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Integrated photonics provides a powerful approach for developing compact, stable, and scalable architectures for the
generation, manipulation, and detection of quantum states of light. To this end, several material platforms are being
developed in parallel, each providing its specific assets, and hybridization techniques to combine their strengths are
available. This review focuses on AlGaAs, a III-V semiconductor platform combining a mature fabrication technology,
direct band-gap compliant with electrical injection, low-loss operation, large electro-optic effect, and compatibility
with superconducting detectors for on-chip detection. We detail recent implementations of room-temperature sources
of quantum light based on the high second- and third-order optical nonlinearities of the material, as well as photonic
circuits embedding various functionalities ranging from polarizing beamsplitters to Mach-Zehnder interferometers,
modulators, and tunable filters. We then present several realizations of quantum state engineering enabled by these
recent advances and discuss open perspectives and remaining challenges in the field of integrated quantum photonics
with AlGaAs. © 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Integrated photonics is playing a major role in the advancement
of quantum technologies, with applications including communi-
cation, computing, simulation, and metrology [1-4] expected to
radically change the way we transmit, process, measure, and store
information. Indeed, photons are ideal low-noise carriers of infor-
mation, and they can be used by directly exploiting their properties
or to probe/interact with the state of other quantum systems; more-
over, they maintain a high degree of coherence without the need of
vacuum or cooling systems, thus offering significant advantages for
practical implementations. Over the years, important milestones
have been reached, culminating in the recent demonstrations of
space-to-ground quantum communications [5] and quantum
computational advantage [6,7].

As with classical photonics, it has become crucial to integrate
components for quantum photonics at the chip scale to advance
from laboratory experiments to large-scale implementations and
real-world technologies. Unlike the case of electronics, where the
basic device is the transistor and the dominant material is silicon,
the variety of requirements needed for each intended application
prevents the choice of a single-material platform and device geom-
etry for the realization of integrated quantum photonic devices;
for this reason, a range of solutions has been developed in the last
two decades, including quantum emitters (such as semiconduc-
tor quantum dots, color centers in diamond, and molecules),
nonlinear optical platforms (such as lithium niobate, silicon-based
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materials, and III-V semiconductors), and several others [1,8].
One of the major future challenges is the implementation of
fully on-chip photonic quantum information processing [9,10];
however, competing functionalities impede the realization of
integrated quantum photonic circuits including the generation,
manipulation, and detection of quantum states of light from a
single material platform (monolithic integration). For this reason,
important efforts are currently dedicated to the development of
hybrid (the integration of post-processed components onto a
specific chip platform) and heterogeneous (the direct deposition of
various active materials onto the same wafer, and different from the
native wafer composition) manufacturing processes. A review on
this topic can be found in [11].

In this paper, we review the field of nonlinear integrated quan-
tum photonics in AlGaAs. This direct bandgap-semiconductor
platform offers a wide range of functionalities, including quan-
tum state generation, low-loss routing, electro-optic modulation,
and on-chip single-photon detection through hybrid integration
of superconducting detectors [12—-15]. The generation of non-
classical states of light in this platform can be achieved either via
optical excitation of embedded quantum dots (QDs) [16,17], or
by exploiting its strong nonlinear optical effects [18]. The first
approach combines the potential of efficient deterministic gen-
eration of pure quantum states with the possibility of exploiting
the electron or hole spin as a matter qubit; a review on this topic
can be found in [19]. This paper focuses on the second approach,
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i.e., nonlinear photonics, which, despite the nondeterministic
nature of the generation process leading to a compromise between
brightness and multi-photon emission suppression, presents the
advantages of room temperature operation, an extremely high
quality of the produced quantum state combined with device
homogeneity on an entire wafer, and the experimental simplicity
of operation and integration with other photonic components and
devices. An exciting prospect for the realization of complex pho-
tonic circuits is to combine the advances described in this review
with those achieved with QDs, thus merging the two approaches
to integrate a variety of functionalities on the same chip. After
having introduced the assets of AlGaAs in the landscape of material
platforms for quantum photonics, we discuss the implementation
of quantum photonic circuits. We then describe various device
geometries implemented up to now to generate non-classical states
of light exploiting either second- or third-order nonlinearities, and
we highlight the criteria used to quantify the performances of pho-
ton pair sources. Finally, we present the possibilities of quantum
state engineering offered by this platform and conclude by drawing
up perspectives on future developments from the point of view of
both fundamental and technological research enabled by advances
in these last few years.

2. ASSETS OF AlGaAs

Silicon-on-insulator (SOI), silicon nitride (SiN), and silica are the
central platforms on which many essential photonic components
are built [20,21]. Besides their ubiquitous impact on classical
integrated photonics, silicon-based platforms have also driven
the field of quantum photonics from few-component prototypes
to multi-qubit optical processors [22,23], at least partially due to
the existing silicon foundry infrastructure. Processing photonic
integrated circuits (PICs) in a foundry provides an advantage for
scalability; however, silicon-based photonics have several funda-
mental limitations for nonlinear quantum photonics. Silicon in
particular suffers from large nonlinear losses due to two-photon
absorption (TPA) and induced free carrier absorption (FCA) at
1550 nm. These place limits on the power density inside wave-
guides, which in turn restrict the on-chip generation rates of
quantum light. Additionally, silicon-based materials do not exhibit
an electro-optic effect due to a centrosymmetric crystalline struc-
ture, which leads to challenges in implementing efficient tunable
elements and high-speed manipulation. The majority of tun-
able elements thus rely on thermal tuning at room temperature,
which precludes the integration of superconducting detectors.
Considering each of these aspects, an ideal quantum PIC (QPIC)
platform would exhibit high x ® and x® optical nonlinearities,
a wide and tunable direct bandgap, high index contrast for tight
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modal confinement, native integration of solid-state single-photon
emitters and gain for on-chip amplification and lasing, as well as
wafer-scale fabrication for scalable manufacturing.

Advances in the growth and fabrication of a variety of emerging
photonic materials over the last decade have opened many new and
exciting opportunities for nonlinear integrated quantum photon-
ics [8]. AlGaAs ternary alloys stand out among a growing family of
highly nonlinear photonic materials that include dielectrics such as
lithium niobate or lithium niobate on insulator (LNOI), and other
ITI-V materials like AIN (see Fig. 2 and Table 1).

Using high-quality molecular beam epitaxy (MBE) with
atomically smooth interfaces, GaAs/AlGaAs heterostructures
can be grown with tunable composition and thickness [Fig. 1(a)],
enabling complex structures such as distributed Bragg reflectors,
PIN diodes, and lasers. The lattice constants of GaAs and AlAs are
within 1 pm, and lattice matching is maintained for all AlGaAs
compositions. This enables the defect-free growth of complex,
multi-layered heterostructures [27] thanks to MBE techniques,
allowing for precisions on compound concentrations and layer
heights well below 1%. The patterning of these high-quality
AlGaAs-based epitaxial structures into waveguides, resonators,
and complex PICs can be performed with high precision, high
directionality and low roughness using, e.g., inductively coupled
plasma (ICP) etching with HSQ resist masks [28]. Additionally,
advances in chip- and wafer-scale bonding have enabled high-
quality interfaces between AlGaAs and SiO,, which is not native
to AlGaAs growth. Using a combination of surface plasma activa-
tion, thin passivation layers such as alumina or aluminum nitride,
and thermal annealing under high-pressure to enhance direct
bond strengths, AlGaAs can be directly contacted with SiO; for
high-quality AlGaAs-on-insulator (AlGaAsOI) designs. Using
atomic-layer deposition or plasma-enhanced chemical vapor depo-
sition, SiO; thin films can also be directly deposited on AlGaAs,
which can serve as a hard mask for optical lithography and the
top cladding layer to fully encompass the AlGaAs waveguide.
Further details of the AIGaAsOI fabrication process can be found
in [25,26,29].

AlGaAs exhibits a wide transparency window that can be
tuned by varying the aluminum concentration x. A direct
bandgap is maintained for x < 0.45, and the bandgap varies as
E,(x) = 1.422 + 1.2475x eV. Waveguides with x < 0.45 thus
have a wide transparency window spanning 0.62-17 pm, and
this leads to low intrinsic optical losses due to TPA- and FCA-
free operation throughout the telecommunications bands. Alloy
engineering also provides a control knob for tuning the refractive
index from 2.9 (AlAs) to 3.4 (GaAs), which allows for modal and

dispersion engineering between normal and anomalous regimes

Table 1. Passive Components in the AlGaAsOl Platform Compared with SOI, SiN, LNOI, and AIN®
AlGaAsOI SOI SiN LNOI AIN

Inverse taper coupling loss 2.9dB [46] <3dB [47] 2-3dB [48] <2dB[49] <2dB [50]
Waveguide crossing loss 0.23dB [406] 0.2dB[51] 0.3dB[52] 0.18dB [53] NA
MZI extinction ratio >30dB [46] >30dB [54] >40 dB[55] >40dB [56] 25dB[57]
MZI optical bandwidth 200 nm [46] >40 nm [58] 180 nm [55] >40 nm [56] >20 nm [57]
(>10 dBER)
MZI heater efficiency 20 mW/m [46] 12mW/m [59] 200 mW/mr [60] 7.5mW/m [61] 17 mW/m [62]

(10.2 nm FSR) (5.8 nm FSR) (NA) (0.8 nm FSR) (~0.1 nm FSR)

“The values reported are for PICs designed specifically for integrated quantum photonics applications.
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Fig. 1.

Examples of AlGaAs chips for quantum photonics. (a) AlGaAs Bragg-reflection waveguide. Adapted with permission from [24]. (b) AlGaAsOI

microring resonator. Adapted with permission from [25]. (c) Cross-section of an AlGaAsOI waveguide. Adapted with permission from [25]. (d) GaAs
chip combining quantum dot, beamsplitter and superconducting nanowire single photon detectors. Adapted with permission from Schwartz ¢z al., Nano
Lett. 18, 6892-6897 (2018) [14]. Copyright 2018 by the American Chemical Society, https://doi.org/10.1021/acs.nanolett.8b02794. (e) Fabrication of
AlGaAsOI quantum photonic circuits on a 4” wafer. Adapted with permission from [26].
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Fig.2. Comparison of the relevant metrics for quantum photonics for
different nonlinear materials: silicon on insulator (SOI), silicon nitride
(SiN), lithium niobate on insulator (LNOI), AlGaAs and AlGaAs on
insulator (AlGaAsOI).

using a variety of photonic waveguide geometries. The combina-
tion of negligible TPA and FCA, defect-free growth, and recently
improved waveguide fabrication has resulted in high-quality wave-
guides with as low as 0.2 dB/cm propagation loss, which now rivals
SOI and SiN PICs designed for integrated quantum photonics
[30]. While several material platforms, such as LNOI [31,32]
and SiN [33], have achieved lower propagation loss better than
~0.3 dB/m (corresponding to resonator quality factors > 10%, as
shown in Fig. 2), these waveguides are designed with either high
aspect ratio, where the optical mode is mostly in the surrounding
cladding, or large cross-sectional area to avoid overlap of the mode
with the core-cladding interfaces. Such waveguide geometries are
typically not used for integrated quantum photonics, since the
footprint of PIC components and circuitry can be significantly
larger, and the weak optical confinement reduces the nonlinear
conversion efficiency for on-chip quantum light generation.
AlGaAs also offers various tuning mechanisms. The thermo-
optic tuning efficiency is similar to silicon (=20 mW/m phase
tuning); however, this mechanism is not compatible with oper-
ation at cryogenic temperatures (which would be required in a
chip including QDs and/or superconducting detectors), nor with
fast quantum state modulation. From this point of view, AlGaAs,

unlike silicon, presents two attractive properties: piezoelectric-
ity, which has been exploited, for example, to run single-photon
qubits created from the light emitted by InAs QDs at 4 K [34],
and a high electro-optic effect allowing a fast modulation (GHz)
of its refractive index [35]. The ability to grow p-type and n-type
doped heterostructures in direct-gap AlGaAs enables the direct
integration of a variety of classical and quantum light sources for
on- and off-chip emission. Surface-emitting and edge-emitting
laser diodes based on III-V heterostructures find applications
in precision timekeeping, laser cooling, metrology, LIDAR, and
optical communications. Many configurations and geometries
exist with single-mode operation, single polarization, low thresh-
old current and power consumption, and narrow linewidths
with excellent side-mode suppression [36]. Using etched grat-
ings for distributed feedback, on-chip emission into waveguides
could enable on-chip pumping of quantum light sources, such
as InAs QDs or nonlinear resonators for spontaneous parametric
down-conversion (SPDC) and spontaneous four-wave-mixing
(SFWM). AlGaAs-based materials exhibit some of the highest
x@ (180 pm/V) and x® (2.6 x 107! cm?/V) nonlinearities
of any photonic material platform, which have been exploited
to realize efficient chip-integrated sources of quantum states of
light, as detailed in Section 4. By embedding In(Ga)P QDs into
the gain region, telecommunications wavelength laser diodes
with >100 nm tunability and sub-10 kHz linewidth can be fab-
ricated and directly integrated with III-V and silicon photonics
[37]. At low QD density, individual QDs are isolated and can be
optically and electrically pumped to deterministically generate
single or biphoton entangled states—currently considered the
state-of-the-art for on-demand single-photon generation [38].

3. QUANTUM PHOTONIC CIRCUITS

In addition to the generation of quantum states of light, which
will be treated in detail in the following sections, improvements in
waveguide fabrication resulting in as low as 0.2 dB/cm propagation
loss have shifted the focus towards scalable QPIC technologies
[25]. The efficient coupling of light between photonic chips and
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Fig.3. AlGaAs-based prospective integrated quantum photonic circuit, including a variety of components needed for specific functionalities as classical
and quantum light sources, single-photon detectors, modulators, interferometers, filters, and light-matter interfaces.

optical fibers requires a matching of both the effective refractive
index and the spatial mode. This can be achieved through several
means, including grating couplers [39], inverse tapers [40], spot
size converters [41], or evanescent coupling to tapered fibers [42].
In addition to in- and out-couplers and light sources, a functional
on-chip platform for both QPICs and classical PICs generally
relies on a set of components that include waveguide crossers,
3-dB splitters and polarization splitters, tunable interferometers,
resonant and non-resonant filters, modulators, and detectors, as
illustrated in Fig. 3. In [43], GaAs-based Mach—Zehnder inter-
ferometers (MZIs) formed by two directional couplers and two
electro-optic phase shifters [Fig. 4(c)] have been demonstrated for
the on-chip manipulation of single-photon and two-photon states
produced externally. Subsequently, higher degrees of compactness
have been achieved with the monolithic integration of lasing action
and photon pair production under electrical injection at room
temperature [Fig. 4(a)] and the integration of photon-pair sources
with elementary optical components such as spatial [44] [Fig. 4(b)]
and polarization beamsplitters [45], allowing in particular to
implement an on-chip Hanbury Brown and Twiss experiment
[44].

As illustrated in Fig. 5, many chip-integrated optical com-
ponents have also been developed in an AlGaAsOl platform
optimized for efficient entangled-photon pair generation [46],
which are summarized in Table 1 and compared to the state-of-
the-art in other photonic platforms. Chip-to-fiber edge coupling
with inverse tapers from 600 nm to 200 nm wide waveguides
(mode matched to lensed fiber arrays) results in <3 dB coupling
loss. From simulations, this can be <1 dB, which is possible by
using smaller tapers and an anti-reflection coating on the facet.
Low-loss waveguide crossings with <0.2 dB/cross loss and better
than —40 dB of cross-port extinction was reported with a simple
linear adiabatic taper design. These allow for planar single-mode
PIC structures for non-nearest neighbor couplings between

waveguides, enabling complex circuit design where, for example,
interactions between non-next nearest-neighbor optical qubits are
necessary.

Tunable interferometers serve many purposes including
power distribution across PICs, optical filtering, demultiplexing,
single-qubit operations, and linear optical classical and quantum
programming [63,64]. Thermally tunable MZIs were demon-
strated recently in AlGaAsOI based on both 3-dB directional
couplers (DCs) and 3-dB multi-mode interferometer (MMI) split-
ters. The thermal tuning power required for ar phase shift, and the
corresponding MZI free-spectral range (FSR), are shown for each
platform in Table 1. Near a centered wavelength of 1550 nm, an
extinction ratio >30 dB and a bandwidth of 200 nm was reported
for DC-based MZlIs, which is similar to the performance of SOI
and SizNy [40]. By designing the MZI with a path length imbal-
ance, the free-spectral range can be tuned to match the mode
spacing from resonator-based classical and quantum light sources.
This enables frequency qubit demultiplexing, which was demon-
strated with >23 dB extinction using a monolithically integrated
AlGaAsOl microring resonator and qubit demultiplexer [46].
This experiment points to the possibility of creating scalable QPIC
circuitry in a monolithic AlGaAs platform. Combined with recent
progress in 3// wafer-scale nanofabrication [30,65], a route exists
for AlGaAs QPIC manufacturing.

The availability of compact chips for the generation and
manipulation of quantum states of light that are robust to manu-
facturing and that operate at room temperature is of interest in
itself; however, certain applications require the on-chip integra-
tion of single-photon detectors. The two leading technologies
for quantum photonics are silicon or InGaAs single-photon
avalanche photodiodes (SPADs) and superconducting nanowire
single-photon detectors (SNSPDs). SPADs are advantageous
in that they operate at room temperature and are inexpensive;
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(a) Sketch of an AlGaAs electrically pumped source of photon pairs. Adapted with permission from Boitier ez @/, Phys. Rev. Lett. 112, 183901

(2014) [73]. Copyright 2014 by the American Physical Society. (b) SEM image of an AlGaAs parametric source integrated with a 50/50 beamsplitter [44].
(c) Quantum interference pattern of a two-photon state measured in an integrated GaAs-based MZI. Adapted with permission from Opt. Commun. 327,
Wang et al., “Gallium arsenide quantum photonic waveguide circuits,” 49-55 (2014), with permission from Elsevier [43].
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(a) Tunable unbalanced Mach—Zehnder interferometer (MZI) exhibiting >40 dB (>23 dB) extinction for MZIs with directional coupler

(MMI) 3-dB splitters. The top-right (bottom-left) panels show the transmission spectra for MZIs with MMIs (directional couplers). The bottom-right
panel shows the coupling coefficients measured from 1450 nm to 1650 nm. (b) Waveguide crossers with <0.2 dB/crosser loss and >40 dB extinction
between cross ports. (c) Inverse tapers for chip-to-fiber coupling with <3 dB loss. Data shown are modified with permission from [46].

however, SNSPDs show superior performance in nearly all met-
rics, including detection efficiency, timing jitter, detector reset
time, and dark count rates [66]. SNSPDs rely on absorption of
a photon in a thin film of superconducting material, which tra-
ditionally is embedded in a normal-incidence dielectric cavity
and fiber-coupled package. SNSPDs have also been integrated
with III-V GaAs/AlGaAs Bragg-reflection waveguides [15]. They
comprise a2 WSi or NbN thin film deposited on top of the wave-
guide. Nanowires are patterned with electron-beam lithography,
followed by dry etching and metal evaporation for the wire-bond
pads. A photon propagating in the waveguide can be evanescently
absorbed by the SNSPD with near-unity quantum efficiency
with long nanowires, sub-millihertz dark count rates, and better
than -40 dB nearest-neighbor crosstalk between detectors [15].
This opens the possibility to realize AlGaAs-based photonic cir-
cuits integrating all three steps of generation, manipulation, and
detection of quantum states of light [14] [Fig. 1(d)].

A challenge with any photonic-integrated SNSPD technology
is cryogenic operation, which prevents their integration with
other tunable elements that rely on thermo-optic tuning. One
approach around this issue is to rely on modular architectures in

which room-temperature, tunable components perform com-
plex, programmable operations, which are connected to SNSPD
arrays through chip-to-fiber interconnects; however, even the
best couplers typically exhibit 1 dB of loss, compared to the nearly
lossless detection with on-chip SNSPDs [67]. Thus, much research
and development is being devoted to cryo-compatible photonic
elements that rely on alternative tuning mechanisms, including
electro-optic [68], magneto-optic [69] and piezo-electric [70].
These are active areas of research for many material platforms,
including AlGaAsOI and AlGaAs Bragg-reflection waveguides. In
addition to their cryo-compatibility, these approaches provide new
opportunities for high-speed communications and computing.
For example, Mach—Zehnder modulators based on travel-wave
electrode designs with InAlGaAs waveguides can operate with 25
GHz 3-dB bandwidth and 0.4 V-cm half-wave voltage-length
product (V; L) [71]. Likewise, electro-optic tuning in AlGaAsOI
is expected to reach 30 GHz bandwidth with better than 5 V-cm
due to the large electro-optic coefficient, large index contrast,
and small electrode spacing enabled by tight modal confinement,
which would be competitive with the best photonic modulators
based on lithium niobate [72].
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4. GENERATION OF QUANTUM STATES OF LIGHT
IN NONLINEAR AlGaAs CHIPS

The large second- and third-order susceptibilities exhibited by the
AlGaAs platform provide an efficient way for the generation of
quantum states of light through SPDC and SFWM, respectively.
In the first process, single photons of a pump beam of frequency
w, get converted into pairs of photons called signal and idler of
frequencies w, and w; [Fig. 6(a)]; in the second process, each
photon pair is generated through the annihilation of two pump
photons [Fig. 6(b)].

The two processes must conserve energy, as well as wavevector,
so that the involved fields (pump, signal, and idler) remain in phase
during their interaction (phase-matching condition) (Fig. 6). If
we neglect optical losses, and assuming perfect phase matching,
the pair generation rate (PGR) can be shown to have the following
expressions [75]:

2) 2

Xt PpL
PGRsppc %7 1)

€ct A

3) 2
Wy X

PGRSFWMO( #P L s (2)

ny€oC Aeff

where P, is the pump power, )(e(fzf) and x @ are the effective values

of the second- and third-order nonlinearity tensors, respectively,
A is the mode interaction overlap area, L is the device length, ¢ is
the speed of light, and 7 is the refractive index at the pump wave-
length. While SPDC displays a linear (inverse linear) dependence
on P, (Aef), in SFEWM those dependencies are quadratic.

The desired material properties to realize efficient parametric
sources of quantum light are thus a high x ? and/or x  nonlinear
coefficient, high index contrast to obtain well-confined optical
modes (and thus low A.), and low linear and non-linear absorp-
tion losses; these figures of merit for AlGaAs are given in Fig. 2 and
Table 2.

Two main device geometries have been implemented up to
now to generate photon pairs in AlGaAs: linear [Fig. 6(c)] or spiral
waveguides (displaying typical lengths of a few millimeters), and
microresonators (at the micrometer scale) [Fig. 6(d)]. Satisfying
the phase-matching condition for parametric generation typically
requires that the refractive index at the pump frequency matches
the refractive index at the signal and idler frequency. In this respect,
a key difference between second- and third-order parametric proc-
esses is that while SPDC tends to be more efficient thanks to the
larger x ® nonlinearity, SFWM allows for an easier achievement of
the phase-matching condition since in this case, pump, signal and
idler frequencies are degenerate or quasi-degenerate, which relaxes
the constraints for dispersion engineering requirements. The spec-
tral difference between the pump photons and the pairs generated
by SPDC, while on the one hand eases the spectral removal of
the pump beam, on the other hand requires more sophisticated
strategies to achieve phase matching.

In certain materials (such as barium borate), material bire-
fringence can be exploited to achieve phase-matching for SPDC,
by ensuring that the difference in refractive index between two
orthogonal polarizations compensates for the chromatic dispersion
[76]. However, this strategy cannot be employed in GaAs and
AlGaAs, which are isotropic (zinc-blende structure) and thus not
natively birefringent. The implementation of SPDC in few-layer
GaAs/AlGaAs microstructures based on total internal reflection
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[Fig. 7(a)] is thus challenging [77]. Alternative phase-matching
techniques have been developed, relying on multilayer AlGaAs
microstructures. In a waveguide, an artificial birefringence can
be created by inserting thin layers of aluminium oxide, leading
to a sub-wavelength modulation of the refractive index along
the vertical direction, which breaks the original symmetry of the
medium [form birefringence, Fig. 7(b)] [78]. Another approach
consists in periodically inverting the sign of the nonlinearity so as
to compensate for the dephasing of the three fields during their
propagation [quasi phase-matching, Fig. 7(c)] [79], a technique
commonly used in dielectric materials (periodically poled lithium
niobate or KTP) [80]. In a waveguide, this requires periodically
modifying the crystalline orientation of the material, which has
been realized in AlGaAs but at the price of significant optical losses
[81,82], while in a ring or disk resonator, this condition can be
inherently achieved by the rotation of the field polarization along
the circumference [83,84]. These various approaches allowed for
second-harmonic generation and optical parametric oscillation
[85] but notyet for the generation of biphoton states by SPDC.

Other solutions have been demonstrated over the last three
decades to generate photon pairs via SPDC in AlGaAs (for a
detailed review, see [13,86]). Among these, the most advanced
results in quantum state generation and manipulation have been
obtained in ridge Bragg-reflection waveguides [see Figs. 7(d)
and 1(a)] based on a collinear modal phase-matching scheme in
which the phase velocity mismatch is compensated by multimode
waveguide dispersion [73,87-89], and a counter-propagating
phase-matching scheme based on a transverse pump configura-
tion with the photons of each pair exiting from opposite facets of
the waveguide [Fig. 7(e)] [90-92]. While the implementation of
both phase-matching geometries has led to the demonstration
of bright photon pair sources displaying high two-photon indis-
tinguishability [92,93], energy—time [24,94], and polarization
entanglement [93,95-98], Bragg-reflection waveguides have
already enabled the monolithic integration with a diode laser lead-
ing to an electrically injected photon pair source working at room
temperature [Fig. 4(a)] [73], and the counter-propagating phase-
matching scheme has demonstrated to be particularly versatile
in the engineering of the two-photon wavefunction [92,99,100]
(see Section 6). Another approach having led to the generation of
entangled photon pairs relies on the implementation of a quasi-
phase-matching technique based on quantum-well intermixing in
an AlGaAs superlattice waveguide [101,102].

Concerning the generation of quantum states of light via
SEWM, simpler few-layer microstructures based on total internal
reflection can be used, thanks to the more relaxed constraints of
dispersion engineering. SFWM has been successfully achieved
with such simple waveguides in both native AlGaAs [103]
and AlGaAsOI [104], while AlGaAsOI microring resonators
[Fig. 1(b)] with Q> 1 million has led to an entangled-pair
brightness >1000 higher than SOI and nearly 500 higher than
SizsNy4 [26]. In addition to quantum state generation, we also
remark that in both GaAs/AlGaAs Bragg-reflection waveguides
and AlGaAsOlI, the dispersion can be engineered to reach the
anomalous regime across a broad bandwidth centered at telecom-
munications wavelengths. This has been leveraged for milliwatt
[105] and sub-30 puW threshold frequency comb generation in
microrings [25] and octave-spanning supercontinuum generation
[106-108], both utilizing the large x ® nonlinearity of AlGaAs.
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Quantum light generation with integrated nonlinear photonics relies on (a) x* (SPDC) or (b) x* (SFWM) processes in which one or two pump

photons w,, are converted into correlated signal w, and idler @; photons, respectively. Two main device geometries implemented to generate photon pairs in
AlGaAs: (c) linear waveguides and (d) microring resonators. (e) Experimental time correlation histogram of photon pairs generated by SPDC in an AlGaAs
waveguide in linear and logarithmic (inset) scale for an internal pump power of 2 mW demonstrating a PGR of 3.4 x 10°/s/mW at the chip output [74].
(f) Experimental transmission spectrum of an AlGaAsOI ring-resonator with a 30 pm radius designed to generate photon pairs via SEWM. The signal
(1572 nm) and idler (1542 nm) wavelengths are two free-spectral ranges away from the pump (1557 nm) resonance [26].

Table 2. Comparison of the Main Figures of Merit for Various SPDC and SFWM Phase-Matching (PM) Schemes in
AlGaAs Photon-Pair Sources’
Total HOM Demonstrated
Losses PGR (On-Chip) CAR Brightness Bandwidth Visibility = Entanglement
SPDC Modal 0.4 dB/cm 7 x 10° pairs.s~" at 80 2x 10°s™! mW™" nm™! 60 nm 95% [93] Energy-time
PM [73,87,88] [73] P =0.6mW [98] [98] [98] [98] [24,94]
Polarization
[93,95-98]
SPDC QuasiPM  3dB/cm [117] 1.9 x 10° pairs.s~! ar 115 26%x10°s ! mW ! nm™! 50 nm - Energy-time
[101,102] P=8mW[101] [101] [101] [101] [102]
Polarization
[101]
SPDC Contra 0.4dB/cm 5 x 10° pairs.s~! at ~100 4%x10°s ! mW ! nm™! 0.5 nm 88% [92]  Polarization [91]
PM [90-92] [118] P =10mW [92] [92] [92] [92] Frequency
[92,99]
SFWM 2dB/cm [104] 2.3 x 10° pairs.s’1 at 177 3x 107 s ! mW™2 nm™! 80 nm - -
Nanowires P =32uW[103] [103] [103] [103]
[103,104]
SFWM 0.3dB/cm 12 x 10° pairs.s ' at 350 25x108s ' mW nm!  >50nm - Energy-time [26]
Microrings [26] [26] P =30 uW[26] [26] [26] [26]

“Given power values correspond to internal pump power, and losses are given at telecom wavelengths.

5. PERFORMANCE OF PHOTON PAIR SOURCES
To quantify the performance of AlGaAs photon-pair sources and

situate them within the state-of-the-art, several parameters can be
employed. As their definition can slightly vary according to the
community, we start by defining hereafter the most used ones [75]:

¢ The coincidence (C) and accidental (A) count rates are the
measured rates of temporal correlations and accidental temporal
correlations (the latter due to “unwanted” correlation events related
to dark counts of the detectors and various sources of noise in the
generation process). It can be useful to distinguish between raw and
net coincidences rates values, which are related by Cee = Crayy — A.

* The coincidence-to-accidental ratio (CAR) corresponds to
the ratio between the net coincidence count rate and the accidental
countrate: CAR = Cy / A.

* The PGR is the rate of pair generation events; in some cases,
the authors refer to an on-chip value, in others to the pair events
arriving at the first collection lens. It is usually inferred from the
number of detected coincidences divided by the squared values of
the signal collection and single-photon detectors efficiencies.

* The brightness is a normalized PGR per unit pump power
and unit spectral bandwidth.

An overview of these various figures of merit for the main types
of SPDC and SFWM sources (see Section 4) implemented in
AlGaAs chips is given in Table 2. In addition, the characteristics of
the produced quantum states are usually quantitatively evaluated
via the following parameters:

* The joint spectral amplitude (JSA) is a complex-valued func-
tion giving the probability amplitude to measure one photon of
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AlOx

Various types of phase-matching schemes implemented in AlGaAs microstructures: (a) modal phase-matching in simple GaAs/AlGaAs wave-

guides based on total internal reflection, (b) form birefringence phase-matching, (c) quasi-phase-matching, (d) modal phase-matching in Bragg-reflection

waveguides, (¢) counter-propagating phase-matching.

the pair at a given frequency and its twin at given other frequency
(see Section 6 for details); this function can be expanded accord-
ing to Schmidt decomposition into a series based on frequency
eigenmodes with a characteristic Schmidt number quantifying
the dimension of the associated Hilbert space [109]. A compari-
son among the different experimental techniques developed to
reconstruct the joint spectrum can be found in [110].

* Two-photon interference effects, measured via a Hong—
Ou-Mandel (HOM) interferometer [111] are widely used for the
characterization of photons indistinguishability: when two indis-
tinguishable independent photons enter a 50/50 beam splitter via
two different input ports, they both exit from the same output port.
In this case, the coincidence rate at the output of the interferometer
as a function of the delay between the two photons imposed with a
delay line displays a HOM dip with a visibility Vijom quantifying
the indistinguishability and purity of the generated photons. In the
case in which the joint spectrum of the two-photon state presents
quantum correlations, they are imprinted in the two-photon inter-
ferogram, which can be usefully employed to reveal and quantify
such correlations (see Section 6) [112,113].

* Entangled two-photon states are characterized either via a
coincidence setup including a polarization stage analysis leading to
the reconstruction of the density matrix [114] (in the case of polari-
zation entanglement) or via a Franson interferometer [115] (in the
case of time-bin or energy-time entanglement). Nonlocality can
be quantified by measuring the violation of the Clauser—Horne—
Shimony-Holt (CHSH) inequality [116] as a generalization of the
Bell’s test.

That last two columns of Table 2 summarize the HOM indis-
tinguishability values and various kinds of entanglement recently
demonstrated in AlGaAs photon-pair sources.

6. QUANTUM STATE ENGINEERING

Quantum information applications require, depending on their
specificities, various types of quantum states, motivating the
development of quantum state engineering techniques. Several of
them have been implemented recently on the AlGaAs platform,
exploiting various degrees of freedom of light.

A. Polarization Entanglement Engineering

Polarization is a paradigmatic two-dimensional photonic degree
of freedom that has enabled pioneering experiments in quantum
information, ranging from fundamental tests of the quantum
theory [119] to quantum computing [120] and communica-
tion applications [121,122]. Polarization Bell states, such as
|®) = (|HH) + ¢'?|VV))/~/2, where H and V stand for the
horizontal and vertical polarizations of single photons, constitute
a critical resource for many of these demonstrations. While such
states can be efficiently generated by optical nonlinear processes in
bulk crystals combined with external components (such as walk-
off compensators or Sagnac interferometers) [123—125], there is
a growing need for the development of compact, chip-integrated
sources capable of directly emitting polarization-entangled states
without resorting to external elements; in addition, a broad emis-
sion bandwidth is highly desirable in view of distributing these
states to many users in quantum networks through wavelength
demultiplexing [126].

The AlGaAs platform provides several assets for developing
such sources: its nonlinear tensor allows for a broad versatility of
phase-matching processes, leading to various possible polarizations
for the emitted photons, while its absence of bulk birefringence
allows for a spectrally broadband emission and circumvents
the usual need of compensating for the group delay between
orthogonally polarized photons.

SPDC in AlGaAs waveguides has been demonstrated within
three possible types of phase-matching processes [87], allowing the
generation of both photons in TM polarization (type 0), both in
TE polarization (type 1), or orthogonally polarized signal and idler
photons (type 2). This versatility has been exploited to generate
polarization Bell states of the form |®) o< |HH) + ¢ |VV)
(using simultaneously the type 0 and 1 processes) as well as
|W) o< |HV) + €|V H) (using two concurrent type 2 processes)
with the same chip-integrated source [127].

Recently, the direct generation of | W) Bell states with AlGaAs
chips [91,95-98,128] has been demonstrated with increasing
fidelity and bandwidth. In [97], a total emission bandwidth of
95 nm was demonstrated, with a fidelity up to 99% for a 40 nm
spectral separation between signal and idler photons without
any post-manipulation; in [98], a fidelity above 95% has been
demonstrated over a 50 nm bandwidth and with a high PGR of
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1.2 x 107 s~ mW ™", These are valuable assets compared to alter-
native telecom-band chip-based sources of polarization-entangled
photon pairs, either based on type 2 SPDC in PPLN waveguides
(which leads to comparable fidelity and PGR, but two-order of
magnitude narrower bandwidth, and requires off-chip walk-off
compensation) [129] or SFWM in silicon waveguides (which
displays a bandwidth comparable to AlGaAs sources, but a two
order-of-magnitude smaller PGR) [130]. These performances
are appealing in view of implementing communication tasks in
quantum networks [98] with miniaturized and cost-efficient
resources.

B. Frequency Entanglement Engineering

In addition to two-dimensional degrees of freedom (DoF) such as
polarization, great efforts have been focused recently onto high-
dimensional DoF of photons, such as orbital angular momentum,
path or frequency modes, as a means to strengthen the violation
of Bell inequalities [131], increase the density and security of
quantum communication [132] or enhance flexibility in quantum
computing [133]. Among the various investigated DoF, frequency
is particularly attractive due to its robustness to propagation in
optical fibers and its capability to convey large-scale quantum
information into a single spatial mode. Nonlinear parametric
processes offer a high versatility for the generation of frequency-
entangled photon pairs [134,135], described by the joint spectral
amplitude (JSA, see Section 5). Several techniques have been
demonstrated recently to manipulate the JSA of photon pairs by
post-manipulation, using, e.g., pulse shapers and electro-optic
modulators [135], or directly at the generation stage by engineer-
ing the spectral [136,137] properties of the pump beam or by
tailoring the material nonlinearity in domain-engineered crystals
[138,139] on the PPLN and PPKTP platforms. Another approach,
recently developed in AlGaAs waveguides, consists in tuning the
spatial properties of the pump beam within a counter-propagating
phase-matching scheme [92], as sketched in Fig. 8(a).

In this situation, the JSA of the generated biphoton state can
be eXPI'CSSCd as ¢, w;) = ¢spectral(wx + w;)¢rm(w; — w;),
where @, and w; are the frequencies of the signal and idler photons,
respectively. The function @gpecral, reflecting the condition of
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energy conservation, corresponds to the spectrum of the pump
beam while ¢ppi, reflecting the phase-matching condition, is
governed by the spatial properties of the pump beam:

L/2 )
drm(w, — ;) = / dz A, (2)e R T (x m0dlvz - (3)

—L/2

where A, (2) is the pump amplitude profile along the waveguide
direction, L is the waveguide length, v, is the harmonic mean of
the group velocities of the twin photon modes and kqeg is governed
by the modal birefringence of the device. The JSA can thus be
controlled by tailoring either the spectral or the spatial properties of
the pump beam. Figures 8(b)-8(d) show the joint spectral intensity
(JSD), i.e., the modulus squared of the JSA, measured at fixed pulse
duration but increasing values of the pump waist. The generated
quantum state goes successively from frequency-anticorrelated, to
separable, to frequency correlated [92]. These results demonstrate
a flexible and reconfigurable control of frequency correlations,
which could be exploited to adapt the source to different quantum
information tasks such as clock synchronization [140], dispersion
cancellation in the pulsed regime [141], or heralded single-photon
generation [44].

C. Particle Statistics Control

At a deeper level, it is desirable to manipulate the biphoton spec-
trum both in intensity and phase, and to control also the symmetry
properties of the spectral wavefunction, i.e., how the JSA is modi-
fied when exchanging signal and idler photons. This determines
the effective particle statistics of the biphoton state, as probed,
e.g., in a Hong—Ou—Mandel experiment [111]. Indeed, when two
correlated photons are incident on a beamsplitter, they can either
leave the beamsplitter through the same output port (bunching)
or through opposite ports (antibunching). For a symmetric two-
photon state, antibunching probability amplitudes cancel each
other, leaving only bunching events and thus a dip in the HOM
interferogram, typical of bosonic statistics. For an antisymmetric
two-photon state, the reverse scenario occurs, yielding a peak in
the HOM interferogram, as would be the case for (independent)
fermions [112].
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(a) Sketch of an AlGaAs source emitting counter-propagating photon pairs under transverse pumping, with controlled intensity and phase spa-

tial profile. (b)—(d) Measured biphoton joint spectral intensity (JSI) for increasing values of the pump beam waist: (b) 0.25 mm, (c) 0.6 mm, (d) 1 mm
[92]. (e) and (f) Hong-Ou-Mandel interferograms evidencing (e) bosonic (blue) and fermionic (red) behavior, and (f) anyonic behavior (blue and red traces

correspond to two implementations of o = 1/2 anyons) [99].
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Using the previously considered counter-propagating AlGaAs
photon pair source, and starting from a Gaussian pump profile
yielding a symmetric quantum state, the application of a 7t phase
step of at the center of the pump spot [see Fig. 8(a)] renders the
state antisymmetric. Figure 8(e) shows the HOM interferogram
measured with the biphoton state generated in these two con-
figurations respectively (blue and red traces). A transition from a
bosonic to an effectively fermionic behavior of the biphoton state is
observed [92].

Anyonic particles, displaying an exchange statistics inter-
mediate between bosons and fermions, and playing a key
role in the fractional quantum Hall effect [142,143] as well
as spin lattice models [144], can also be simulated through
the Hong-Ou—Mandel effect of entangled photons. For this
the JSA of the photon pairs needs to be engineered such that
¢ (w;, w;) = e P(w;, w,), with a a real number ranging
between 0 (bosons) and 1 (fermions). This relationship means that
the spectral wavefunction acquires a phase am upon particle
exchange, and the sign of this phase depends on the directionality
of the exchange, which corresponds here to either increasing of
decreasing the frequency difference w_ = @, — w, between signal
and idler photons [99]. By inverting Eq. (3), a suitable pump phase
profile can be chosen to satisfy this anyonic relationship, e.g., for
a=1/2. Pumping the counter-propagating phase-matched
AlGaAs source with this pump profile leads to the HOM inter-
ferogram shown in Fig. 8(f) (blue). Quite differently from the
one of bosons and fermions, it displays a coincidence dip at neg-
ative delay and a peak at positive delay, and it is point-symmetric
with respect to the central point at T = 0. Another realization of
o = 1/2 anyonic-like biphotons can be obtained by employing
a pump beam profile symmetric to the previous one with respect
to the waveguide center. The resulting HOM interferogram [red
trace in Fig. 8(f)] is mirror-symmetric to the previous one, with a
coincidence dip at negative delay and a peak at positive delay [99].

These results demonstrate the on-chip generation of biphoton
states with fermionic or anyonic exchange statistics, in a reconfig-
urable manner, at room temperature and telecom wavelength. An
alternative method to control the symmetry properties of bipho-
ton states was demonstrated in [145,146], based on quantum
frequency combs emitted by AlGaAs Bragg-reflection waveguides
with modal phase-matching. The tuning of the pump wavelength,
combined with the introduction of a temporal shift between the
two photons of each pair, allowed to control the symmetry of the
frequency combs and to produce either bunching or antibunching
behavior in a HOM experiment, thus opening complementary
perspectives to the those developed in this section. Overall, these
results could be harnessed to study the effect of exchange statis-
tics in various quantum simulation problems [147-149] with a
chip-integrated platform, and for communication and compu-
tation protocols making use of antisymmetric high-dimensional
quantum states [150,151].

7. PERSPECTIVES

In this review, we have summarized the main recent achievements
in the field of nonlinear integrated quantum photonics based on
the AlGaAs platform. The large second and third-order nonlin-
earities of this material, combined with its mature fabrication
technologies have allowed the development of efficient chip-scale
sources of quantum light based on parametric processes, and com-
pliant with electrical pumping. A variety of optical functionalities
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have been implemented in AlGaAs-based circuits, ranging from
polarizing beamsplitters to waveguide crossers, MZI, filters, or
modulators. The production and manipulation of entanglement
in different degrees of freedom has been demonstrated, allowing
the engineering of useful quantum states in view of diverse appli-
cations in quantum information. We also notice that recently,
nonlinear metasurfaces, i.e., arrays of nanoresonators, have been
implemented in GaAs with the aim of relaxing the constraint of
phase-matching and gaining in quantum state flexibility, at the
expense of the pair production rate. This has led for example to the
generation of complex frequency-multiplexed quantum states, in
particular cluster states [152]. From these results, various perspec-
tives can be envisaged for the next years, both from a technological
and from a fundamental point of view.

On the one hand, thanks to rapid progresses on the front of both
sources and circuits, the road seems now open to the realization
of more elaborated AlGaAs circuits combining monolithically
the generation and manipulation of quantum states in view of
complex operations, as illustrated in Fig. 3. Thanks to the maturity
and reproducibility of the III-V technological processes, such
circuits could comprise a series of nominally identical nonlinear
sources able to mutually interfere, similarly to recent realizations
on the silica-on-silicon [153] and silicon-on-insulator [154]
platforms. As an example of such multi-sources circuits, arrays of
nonlinear AlGaAs waveguides appear as a promising candidate
to investigate quantum simulation tasks [155]. In such devices,
photons can continuously tunnel from one waveguide to the
other during their propagation, implementing quantum random
walks [156]. Thanks to the x® nonlinearity, photon pairs can
be generated directly into the device, and in various waveguides
simultaneously, allowing to realize compact and versatile sources of
spatially entangled states [157]. By tuning statically or dynamically
the parameters of the arrays, these devices can provide a work-
bench to simulate physical problems otherwise difficult to access
in condensed matter systems, such as the Anderson localization
of multi-particle states [147] or the topological protection of
quantum states [158].

Besides the realization of such monolithic quantum photonic
circuits, it is also highly valuable to realize hybrid photonic circuits
combining the assets of different materials, so as to reach enlarged
capabilities [11,159]. Among the various possible combinations,
merging the complementary assets of AlGaAs (e.g., electrical
injection, electro-optic effect) with those of silicon-based materials
(e.g., CMOS production, wide library of photonic components)
holds great promise. In quantum photonics, lots of efforts have
been devoted recently to the incorporation (by wafer bonding,
transfer printing, or pick-and-place techniques) [11] of GaAs-
based QDs into silicon-based circuits, allowing to integrate the
emission, routing, and manipulation of single photons in hybrid
circuits. Recent examples include the integration of QDs into
silica-on-silicon microdisks [160], silicon nitride waveguides
[161], or silicon-on-insulator waveguides [162]. By contrast, the
integration of III-V parametric sources with silicon has not yet
been demonstrated. In parallel with the single-emitter approach,
such achievement would bring along unique advantages such as a
high fabrication reproducibility allowing the realization of many
identical sources on the same chip, and access to a wider variety of
quantum states, from heralded single photons to entangled photon
pairs and squeezed states, that could be subsequently manip-
ulated into high-quality, foundry-produced photonic circuits
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[163]. Concerning the detection part, besides superconduct-
ing nanowires, the integration on AlGaAs of room-temperature
single-photon detectors with high efficiency could also be envi-
sioned in a near future using, e.g., segmented detectors based on
III-V single-photon avalanche-photodiodes [164] with potential
photon-number-resolving capabilities [165].

So far, and as reflected by the results presented in this review,
experimental demonstrations in integrated quantum photonics
have mainly focused on the discrete variable (DV) approach,
where quantum information is encoded in individual photons.
The continuous-variable (CV) approach, where information
is typically encoded in the quadratures of the electromagnetic
field, has proven more challenging to transfer from table-top to
chip-scale setups, since it typically requires very high-efficiency
coupling and low-loss operation. But recent years have seen rapid
progresses in this direction, by demonstrating the chip-integrated
generation [166-168], manipulation [167,169], and detection
[170] of squeezed states of light. In particular, SFWM in silicon or
silicon nitride microring resonators and SPDC in lithium niobate
waveguides have been shown to generate up to 6 dB continuous-
wave squeezing [168]. The strong second-order nonlinearity
of AlGaAs, its compliance with electrical pumping and its high
electro-optic effect make it an appealing platform to implement
integrated CV quantum information tasks. Promising preliminary
results in this direction have been obtained recently with AlGaAs
Bragg-reflection waveguides, demonstrating phase-sensitive
amplification with in-phase gain approaching 30 dB [171], high-
lighting the potential of the AlGaAs platform for developing
chip-integrated CV architectures [172].

Interestingly, CV-based quantum information can also be
investigated by exploiting high-dimensional degrees of freedom
of single photons, such as frequency-time variables. Indeed, they
display a perfect analogy with the continuous variables of a multi-
photon mode of the electromagnetic field [173,174], opening the
perspective to perform CV quantum information processing in the
few-photon regime [146,175]. A promising example is provided
by Gottesman—Kitaev—Preskill (GKP) states, which are power-
ful resources to implement quantum error correction schemes
[176]. While their experimental realization is highly demanding
in the quadrature representation, it has been shown that bipho-
ton frequency combs generated by AlGaAs waveguides directly
implement GKP states in the time-frequency degrees of freedom,
making them an appealing testbed to investigate CV-like quantum
information tasks [146].

Hybridizing various degrees of freedom of photons is also an
emerging approach, allowing to increase the density and flexi-
bility of information coding [177,178]. As detailed in Section 6,
AlGaAs waveguide sources can directly generate either polariza-
tion or frequency entangled photon pairs. However, both degrees
of freedom can also be combined, leading to the generation of
hybrid polarization-frequency entangled photons without post-
manipulation [100]. Such combination of DV and CV-like degrees
of freedom could provide enlarged capabilities for quantum infor-
mation tasks, allowing to switch from one degree of freedom to
another and thus to adapt to different experimental conditions
in a versatile manner. Hyper-entangled polarization-frequency
states, where polarization and frequency entanglement are fully
independent, could also be produced with AlGaAs sources [100],
opening perspectives, e.g., in the field quantum communication to
improve bit rates and resilience to noise [179-181].
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