obtain an eight-fold in-
creased coincidence rate. The strategy could be further used
to demultiplex the spectrum into almost 100 channel pairs in
the 50 GHz grid.

possible observable and exploiting all at maximum the
potential of each. This basically means that there is al-
most always one design which perfectly suits a targeted
application.

IV. HERALDED SINGLE PHOTON SOURCES

Beyond its fundamental interest [6, 7], reliable gener-
ation of single photons is at the heart of many quantum
optical technologies, including quantum information sci-
ence, quantum metrology and detector calibration [155].
Ideal sources should be able to emit, on demand, per-
fect single photon states at conveniently high rates and
no multi-photon contributions. In anticipation to such
archetypal cases, a valuable and pertinent alternative
is represented by asynchronous heralded single photon
sources (HSPS), as pertinently reported by the Geneva
group in 2004 [156]. These schemes strongly rely on the
production of photon pairs, as is the case with SPDC.
As depicted in FIG. 17, after their generation, the pho-
tons are spatially separated. Because of the spontaneous
character of the SPDC process, the emission time of a
pair cannot be, in principle, precisely known. However,
for each pair, the detection of one photon can be used to
herald the emission time of its twin [2]. Depending on the
characteristics of the initial photon pair state [157] and
on the heralding conditions [158], this configuration al-
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lows to obtain high quality heralded single photons. The
rate of produced photons is proportional to that of the
detected heralding ones, Ry, as well as to the heralding
efficiency, P;, representing the probability of observing
one heralded photon per heralding event. In experiments,
both figures increase with the mean number of generated
photon pairs, (n), and decrease with optical losses on the
heralded and the heralding photon paths [159]. Multi-
photon contributions in HSPS are typically evaluated
in terms of the second order autocorrelation function,
g®(0). This quantity is proportional to the probability
of accidentally heralding two photons instead of a single
one. For perfect single photon Fock states, (2 (0) = 0,
while for heralded single photon states, it increases with
(n). Experimentally, both P; and g(®)(0) can be obtained
by characterizing the heralded photon statistics using ei-
ther a bulk of fibre optics Hanbury-Brown-Twiss setup
(HBT) [159].

In the following, we will briefly present some realiza-
tions of HSPS relying on PPLN/Ws as enabling compo-
nents. In particular, we will focus on three particular
implementations. The first one reports the miniaturiza-
tion of a source producing heralded photons at a tele-
com wavelength. In particular, it exploits LN-waveguide
properties for the realization of a non-linear optical stage
followed by integrated beam combination/splitting struc-
tures [160]. The second and the third realizations show
two different and complementary approaches to HSPS
multiplexing [161, 162]. By doing so, both experiments
alm at realizing ultra-fast sources able to emit single
photons at telecom wavelength with high emission rate
and low spurious event probabilities. In this sense, they
demonstrate the capability of PPLN/W-based systems
for future applications to fast quantum communication.

Optical

Elec. output

"™ (trigger)
HSPS box

FIG. 17. Schematic representation of a heralded single pho-
ton source based on SPDC in a second-order nonlinear crystal
(X(2)). At the device output, simultaneous photons are spa-
tially separated and the detection of the heralding photon is
used to announce the presence of the heralded one. An HBT
setup (see also FIG. 19 for this additional part) is generally
triggered by the heralding detection events.

Straightforwardly, generation of entangled photon
pairs via SPDC in PPLN/Ws can be advantageously ex-
ploited for HSPS (see also FIG. 19). As already dis-
cussed, in particular, an adequate choice of QPM condi-
tion allows to produce heralded photons at telecom wave-
length as demanded for long distance propagation in op-
tical fibre. A first experiment is demonstrated in 2005 at

fiber output



the university of Nice, based on a SPE:PPLN/W pumped
in CW regime and emitting non-degenerate photons at
1310nm (heralding) and 1550 nm (heralded). Both pho-
ton pair separation and HBT setup were made using stan-
dard fibre components [159]. A P; = 0.37 was measured
with a ¢ (0) = 0.08 for a heralding rate on the order of
100kHz. An interesting review of heralded single photon
sources for quantum communication technology is avail-
able in [163] for an exhaustive list of realizations and it
is worth mentioning an original work from a collabora-
tion between US and Italian groups for developing an
extremely low-noise heralded single-photon source [164]
exploiting a PPLN/W.

Among the most recent experiments, a particularly
interesting HSPS has been demonstrated in the pulsed
regime in 2012 at the university of Paderborn [160]. Here,
the stages of photon pair generation and deterministic
separation are both integrated on a single LN compo-
nent (see Fig. 18). The work clearly shows the potential-
ity of LN-chips as building blocks in complex and minia-
turized quantum network realizations. In more details,
a Ti:PPLN/W is used to produce, via type-0 SPDC?,
heralded single photons at the telecom wavelength of
1575 nm paired with heralding photons at 803nm. At
the output of the PPLN section, the generated twin
photons are spatially separated thanks to an integrated
passive wavelength division demultiplexer (96.5% of ef-
ficiency). Estimated propagation losses inside the chip
are as low as 0.07dB/cm. Anti-reflection coatings at the
chip input and output facets allow to reduce in- and out-
coupling losses. Downstream the chip, heralding pho-
tons are directed towards a single-photon detector (sil-
icon avalanche photodiode) whose output triggers the
detectors of an HBT setup measuring the heralded pho-
tons. A high heralding efficiency of P; ~ 0.60 is obtained.
The authors investigate the produced photon quality as
a function of the power of the SPDC pump beam. For
low pump power (below 1 W), a heralding rate on the
order of a few kHz is observed, associated with a mea-
sured ¢®)(0) = 3.8 - 1073, This result is consistent with
negligible multi-photon events. For higher pump power
(= 100 uW), the heralding rate goes up to 105 kHz with a
measured ¢(®(0) close to 1. As discussed by the authors,
this corresponds to a bright regime with a mean number
of generated pairs per pump pulse of (n)=0.24. In the
perspective of quantum communication, ultra-fast pho-
ton sources are mandatory to speed up data exchange.
As shown by the Paderborn group, a simple way to re-
inforce the photon emission rate is to pump the SPDC
at high pump power so as to increase (n). However, as
discussed above, this comes at the price of non-negligible
multi-photon contributions. In this context, HSPS mul-
tiplexing offers the advantage of high photon production

3 Based on the convention of this review paper, the related process
is a type-0 process since all light field have the same polarization,
but the authors have reported a type-I process in their paper.
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FIG. 18. Schematic representation of the Paderborn source
made of titanium indiffuse waveguides. The device integrates,
on a single substrate, a photon-pair generator (PPLN/W sec-
tion) and an S-bend-type wavelength division demultiplexer
(WDM coupler), that subsequently allows the spatial separa-
tion of heralding and heralded photons as a function of their
wavelengths. Figure inspired from Ref. [160].

rate combined with low SPDC pump power as demanded
for small (n) values [165].

In 2015, our group has demonstrated the realization
of an ultra-fast source emitting heralded single photons
in the telecom C-band of wavelengths [161]. This strat-
egy exploits state-of-the-art telecom technology and non-
linear optical stages to time-multiplex the pump beam
of a single SPDC process. As depicted in FIG. 19, a
pump telecom laser emitting pulses at the wavelength of
1540 nm and at the ultra-fast repetition rate of 10 GHz
is first frequency doubled via a second harmonic gen-
eration stage (SHG, consisting of an SPE:PPLN/W).
This conversion stage fulfils the QPM condition for pro-
ducing frequency degenerate photon pairs in another
type-0 SPE:PPLN/W via SPDC. In other words, the
wavelength of the emitted photons is centred around
1540 nm. As was discussed in Section III and more par-
ticularly FIG. 15, energy conservation set by the SPDC
process makes it possible to use a DWDM filter com-
bination in order to pick up, within the emitted spec-
trum, twin photons slightly apart from perfect degener-
acy (channels symmetrically spaced around the central
wavelength) and to separate them deterministically. The
entire setup downstream the SPDC stage, including the
HBT arrangement for the heralded photon characteri-
zation, is made of standard telecom components only.
The measured heralding efficiency is P; ~ 42%. As dis-
cussed in [166], the high repetition rate of the laser al-
lows producing photon pairs at a high rate while, per
each pump pulse, (n) is maintained as low as required
for negligible two-photon events. Thanks to this strat-
egy, single photons can be heralded at rates reaching val-
ues as high as 2.1 MHz, with a constant g(?(0) as low
as 0.023. This ¢(®(0) value not only proves negligible
multi-photon contributions but also represents the best
measurement reported to date in the literature for Ry in
the MHz regime [161]. Since Ry is directly proportional
to the detection efficiency, it could be straightforwardly
increased up to 10 MHz by replacing the heralding detec-
tor with a more efficient one without affecting the ¢(*)(0)
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FIG. 19. (Up) - Schematic of experimental setup for ultra-
fast generation of heralded single photons. The telecom laser,
operated at a repetition rate of 10 GHz, is first frequency dou-
bled (SHG) and then used to pump the SPDC stage. Both
processes take place in home-made PPLN/Ws. At the out-
put, signal photons at 1537.40 (telecom channel 50) and idler
photons at 1543.73 (channel 42) are obtained thanks to the
combination DWDMs and a narrow-band fibre Bragg grating
(not shown). Signal photons are directed towards the herald-
ing path and detected by a superconducting single-photon
detector (SSPD). Heralded idler photons are analyzed with
a Hanbury Brown-Twiss (HBT) setup made of a beam split-
ter (BS) and two InGaAs avalanche photodiodes (APD1 and
APD2). The detection in the HBT setup is triggered by the
output signal of the SSPD. (Down) - SPDC spectrum out
of the second PPLN/W. As shown, photon pairs are deter-
ministically split up as a function of their wavelengths using
fibre optics DWDM components into standard channels (50
and 42) belonging to the telecommunication grid. Figures
inspired from Ref. [161].

value.

Eventually, as proposed by A. Migdall and co-workers
in 2002 [167], speeding up the rate at which heralded pho-
tons are made available can also be achieved by spatial
multiplexing of several simultaneous SPDC stages. As
shown in FIG. 20, a recent demonstration of this concept
has been realized in 2014 thanks to a collaboration be-
tween our group and Macquarie and Sydney universities
(Australia) [162]. In this work, thanks to a hybrid device
incoporating the best of two state-of-the-art integrated
photonics technologies, four identical sources of heralded
single photons are spatially multiplexed using waveguide
structures only. More specifically, hybridization means
here that four PPLN/Ws integrated on a single substrate
are interfaced in-between passive routers fabricated by
femtosecond-laser direct writing (FLDW) on glass sub-
strates. Additional fast fibre optical switches are placed
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FIG. 20. Art-design schematics of a spatially multiplexed
source of heralded single photons. The 1-4 splitter uses four
evanescently coupled waveguides, in a 3D interaction area, to
separate the input pump field into 4. It is then butt-coupled
to the input facet of the nonlinear chip to pump four iden-
tical photon-pair generators, in this case PPLN/Ws, simul-
taneously. The QPM condition permits to produce photon
pairs, by SPDC, at 1310nm and 1550nm. At the output,
the photon pairs are collected using four FLDW integrated
WDMs, operating at 1310/1550 nm. The heralding photons
at 1310nm are detected by one, out of 4, InGaAs detectors
(DET stage). Upon detection of a photon, OR-gates located
at the output of these detectors enable to know from which
nonlinear waveguide the photon-pair originates, and to trig-
ger fast optical switches (inside the routing stage) thanks to
the corresponding heralding signal. Those switches then per-
mit to route the comlementatry photon at 1550 nm towards
a single fibre optics output. Figure inspired from Ref. [162].

at the output of the main device for enabling the routing
of the heralded single photons towards a single fibre out-
put. The first FLDW chip allows splitting a pulsed laser
into to pump four identical type-0 SPE:PPLN/Ws. The
chosen QPM condition permits generating, by SPDC,
non-degenerate pairs of photons whose wavelengths are
centred at 1310 and 1550 nm. Note that the mean pump
power is kept low enough in order to statistically create
much less than one photon-pair at a time in either one
of those four PPLN/Ws. Wherever they come from, the
photon-pairs are then coupled to another FLDW routing
chip that contains four individual integrated WDMs for
separating the paired photons as a function of their wave-
lengths. After on-chip separation, the heralding photons
at 1310 nm are directed towards single-photon detectors
(InGaAs avalanche photodiode), and the heralded pho-
tons at 1550 nm are directed to a routing stage based
on optical switches. Note that external wavelength fi-



bre filters (not represented in FIG. 20) are employed
for augmenting the extinction ratio and therefore the
overall SNR. Depending on the detection results, i.e.,
which detector fires among the four, RF electronics en-
ables controlling the switches for routing the 1550 nm
photons towards a single main fibre output. The setup
performances are outlined in terms of coincidences-to-
accidentals ratio (CAR) among heralded and heralding
photons [160]. This parameter characterizes the SNR
of a photon source against background noise and pro-
vides, indirectly, information about two-photon-pair con-
tributions by assuming a poissonian photon-pair statis-
tical distribution. The data obtained with the setup de-
picted in FIG. 20 clearly show how spatial multiplexing
ensures an increase in photon rates while maintaining a
fixed SNR. More precisely, an increase by a factor 3 was
demonstrated, instead of 4 as expected, as one of the four
nonlinear waveguides showed much higher losses com-
pared to the three others. The experiment also showed,
to date, the largest number of identical on-chip photon-
pair sources having identical spectral properties.

In conclusion, the concept of heralded single photons
based on photon-pair generation has proven to be very
practical. For a long time, the probabilistic emission of
paired photons was argued to prevent this kind of source
to be scalable. This point has indeed been compensated
by the highest emission rate reported to date and the
single character of the heralded photons. In this context,
PPLN waveguides are excellent candidates for real-world
implementations of HSPSs for quantum communication.
From one side, as demonstrated by many experiments,
they allow to reliably and efficiently produce heralded
photons at telecom wavelengths as demanded for long
distance operation in optical fibres. At the same time,
PPLN/Ws - and more generally speaking, LN-chips - are
highly compatible with fibre-based telecom technology,
thus opening the route towards a full exploitation of ex-
isting fibre networks and classical telecom systems.

V. QUANTUM INTERFACES AND MEMORIES

In this Section, we address waveguide-based systems
for which the very properties of LN structures have per-
mitted demonstrations of both quantum interfaces and
memories. The former corresponds to coherent wave-
length transposition based on nonlinear optics of a pho-
tonic qubit prepared at one wavelength to another, while
the latter permits coherent storage and retrieval of pho-
tonic excitation in and out of a matter system. Quan-
tum storage of photonic excitations often relies on energy
transitions prepared in a well isolated ensemble of atoms,
such as rubidium or caesium, or in a collection of rare-
earth ions, such as thulium or praseodymium, embedded
in a crystalline matrix. However, these energy transitions
often belong to the visible range of wavelengths, prevent-
ing from storing directly telecom photonic qubits. This is
why coherent quantum interfaces appear to be interesting
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to make flying and stationary qubits compatible, and pos-
sibly all designed in an entire waveguide approach [91-
93].

A. Quantum interfaces for coherent wavelength
transposition

Nowadays entanglement appears as essential for most
of quantum technologies. In the particular case of quan-
tum communications, the manipulation of entanglement
has to be possible, for it to be of any practical value. Ac-
cordingly, a growing community of experimental physi-
cists are working with entanglement transposition, espe-
cially in view of the connection of different users on a
quantum network consisting of quantum channels along
which photonic qubits travel [168] and atomic ensembles
are used to store and process the qubits [169, 170]. It
is thus timely to develop quantum information interfaces
that allow transferring the qubits from one type of car-
rier to another, i.e., in the case of photonic carriers, able
to provide back and forth a wavelength adaptation to
atomic levels while preserving quantum coherence of the
initial state [171-174]. As a consequence, we will discuss
in this section two type of interfaces: the ones for in-
creasing the energy of the photonic carriers toward the
visible region and those decreasing the energy toward the
telecom range.

Chronologically, the first demonstration, in 2005, ad-
dressed an up-conversion transfer (increasing the fre-
quency) for energy-time coded entangled photons. The
inherently noise-free sum-frequency generation process
was exploited to coherently transfer qubit carried by a
photon at the telecom wavelength of 1312 nm to another
photon at 712nm, i.e., close to that of alkaline atomic
transitions [169, 170, 176-178]. This operation has been
shown to preserve entanglement in the following way: an
initial photon at 1312 nm, energy-time entangled with an-
other photon at 1555nm (see also Sec. IIT A and IIIB),
was up-converted to 712nm. Provided the coherence
length of the pump laser is longer than the size of the
unbalanced analysis interferometers [109] (see also cap-
tion of FIG. 8 for more details), the authors verified that
the transfer actually preserves the quantum coherence by
testing the entanglement between the produced photon
at 712nm and the untouched photon at 1555nm. Al-
though those two photons weren’t originally entangled,
the transferred entanglement was found to be almost per-
fect [172]. In other words, despite no energy conservation,
up-conversion at the single photon level does not reduce
the amount of entanglement.

More specifically, the single photon up-conversion
transfer is based on mixing the initial 1312nm single
photon with a highly coherent pump laser at 1560 nm
in a SPE:PPLN waveguide, as depicted in FIG. 21. The
internal up-conversion efficiency of 80% of the chip cor-
respond to a single-photon up-conversion probability of
~5%, including the phase-matching filtering losses. The
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FIG. 21. A photonic quantum interface enabling the coher-
ent transfer of single qubits from photons at 1310 nm, initially
entangled with photons at 1555 nm, to photons at 712nm. In
this realization, it is shown that entanglement is preserved
through the up-conversion process. A source (S) produces,
by SPDC in a SPE:PPLN waveguide (not shown), pairs of
energy-time entangled photons whose wavelengths are cen-
tered at 1555 and 1312nm. These photons are sent to Al-
ice and Bob, respectively, via optical fiber links. The qubit
transfer is then performed at Bob’s location from a photon at
1312nm to a photon at 712nm using sum frequency genera-
tion (SFG) in another SPE:PPLN waveguide. This nonlinear
waveguide is pumped by a CW, 700 mW, and high coherence
laser operating at 1560 nm. The success of the transfer is
tested by measuring the quality of the final entanglement be-
tween the 712nm photon and 1555 nm photon using two un-
balanced Michelson interferometers and a coincidence counter
between detectors D4 and Dg. The interference pattern ob-
tained for the coincidence rate as a function of the sum of the
phases acquired in the interferometers (¢4 +¢p) shows a visi-
bility greater than 97%. Compared to the 98% obtained with
the initial entanglement (curve not represented), the fidelity
of the transfer is therefore greater than 99%. Figure inspired
from Ref. [172].

resulting photon at 712nm, filtered out of the huge flow
of pump photons, and the remaining 1555nm photon
were then analyzed using two unbalanced Michelson in-
terferometers in the Franson configuration [109] (i.e., the
usual setup for testing energy-time or time-bin entan-
glement). A comparison of the degrees of entanglement
before and after the up-conversion stage indicates no no-
ticeable degradation and leads to a quantum information
transfer fidelity higher than 99%.

More recently, reverse process quantum interfaces, i.e.
decreasing the qubit-carrier photon frequency by DFG
(see also section IIC, have been investigated. Similarly
to SFG, this stimulated single photon down-conversion
process is also a noise-free process and requires strong
requirement on the coherence of the pump laser. Demon-
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strations of such quantum interfaces have been reported
almost simultaneously in 2010 using single photonic
qubits by the Geneva group [173] and NTT Japanese
research groups [174], and in 2011 using entangled pho-
ton pairs at the University of Osaka [175]. The idea here
is to proceed to the exact inverse operation to that dis-
cussed just above, i.e., transferring coherently, back to
the telecom range, qubits initially coded on photons in
the visible range. Both works, dealing with quite the
same experimental procedures, propose a solution to-
wards re-encoding qubits onto telecom photons after the
read-out of a quantum memory based on alkaline atomic
ensembles [169, 176-178].

Quantum Interface
Single-photon down-conversion

710 nm 1310 nm
(63

Att. Pulsed Laser
@ 710 nm
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FIG. 22. A photonic quantum interface dedicated to coher-
ently transferring single qubits from photons at 710nm to
photons at 1310 nm by means of DFG. (a) Experimental set-
up for the characterization of the coherence of the wavelength
transfer. The setup comprises an attenuated pulsed laser
mimicking a single photon source at 1310 nm, a preparation
(bulk) interferometer to code time-bin qubits on the 710nm
photons (phase «), a pump laser at 1550 nm, a PE:PPLN/W
for single photon down-conversion (or DFG), a fiber interfer-
ometer for time-bin qubit analysis (phase 3), and a dedicated
electronics for recording the difference in arrival times be-
tween the laser trigger and the detection events (inset, top
right). (b) Efficiency of the quantum interface as a function
of the pump power. (c) Count rates for interfering events
detected by a suitable AND-gate for an average number of
prepared single photons reaching unity. As the phase § of the
fiber interferometer is scanned, a net (raw) interference visibil-
ity of 96% (84%) is reported. Figure inspired from Ref. [173]
and data reproduced with permission of the authors.

Both single-qubit experiments exploit time-bin coded
single photons out of an attenuated pulsed laser. Those
qubits are then sent to single photon down-conversion
stages based on PE:PPLN waveguides, and, eventually,
entanglement fidelity is measured using either a fiber in-
terferometer (see FIG. 22(a) and Ref. [173]) or a PLC
interferometer (see Ref. [174]). The obtained results, in
terms of quality of entanglement, are of the same order,
i.e., showing a net visibility of almost 96% for the Geneva
group and of 94% for the NTT group.

It is important to note that the quantum interfaces dis-
cussed above are not limited to the specific wavelengths



reported in the corresponding papers, even if for some
practical issues, the triplet 710 nm, 1310 nm and 1550 nm
was an optimal choice. Those are proof-of-principle ex-
periments and suitable modifications of phase-matching
conditions and pump wavelengths would enable engineer-
ing the result of the frequency-conversion processes to
any desired wavelength triplet. More precisely, waveg-
uide structures, as described in Sec. II, provide the exper-
imentalists with a broad range of accessible wavelengths
by changing the poling period and the pump wavelength
accordingly [27]. For instance, having an original qubit
carried by a photon at 1550nm and a pump laser at
1570 nm would lead to a transferred qubit carried by a
photon at the wavelength of 780 nm, i.e., that of rubid-
ium atomic transitions [176-178]. In addition, the very
high frequency-conversion efficiencies of such 10 devices
permit using modest pump powers to achieve reason-
able qubit transfer probabilities. This is of great inter-
est for applications requiring very narrow photon band-
widths, for instance when transferring photonic qubits to
atoms [169, 170, 176-179]. In other words, ultra-bright
frequency-converters make very narrow spectral filtering
possible while maintaining a high photon-pair flux, with
reasonable pump powers as described in Sec. III and in
Refs. [87, 143].

To conclude this section, we must emphasize that in-
terfacing photonic and atomic qubit is of great inter-
est as it would facilitate the building of quantum net-
works and computers [91-93, 180]. In this perspective,
recent frequency conversion experiments of photons cor-
related with a rubidium quantum memory have been per-
formed at Osaka University [181] and at ICFO-Barcelona
(Spain) [182].

Finally note that up-conversion, or hybrid, detectors
based on PPLN/Ws have been widely employed to con-
vert photons from the telecom range of wavelengths to
wavelengths around or below 800nm, without the need
to preserve the quantum state coherence, finding es-
sentially applications in high-speed quantum cryptogra-
phy [183, 184]. A good review on those systems can be
found in [2].

B. Integrated quantum-memory devices

Quantum memories are key elements for long distance
quantum communication, more specifically in view of
building real quantum networks. For instance, such de-
vices can be employed for realizing deterministic single
photon-sources [185, 186], for turning quantum relays to
much more efficient quantum repeaters [187, 188], and
for further enabling quantum computation [189-192].

The performances of quantum memories can be quanti-
fied by four figures of merit : the storage time, the storage
efficiency, the fidelity and the spectral acceptance band-
width [193]. The storage efficiency represents the proba-
bility of absorption/re-emission in the right temporal and
spatial modes. The fidelity corresponds to the overlap
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between the input and output qubit state. It also allows
to define the storage time, reported as the duration over
which the output qubit fidelity remains above a certain
threshold. Eventually, a large memory spectral accep-
tance bandwidth is of great interest since it is directly
connected to the performance of quantum communica-
tion links in terms of rate and multimodal operations.

In the quest towards optimal quantum memory real-
izations, various quantum storage protocols have been in-
vestigated and associated with different storage devices.
Among others, were reported solutions based on alka-
line cold atomic ensembles associated with electromag-
netically induced transparency [194], atomic vapours as-
sociated with off-resonant two-photon transitions [195],
ion-doped crystals associated with photon echo or atomic
frequency combs [196, 197], etc. Very pertinent review
papers can be found in Refs. [193, 198, 199].

The above mentioned combinations offer various inter-
action wavelengths and linewidths, ranging from the visi-
ble to the telecom band, and from a few MHz to almost 5
GHz, respectively. Naturally, the solutions based on ion-
doped crystals, working at cryogenic temperatures (a few
°K), have been investigated using IO configurations. The
first implementation was proposed by Hastings-Simon
and collaborators, where they studied the Stark effect
in Er3t-doped Ti:LiNbO3 waveguides [200, 201], and
demonstrated the suitability of the scheme for protocols
based on controlled reversible inhomogeneous broaden-
ing (CRIB) in solid-state devices [202-204]. This proto-
col is an extension of the photon echo technique showing
better efficiency and a higher maximum fidelity. Stor-
age times of 1 to 2 us were demonstrated and a possi-
bility of extending this to 6 us discussed while the ac-
ceptance bandwidth is maintained at 125 MHz. One of
the attractive feature of this solution lies in the operat-
ing wavelength of 1550 nm, being directly mapped to the
transition (4115/2 — 4113/2), making this memory fully
compatible with standard telecom networks without any
wavelength interface.

More recently papers reported the characterization
of Ti:Er:LiNbOj3 waveguides operated with stimulated
photon-echo protocols, suitable for implementation of
solid-state quantum memories. Details of the photon-
echo operation principle can be found in [193, 205]. The
first experiment showed the possibility of storing the am-
plitude and phase of two subsequent coherent pulses is
depicted in FIG. 23 [201].

Two pulses are sent to the memory after a bright
?write” pulse. Then a second bright "read” pulse is used
to retrieve the stored information, the relative times be-
tween the read pulse and the echo being the same as the
relative times between the write and data pulses. To ob-
serve interference, two read pulses are sent to the mem-
ory with a time difference equivalent to the delay between
the two data pulses. This pulse sequence configuration
gives three echoes, but the middle one corresponds to
the coherent superposition of two overlapping contribu-
tions, i.e., the second data pulse emitted by the first read
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FIG. 23. Illustration of the pulse sequence used for time-

bin pulses interference in a Ti:Er:LiNbO3 waveguide memory.
Figure inspired from Ref. [201]

pulse and the first data pulse triggered by the second
read pulse. Consequently, an interference pattern can be
observed thanks to the modulation of the phase carried
by either the data or the read pulse. In this case, the
authors obtained a near-perfect interference pattern visi-
bility. This experiment therefore stands as a proof of the
phase and amplitude preservation of two subsequent co-
herent pulses and the possibility of adjusting the phase.
Similarly to the previously described experiment, deal-
ing with temporal interference, a second experiment has
been dealing with spatial interference. It is based on
a similar technology, and the aim was to demonstrate
the coherent storage of the relative phase between two
pulses in two independent quantum memories, located
placed in an arm of a fiber interferometer [200]. The
phase in the interferometer could be modulated using a
fibre stretcher, leading to an interference pattern with a
visibility of about 90%. Therefore the phase was main-
tained over the storage time, and indistinguishability of
photon echoes was proven.

Three years later, a thulium-doped LiNbOs waveg-
uide has been investigated as an alternative to the
Ti:Er:LiNbO3 thanks to a collaboration between Cal-
gary and Paderborn universities [206, 207]. With such
a device, shown in FIG. 24, the thulium (Tm3") tran-
sition of interest is at 795nm and the authors showed
that the related transition has an optical coherence of
1.6 us when the sample is cooled at a temperature of 3 K.
A storage time of up to 7ns was demonstrated. The
authors showed the coherent storage of time-bin entan-
glement using a photon-echo protocol. Thanks to this
Tm-doped waveguide, they showed a broadband accep-
tance photon bandwidth of 5 GHz, which corresponds to
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an increase by a factor 50 when compared to earlier pub-
lished results for solid-state quantum memory devices.
This is directly comparable with well-established systems
based on atomic vapours, such as the ones demonstrated
by the Oxford group [195, 208]. Eventually, they ob-
tained an input/output entanglement fidelity or more
than 95%. This realization highlights why IO technology
could play a leading role in development of solid-state
quantum memory systems.
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FIG. 24. Illustration of the waveguide geometry and material
layers for implementing a solid-state quantum memory. The
Tm concentration profile is given on the left and the calcu-
lated intensity distribution of the fundamental TM-mode at
795 nm is shown on the right. From the waveguide center, iso-
intensity lines represent 100%, 87.5%, 75%, etc., respectively,
of the maximum intensity. Figure inspired from Ref. [207].

VI. ADVANCED FUNCTIONS

Together with the rise of ultra-bright integrated pho-
ton pair sources (see Section III), integrated photonic
circuits turned to be remarkable alternative to optical
circuits based on bulk optical elements bolted to room-
sized optical tables [101]. Soon after, a new generation
of integrated-photonics-enabled experiments was demon-
strated [8, 22, 209]. In this section, we aim at describing
some of the more pertinent advanced circuits. It cov-
ers LN chips merging more than two elementary func-
tions whose global performances have shown a signifi-
cant step over bulk optics. This section will be divided
in three parts: the first one encompasses demonstra-
tors whose dense integration allows realizing otherwise
impossible operations using bulk optics. We will start
with a quantum relay chip applicable to long-distance
quantum communication [210] and also discuss a state-
of-the-art chip allowing to generate and manipulate en-
tangled photons [137]. The second subsection will focus
on realizations where dense integration enables in itself
a new range of experiments, as for instance the genera-
tion of photon pairs in nonlinear waveguide arrays [25].
Finally, the last subsection will deal with enhanced non-
linear interaction in integrated structures being exploited



to demonstrate sources of advanced quantum states. The
discussed experiments are generation of entangled photon
triplets [211-213] and single photon interaction [214].

A. Integration of various optical functions

As presented in Section II, LN exhibits both optical-
optical and electro-optical non-linear properties. It
is therefore natural to exploit spontaneous parametric
down-conversion to produce entangled photon pairs but
also to integrate many channels that can be used to
switch, recombine or make photons interfere at specific
locations by use of electro-optically controllable couplers.
Two favourable aspects of the IO implementations are:
(a) the compactness and the monolithic construction of
the chip ensure negligible phase drift between the chan-
nels during propagation; (b) most of the crucial func-
tions for quantum processing are based on linear opti-
cal elements, including variable beam splitters and phase
shifters [215], commonly achieved with current technolo-
gies on LN.

As a first example of dense integration, our group re-
cently implemented a quantum relay chip for quantum
communication, in a compact, stable, efficient, and user-
friendly fashion. FIG. 25 presents a schematic of a chip
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PPLN/WV - SPDC

FIG. 25. 3-D representation of a quantum relay chip made for
extending one-way quantum cryptography systems. This chip
gathers a PPLN section for photon-pair generation and two
electro-optically controllable couplers C1 et C2. D; and Do
are two detectors responsible for the Bell state measurement.
At the end of the quantum channel, Bob’s detector is triggered
by the AND-gate (&) placed after these two detectors. Figure
inspired from Ref. [210].

on which all the necessary optical functions are merged
for implementing on-chip teleportation [210]. The basic
operation is as follow: Let us suppose there is an initial
qubit [¢), encoded on a photon at 1530 nm and travel-
ling along a fiber quantum channel connected to port A to
the relay chip. At the same time, a laser pulse at 766 nm,
synchronized with the arrival time of the photon, enters
through the nonlinear zone of the chip which consists of
a PPLN waveguide. Here, it generates by SPDC an en-
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tangled pair of photons (2 and 3) whose wavelengths are
respectively centred at 1530 nm and 1534 nm. Then, the
first 50/50 directional coupler (C4) is used to separate
the created entangled photons in such a way that pho-
tons 1 (sent by Alice) and 2 arrive at the same time at the
second 50/50 coupler (C5). If conditions on the polariza-
tion states, central wavelengths, and coherence times are
met, photons 1 and 2 can be projected onto one of the
four entangled “Bell states”. The resulting state is iden-
tified by coincidence analysis (&-gate) on detectors D
and D> placed at the output of the chip. As a result of
this measurement, the quantum state |¢) (initially car-
ried by photon 1) can be teleported onto photon 3 that
exits the chip at port B, ideally without any degrada-
tion of its quantum properties. This is made possible by
photon 3 being initially entangled with photon 2. As a
consequence the resulting electrical trigger is not only the
signature of the presence of the initial carrier at the relay
chip location but also of the departure of a new one coded
with the same qubit state that remains unknown. From
a practical point of view, when this teleportation process
is repeated on all the qubits travelling along the quantum
channel, we obtain, at the output of the chip, “relayed”
photonic qubits coded on telecom photons. This relay
function is ensured by the fact that each photon arrives
synchronized with an electrical signal given by the AND-
gate which allows triggering Bob’s detectors at the end of
the channel and therefore increasing both the SNR and
the communication distance. On the technological side
(see FIG. 25), the chip features a photon-pair creation
zone and two tunable couplers (which will be operated in
50/50 regime). The waveguiding structures are obtained
using soft proton exchange on a Z-cut crystal. A 10 mm
long PPLN zone of poling period of 16.6 um allows the
generation of twin photon at 1535 nm at the temperature
of 80° C. The directional couplers C; and C5 consist of
two waveguides integrated close to each other over mm-
length. If the spacing is sufficiently small, energy is ex-
changed between the two guides. An electro-optical con-
trol of the coupling ratio is made possible using deposited
electrodes enabling switching from 0 to 100% coupling ra-
tios and reconfigurable operation. To correctly separate
photons 2 and 3 and entangle 1 and 2, the two couplers
are set to the 50/50 ratio.

Once manufactured, the chip has been characterized
using a weak coherent source in the single photon regime
using the so-called HOM two-photon interference effect,
which is seen as the major preliminary step towards
achieving teleportation. We obtained a quantum inter-
ference featuring 79%=+25% net visibility using two inde-
pendent single photons, one external and one from the
on-chip created pairs. The result is in good agreement
with the theoretical expectation of 75% accounting for
the single photon statistics. The large error bars are es-
sentially due to a non-optimal detection scheme and a
lossy device (9dB) leading to a very low three-fold coin-
cidence rate. However, it has been shown that the achiev-
able quantum communication distance could be possibly



augmented by a factor of 1.4 in that particular case.

Another excellent example of high integration is given
by the chip from Nanjing University (China) [137]. It
gathers on a single substrate six different optical func-
tions made of annealed proton exchanged waveguides in-
tegrated on a Z-cut PPLN crystal. Chronologically, the
photons experience a Y-branch junction, transition ta-
pers, a phase shifter, a nonlinear zone, and finally 50/50
couplers as well as wavelength filters.
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FIG. 26. The Nanjing University chip exhibits dimensions
as small as 50 mmx5mmx0.5mm. The widths of the single
mode waveguides are 2 ym for the pump (zone I) and 6 yum for
the entangled photons (zones II and IIT). The PPLN section is
10 mm long with a period of 15.32 pm. The interaction lengths
of C7 and Cy are 650 pum and 1300 pum, respectively, with a
separation of 4 um between the coupled waveguides. The elec-
trodes are 8.35 mm long with a separation of 6 ym. The buffer
layer (SiO2) is etched along the gap between the electrodes
to suppress DC drift. Figure inspired from Ref. [137].

The chip comprises three sections. In Section I, 780 nm
pump pulses are coupled into the central waveguide (Lg
on FIG. 26) and coherently split by a Y-branch single
mode beam splitter toward two separated arms. Then,
electrodes above each path are used to control their rel-
ative phase shift (§¢). Eventually, transition tapers en-
sure efficient coupling of 780 nm light into single mode
waveguides at telecom wavelength (1560 nm). Section II
is dedicated to entanglement generation. It consists in
a 10 mm-long PPLN region, in which degenerate photon
pairs at 1560 nm are produced indistinguishably from ei-
ther one of the two PPLN waveguides. Statistically, if
much less than one pair is created at a time in the two
waveguides, hence the photonic state is path-entangled,
ie., [¥) = (|2,0) +¢€?|0,2)) /v/2. Section III is de-
signed to engineer entanglement. There, quantum in-
terference is achieved using a 50/50 coupler (C). De-
pending on the applied phase, the output state remains
path-entangled or is converted to the product state |11).
Continuous morphing from a two-photon separated state
to a bunched state is further demonstrated by on-chip
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fast control of electro-optic phase shift. The photon pairs
are separated from the pump by on-chip wavelength fil-
ters (C2) since the photons at 1560 nm experience a 100%
transfer in the Cy couplers, toward waveguides R; and
R4 by evanescent coupling, whereas the pump at 780 nm
remains in Ry and Rs.

From the technical side, a poling period of 15.32 pm
at a temperature of 25.5°C allows to generate pairs
of photon with an associated brightness of 1.4 x
107 pairs.s~'.nm~'.mW~!. It therefore requires a few
tens of uW to operate in the single pair emission regime.
The 780 nm light suppression has been measured to be
29.2dB for Ry and 31.4dB for R4, accounted for the in-
tegrated filters and the propagation losses.

Single photon interference shows a visibility of 98.9%
and the period of the fringes is 7.1V with an offset volt-
age of 2.3V to compensate for a slight optical path differ-
ence between the two PPLN waveguides. The coupling
efficiency from the chip to the output fibres provides an
additional 1 dB loss and the propagation losses for the en-
tangled photons in waveguides R; and R4 are 6.5dB and
8.6 dB, respectively. The characterization of the emitted
two-photon states has been performed thanks to a re-
verse HOM interference using an external beam-splitter.
A visibility of 92% has been reported.

B. Advanced photonic state generation

Quantum random walk and boson sampling are two
iconic research trends since they belong to a class of
mathematical problems extremely hard to simulate us-
ing classical computers when the number of walks be-
comes large [216]. This is one peculiar situation where
integrated quantum photonics turns out to be interesting
by allowing to work with more than 20 cascaded beam-
splitters whose relative phases are inherently stable [9].
The chip demonstrated in Ref. [25] through a collabo-
ration between Australian and German groups adds an
extra degree of complexity to random walk by investi-
gating nonlinear random walk in a waveguide array to
generate non-classical photon-pair states with a reconfig-
urable degree of path-entanglement.

As depicted in FIG. 27, entanglement is achieved
through quantum interference of photon pairs generated
by SPDC in a x(® nonlinear waveguide array (WGA).
The WGAs are fabricated on z-cut PPLN wafers by ti-
tanium indiffusion. The WGA used for their experiment
consists of 101 waveguides with a spacing of 13.5 um and
a length of 51mm. The distance between each neigh-
bour waveguides has been engineered so that the pump
photons at 775nm never leaves the central waveguide,
whereas the generated photon pairs at 1550 nm undergo
a quantum walk as schematically illustrated in FIG. 27.
Typical CW pump powers are below 0.5 mW.

Starting from the pumped waveguide, photon pairs
evolve over time by hopping to the left or right neighbour-
ing waveguides. Here, the pump beam (green) can ini-



FIG. 27.

Schematic illustration of a quadratic nonlinear
waveguide array. The pump (green) is coupled to the waveg-

uide number n,. The photon pairs (red) are generated in
the pump waveguide and propagate in the regime of quan-
tum walks. As the pump continuously generates photon pairs
along the propagation axis (z), signal and idler photons walk
back and forth between all the waveguide (red arrows). Figure
inspired from Ref. [25].

tialize photon-pair quantum walks in the central waveg-
uide at all possible distances z from the input. Basically,
it implies that, at each position z, one has to consider
the coherent superposition of created pairs hopping back
and forth from the central waveguide but also the con-
tribution of pairs created earlier. This effect leads to
the excitation of a cascade of interfering 2D quantum
walks, visualized by the red arrows in FIG. 27. Actually,
each of these quantum walks is a continuous-time nonlin-
ear quantum walk with propagation distance z providing
much richer output states compared to passive quantum
random walks.

The cascaded quantum walks can be controlled by tun-
ing the pump wavelength or changing the sample struc-
ture, providing a flexible tool for the preparation of states
with a variable degree of nonclassicality in the spatial
domain. For demonstration purpose, the authors have
changed the phase mismatch by tuning the pump wave-
length and also spanned over all possible input waveg-
uides to show the reconfigurability of the quantum states.
Interestingly, an additional theoretical investigation ex-
ploits spatial engineering of the PPLN duty cycle so as
to obtain four coupled nonlinear waveguides whose effi-
ciency is longitudinally modulated in order to produce,
on demand, any desired Bell-state [217].

1. On-chip generation of photon-triplet states in integrated
wavegquide structures

Photon-triplet states are a long standing goal in quan-
tum optics since they are essential for fundamental tests
of quantum mechanics and optical quantum technolo-
gies [218]. Their production has been proposed 20 years
ago based on cascaded SPDC processes [218]. How-
ever, the direct generation of such a state suffers from
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an extremely low efficiency. The performances of PPLN
waveguides have allowed the direct generation of pho-
ton triplets from SPDC of a single photon into a photon
pair [219].
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FIG. 28. Schematics of the device implemented for gener-
ating photon-triplets using cascaded SPDC processes. AR
amounts for anti-reflection coatings at 532nm (input facte)
and telecom wavelength (output facet). Figure inspired from
Ref. [220].

As shown in FIG. 28, we will focus here on a fully
integrated device that merges, on a single chip, two non-
linear zones and a wavelength-dependent directional cou-
pler for such a purpose [220]. Compared to free-space re-
alizations, the integrated design allows maintaining the
overall losses at a reduced level thanks to the ultra-low
intrinsic scattering losses of waveguides and the lack of
lossy interface like fibre-to-waveguide coupling. The chip
indeed requires only 10 uW of pump power for producing
11 detected photon triplets per hour and a coincidence
signature of more than 27 standard deviations above the
noise level. This compares very positively to free space
approaches whose production rate was limited to 5 de-
tected photon triplets per hour for several mW of pump
power [219].

The chip is pumped with a laser beam at 532 nm (green
p-labelled photon) and the first periodically poled area ef-
ficiently generates paired photons respectively at 790 nm
(red sl-labelled photon) and 1625 nm (brown il-labelled
photon). The on-chip directional coupler structure al-
lows to demultiplex the paired photons as a function of
their wavelengths. While the long-wavelength idler pho-
tons are transferred to the adjacent waveguide, the short-
wavelength signal photons remain in the original arm.
The signal photons can act as a pump for the second
SPDC stage and decay to a pair of granddaughter pho-
tons at around 1580 nm (red s2 and i2 photons) within
the other PPLN/W structure. Eventually, three telecom
photons are produced out of one green pump photon and
the tricky part of the experiment lies in the mean num-
ber of pairs (sl and i1) to be maintained below 0.1 to
ensure that only three photons are generated at a time.
In other words, the triplets overall generation probabil-
ity cannot be artificially compensated by increasing the
pump power. Here the only free parameter is the internal
conversion efficiency of SPDC which is directly related to
the waveguiding structures.

Finally note that generation of tripartite telecom pho-



tons has recently been demonstrated at the University of
Hefei (China) using hybrid-cascaded processes, i.e. com-
bining an atomic ensemble and a nonlinear PPLN waveg-
uide [222].

2. Single photon nonlinear interaction

Although not completely based on a fully integrated
device as the previously discussed realizations, note that
the Geneva group also reported the demonstration of
photon triplet generation. The very interesting part
of their approach lies in the sum-frequency generation
(SFG) using two single photons as input states. Such
an interaction at the single photon level has been a cor-
nerstone in the community [221, 223-226] for its central
role in entanglement creation between independent pho-
tons. Some demonstrations have been made in artifi-
cial materials such as quantum dot in high-finesse cav-
ities [224, 227, 228], or through electromagnetically in-
duced transparency in atomic ensembles. Nowadays, a
major challenge is to realise photon-photon interactions
in materials that are less restrictive in terms of band-
width and wavelength [214]. The Geneva team has taken
an approach that exploits a parametric process in a non-
linear waveguide and shows for the first time a nonlinear
interaction between two independent single photons via
SFG.

As illustrated in FIG. 29(a), the authors have used two
independent heralded single photon sources, HSPS1 and
HSPS2, generating photons at 1560 nm and 1551 nm, re-
spectively. Having two different wavelengths is of prime
importance to distinguish SHG from SFG, i.e., to avoid
the pollution of independent single photon interaction
by two-photon state self interaction. The two HSPS are
fibre-coupled to a PPLN/W that is quasi-phase matched
to perform the SFG process 1560nm + 1551nm —
778 nm. Thanks to a single photon interaction efficiency
of 1.56 x 10~® (fibre pigtail losses included), which is di-
rectly related to the SPDC efficiency of the device, the
authors have registered 80 three-fold coincidences over
260 hours as shown in FIG. 29(b). This result has a
statistical significance of over 7 standard deviations with
respect to the background (Poissonian distribution cen-
tred on 35).

As a conclusion, quantum photonics experiments have
now reached such a level of complexity that only inte-
grated optics can fit current and future requirements.
Integrated photonics stands now as the first-choice ap-
proach for its reduced interface losses when the source is
monolithically integrated to complex quantum circuits.
The case of LN devices is particularly interesting since
it exhibits all the technological requirements for future
controllable photon-photon production, interaction, and
manipulation.
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FIG. 29. a) Experimental setup. A mode-locked laser, emit-
ting 10 ps pulses at 532 nm with a repetition rate of 430 MHz,
is used to pump two heralded single-photon sources (HSPS1
& HSPS2) based on PPLN/Ws. The generated photons are
deterministically separated by dichroic mirrors (DM), colli-
mated, and then collected using single-mode fibres. Diffrac-
tion gratings (not shown) are employed to filter the heralding
photons (810, 807nm) down to ~0.3nm. In this configura-
tion, the heralded telecom photons are projected onto a spec-
tral mode that is matched to the acceptance bandwidth of
the SFG process, which was measured to be 0.27nm. Those
two telecom photons are combined via a dense wavelength
division multiplexer (DWDM) and directed to a 4.5 cm-long
fibre-pigtailed type-0 PPLN/W. The unconverted photons are
deterministically separated from the SFG photons by a prism
(not shown), the latter being sent to a single-photon detector
(D3). Threefold coincidences between detectors D1, D2, and
D3 are recorded using a time-to-digital converter TDC. b)
A clear signature of the photon-photon interaction emerges
from the background noise in the time-of-arrival three-fold
coincidence histogram. The axis labeled 731 shows the de-
lay between detectors D1 and D3, while 732 shows the delay
between D2 and D3. Each pixel is composed of 2.3 ns bins, de-
fined by the laser repetition rate. The histogram counts shows
a Poissonian distribution for the noise with a mean value of
35. The single peak at 80 corresponds to the true three-fold
coincidences and exceeds the mean value by 7 standard devi-
ations. Figure inspired from Ref. [214].
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VII. GENERATION & MANIPULATION OF
SQUEEZED STATES

The last application of integrated photonics to the field
of quantum information science, that we will discuss,
concerns squeezed state of light. A key difference with
the above discussed quantum functions is that, while
one often consider quantum photonics to involve discrete
observable (path, polarization or time-bin), squeezed
state of light involves continuous variable (CV) such as
the two quadrature of the electrical field of light. Among
the fundamental applications, an attractive application
feature is that entanglement on continuous variable
(CV) of light can be generated in a deterministic way
via non-linear optics and that, although propagation
losses reduce le level of squeezing (or correlation), it is
never completely destroyed [229, 230]. Based on this
principle, different realizations of squeezing at telecom
wavelengths have been demonstrated [231, 232].

In this context, PPLN/W can be conveniently exploited
for the generation of CV non-classical light [233]. In
particular, thanks to strong mode confinement and
non-linear properties, SPDC in PPLN/Ws allows the ef-
ficient generation of high quality squeezed states without
recurring to cavity-based conversion enhancements [234].
On one hand, compared to bulk implementations,
single pass arrangement in waveguides offers better
compactness and stability [2]. On the other hand, in the
absence of an optical resonator, the squeezing emission
bandwidth is limited only by the SPDC phase-matching
condition and can cover tens of THz. This last feature
opens to the possibilities of wavelength demultiplexing
and high-speed quantum communications.

In what follows, we will describe some interesting
examples of applications of lithium waveguide tech-
nology to CV quantum experiments. In particular,
we will report on the realization of a LN chip for the
generation of squeezing at telecom wavelength in a
compact and partially integrated setup pumped by a
pulsed telecom laser. This will open to the presentation
of a work demonstrating the possibility of enhancing
pulsed homodyne detection performances thanks to
a dedicated phase-matching stage implemented in a
PPLN/W. Eventually, we will present a recent work
where PPLN/Ws compatibility with fibred components
is exploited to implement a fully guided wave squeezing
experiment.

PPLN/Ws have been employed in both single mode
and two mode squeezing experiments. For example, con-
tinuous wave (CW) broadband entanglement at 946 nm
has been demonstrated in Tokyo in 2007 [234], by com-
bining on a 50:50 bulk beam splitter two independent
squeezed states generated each by a PPLN/Ws. Corre-
lated beams are then simultaneous measured thanks to
a double homodyne detection scheme and entanglement
is confirmed with a verification of Duan’s inequality
over a bandwidth of more than 30 MHz. As pointed
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FIG. 30. Schematic of the integrated squeezing circuit in-
spired from Ref. [235]. The chip is based on APE waveguide
structures and includes a second harmonic generation stage,
waveguide couplers, spatial mode filters, and a degenerate op-
tical parametric amplification (D-OPA).

out by the authors, the observed squeezing bandwidth
is basically limited by the detector performances and
could be improved with faster electronics.

In 2002, the squeezing generation in a LiNbOj inte-
grated optical circuit is demonstrated in pulsed pump
regime [235]. The chip is based on APE waveguide
structures and includes a second harmonic generation
stage, waveguide couplers, spatial mode filters, and a de-
generate optical parametric amplification (d-OPA) used
to generate squeezed light at the telecom wavelength of
~1538nm (see Fig. 30). On the component, the SHG
and the d-OPA (i.e the stimulated PDC) stages corre-
spond to suitably periodical poled areas. The system
is pumped with 20 ps-long pulses at 1538 nm (100 MHz
repetition rate), whose wavelength is frequency doubled
by the SHG stage so as to provide a pump beam for the
PDC. Another (non-converted) fraction of the same laser
is sent towards a different input of the component and
used as a seed for the d-OPA. The seed and the pump
are combined thanks to an integrated waveguide coupler
and reach together the d-OPA region. In addition to
miniaturizing a part of the experimental setup, the
integration reduces the amount of frequency doubled
light lost in coupling to the d-OPA stage: in this sense,
it increases the overall power efficiency of the device.
At the chip output the squeezed light is analyzed in
bulk homodyne detector. Experimentally, for 6 W of
incoming peak pump power at 1538 nm, single mode
squeezing with -1dB of measured noise reduction is
observed.

As discussed by the authors of [235], a strong lim-
itation in pulsed squeezing homodyning arises from
poor detection efficiencies due to inadequate temporal
mode matching between the beam under investigation
and local oscillator (LO). As a matter of fact, a main
difficulty in single-pass squeezers pumped in pulsed
regime lies in gain induced diffraction, that distorts
the squeezed light phase front, when working in high
parametric gain (i.e. high squeezing regime) [235]. A
valuable strategy to comply with this limitation has
been demonstrated in 2008 in Tokyo [236]. In this work,
the LO pulses are suitably temporally shaped by sending
them though a dedicated optical parametric amplifier
realized in a periodically poled MgO:LiNbO3 waveguide.



The experiment exploits the fact that parametric gain in
the center portion of the amplified beam is larger than
in its tails and that it can be conveniently adjusted by
acting on the OPA pump beam: based on this principle,
the LO temporal profile can be conveniently modified.
The authors test their approach with the detection of
squeezed light at 1535nm produced by SPDC in an-
other periodically poled MgO:LiNbO3 waveguide. The
squeezer is pumped by a frequency doubled Q-switched
laser, emitting optical pulses at 1535 nm with a duration
of 3.7ns. A systematic study of detected squeezing as a
function of the SPDC pump power is provided. Shaped
LO pulses allow to achieve near-unit mode-matching
efficiency and to measure, in the high gain regime, a
squeezing of -4.1dB below the shot noise level. This
value corresponds to an improvement of ~1dB with
respect to the case of non-shaped LO and proves the
validity of the adopted strategy.
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FIG. 31. Schematic of the experimental setup inspired from
Ref. [237]. A fiber coupled CW telecom laser at 1542nm is
amplified (EDFA) and split into two beams by means of to a
70:30 fibre beam splitter. The less intense beam serves as the
local oscillator (LO) while the brighter one is frequency dou-
bled via SHG in a PPLN/W and used to pump a ridge waveg-
uide (SPDC, PPLN/RW). The power of the beam at 771 nm
is controlled with an in-line fibred attenuator (Pwr Ctrl). At
the output of the SPDC stage, the squeezed vacuum state
at 1542 nm is sent towards a fibre homodyne detector where
it is optically mixed with the LO based on a balanced fibre
beam splitter (50:50) followed by InGaAs photodiodes (PDs).
The LO phase is scanned thanks to a fibre-stretcher module
(Phase Ctrl) while a fibre polarization controller (PC) allows
the polarization mode matching at the homodyne detector.

To conclude this section, we observe that in all pre-
sented implementations, squeezed states generated in
PPLN/W are collected free-space to be characterized in
bulk homodyne detectors. Very recently, in Nice, a en-
tirely guided-wave realization of a squeezing experiment
at telecom wavelength has been demonstrated, for the
first time [237] (see Fig. 31). In this scheme, single-mode
squeezing at 1542 nm is generated in CW pumping regime
via degenerate SPDC in a periodically poled lithium nio-
bate ridge-waveguide (PPLN/RW). At the output of the
PPLN/RW, the non-classical beam is measured with a
fibre homodyne detector. As for previous implementa-
tions, the SPDC pump beam is obtained by frequency
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doubling a CW laser operating at 1542nm. The SHG
stage implemented in a SPE:PPLN/W. A fraction of the
laser beams is used a LO for the homodyne detection.
CW regime completely bypasses the LO temporal match-
ing issues. In addition, besides the miniaturization of the
setup, a major advantage of guided-wave optics lies in the
achievement of a high degree of spatial mode matching
between the LO and the signal without optical adjust-
ment [238]. This huge benefit extremely simplifies the
homodyne detector implementation. With this setup, the
authors observe up to —1.83 dB of squeezing emitted at
1542 nm in CW pumping regime for an input pump power
of 28 mW. The proposed configuration allows implement-
ing a plug-and-play and extremely easy experiment, en-
tirely based on commercially available components and
fully compatible with existing fibre networks.

In conclusion, as for discrete variable experiments in sin-
gle photon regime, PPLN/Ws can be key ingredients for
efficient CV experiments. More in details, as discussed,
compared to their bulk counterparts, PPLN/W-based
squeezing experiments offer the advantage of extremely
simplifying the experimental setup, as demanded for out-
of-the-lab realizations, while ensuring versatility, reliabil-
ity and high non-linear optical performances.

VIII. CONCLUSION & PERSPECTIVES

The impact of integrated optical devices in modern
quantum optics has already been considerable. As have
been outlined all along this manuscript, pertinent, and
otherwise infeasible with bulk optics approaches, realiza-
tions have been reported over the last two decades, with
outstanding advances in quantum sources, interfaces, re-
lays, memories, as well as in linear optical quantum com-
puting. Among all the available technological quantum
photonics platforms, lithium niobate has been playing a
major role, due to mature fabrication processes and re-
markable inherent properties, that are barely met with
other materials.

Thanks to their compactness, efficiencies, and inter-
connects capabilities, many of the demonstrated individ-
ual devices based on lithium niobate can clearly serve
as building blocks for more complex quantum systems.
Those devices have also been shown compatible with
other guided-wave technologies, such as standard fibre
optics components. Elementary implementations of on-
chip integration has begun and can be expected to be
greatly expanded in the near future. While the input and
output coupling continues to remain a difficult problem
for all integrated optical devices, the continuing evolu-
tion of these developments, as well as the incorporation
of new technologies, such as nano-wire waveguides and
photonic crystal circuits, could add considerable impetus
to this rapidly evolving field. There is no fundamental
reason preventing a solution to this problem.

The road towards achieving exploitable quantum com-
puters and networks might be very long and challeng-



ing. However, there exists a large space for important
advances using quantum systems enabled by integrated
photonics technologies, with tremendous impacts on how
information will be processed and communicated. Up to
now, we have only seen the premises of quantum enabled
technologies. The future of quantum information science
very likely lies in the development of new technologies
as well as in the coherent merging of those technologies
for assessing hybrid devices, for pushing the potential of
dense optical integration to its maximum and exploiting
the best features of all of them.

Increased density and functional integration clearly ap-
pears as one of the major directions for future deploy-
ment of quantum integrated optical devices. A great
potential might lie in integrated waveguide arrays, also
referred to as quantum guidonics, where dense integra-
tion plays a crucial role, with or without nonlinear opti-
cal features. In coupled-waveguide arrays, light prop-
agates as discrete beams, with both guided and free
characteristics: these arrays are can therefore be consid-
ered as versatile two-dimensional meta-materials with, on
lithium niobate, the capabilities of being (re-)configured
on demand using electro-optical effect. The guidonic pat-
terning, i.e., patterning the coupling coefficient between
neighbour waveguides which controls the propagation, al-
lows novel manipulation of light, constituting a complete
discrete photonics corpus [239]. There is no doubt that
the “coherent” interfacing of nanotechnologies, ferroelec-
tric domain structuring, and integrated optics on lithium
niobate should enable great advances in quantum optical
systems in the near future [240].
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