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Abstract
Quantum information processing is nowadays an established branch of quantum
mechanics applications. Recent results in different areas, ranging from communica-
tions to computing, show that quantum technologies are advancing towards being
mature platforms with substantial advantages over traditional classical protocols.
Quantum optics and photonic apparatuses are one of the best candidates for the real-
ization of quantum processors. In this context, integrated photonic technologies are
essential components towards miniaturisation of such complex optical systems. Inte-
grated optical devices enabled an important improvement in the level of complexity in
the generation and processing of quantum states of light. This review aims at providing
an exhaustive framework of the advances of integrated quantum photonic platforms,
for what concerns the integration of sources, manipulation, and detectors, as well as
the contributions in quantum computing, cryptography and simulations.

Keywords Integrated photonics · Quantum information

1 Introduction

Quantum states of light are fundamental resources for the implementation of quantum
information protocols since the pioneering tests on nonlocality and quantum telepor-
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tation [1, 2]. The advantages of single-photon state encoding are several and include
the lack of decoherence phenomena, the possibility to realize information processing
at room temperature and to send photons through fibers and free space channels. In the
last ten years, improvements in photonic quantum technologies enabled an increase
in the complexity of the implemented system, supporting relevant advances in various
branches of quantum information, including the demonstration of quantum advantage
[3–5] and satellite quantum communications [6, 7].

One of the technological steps which allowed such an improvement was the adop-
tion of integrated photonic device components for manipulating the quantum state
of the light [8–10]. Integrated photonics envisages the fabrication of waveguides and
of tunable optical elements to realize multi-port programmable optical circuits [11,
12]. Further developments in the integration manufacturing stage allow nowadays to
have both the generation and processing of quantum states in a single monolithic pro-
grammable nano-processor [13–15]. The integration of single-photon detectors still
presents relevant challenges, but recent results have opened promising perspective
toward the implementation of fully integrated photonic platforms [16–19]. In this
review, we aim at picturing the recent advances of integrated photonics for quan-
tum technologies. The most recent achievements, limitations and future perspectives
in the various application ranges, like computing, cryptography and simulation, are
presented.

To ease the consultation of this document, we illustrate briefly the structure of the
presentation. The review is organized in twomain parts. The first part is an overview on
the generation, encoding, processing and detection methods of single-photon states
in integrated platforms. We begin by first presenting the principal fabrication tech-
nologies of optical waveguides. As a second step, the integration of parametric and
deterministic single-photon sources is discussed. The third subsection is dedicated
to integrated optical circuit designs and various single-photon encodings. The first
part ends with a review of single-photon detector integration. The second part of this
work regards an overview of recent applications of integrated photonic technologies in
quantum information. In particular, we focus on the results in quantum cryptography
and communication and then, on various on-chip realizations of schemes for universal
quantum computing. Other applications in the quantum simulation field are presented.
In the end, the review will illustrate the paradigms to prove quantum advantage with
photons via sampling algorithms.

2 Quantum information processing in integrated photonics platforms

Quantum information protocols have been investigated in several physical systems.
Each platform displays some advantages and drawbacks and, consequently, there is
not a clear or definitive evidence regarding the best physical system for future quantum
technologies [20]. In this context, photonic quantum states are optimal information
carriers thanks to the weak interaction with the environment which made optical oper-
ations nearly decoherence-free and the possibility to send photons both through fibers
or free space for long distances [1]. These features have been exploited in recent years
for first demonstrations of quantum cryptography, computing and simulation as well
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Integrated photonics in quantum technologies 73

as quantummechanics foundation tests, until the latest experiments which have proven
quantum advantage with photons [3–5]. Many of these examples took advantage from
integrated optical platforms which are essential for compact and scalable realisation of
quantum information protocols. Before illustrating the various techniques and appli-
cations of such integrated devices, it is helpful to review the principal information
encoding adopted in the photonics community.

One approach for quantum information processing is via discrete variables. The
operations are defined in Hilbert spaces individuated by {|i〉}d−1

i=0 discrete levels [21].
Many of the existent quantum computing and quantum cryptography schemes have
been realised in such a framework, exploiting photonic qubit (d = 2) and qudit
(d > 2). In fact, various degrees of freedom (DOFs) of single photons are highly
appropriate for the task. The polarization individuates a two-level system which is
equivalent to the Hilbert space associated to a qubit. Photon states can be prepared
even in high-dimensional DOFs to encode qudit [1, 22, 23] such as a discrete set of
time intervals or frequencies [24–26], the optical path [8, 15, 27], the spatial modes
supported by optical fibers [28, 29], orbital and transverse momentum [30, 31].

A second approach is via continuous variables (CV) in quantum optics. This quan-
tum information framework exploits physical observables which assume continuous
values instead of making use of discrete levels as in qubits or qudits registers [32]. In
quantum optics, the physical observables are expressed in the phase space of the quan-
tum harmonic oscillator associated with each mode of the electromagnetic field [33].
Protocols for quantum computing [34, 35], quantum cryptography [36], and, recently,
sampling algorithm from photon counting experiments [37–40] have been proposed
in the CV framework. This work will focus mainly on the use of single-photon in dis-
crete variables, except in the last section of the review, in which squeezed states and,
more generally, Gaussian states of light are employed to prove quantum advantage via
sampling algorithms. We suggest the following reviews collection for a deepening of
CV quantum information [32, 34, 41, 42].

The fundamental phenomenon which allows the optical processing of the informa-
tion is the interference among photons or among the DOFs of single-photon states.
Multi-port interferometers are thus essential elements of any quantum optical pro-
tocol, together with single-photon sources and detection. In this context, integrated
photonics aims at providing compact and miniaturised devices which include all the
elementsmentioned above. Aswewill see in the following sections, the engineering of
waveguides’ materials, optical properties and fabrication methodologies has allowed
the verification of first proof-of-principle quantum protocols in single chips.

2.1 Materials and fabrications technologies

The principalmethods for the integration of optical elements inmonolithic chips envis-
age the fabrication of optical waveguides. The material and the fabrication technology
determine important features of the resulting platform. The various approaches dif-
fer, for example, for the range of operating wavelengths, the level of miniaturization,
the geometry of the waveguides disposition, the presence of nonlinear processes, the
coupling efficiencies with fiber connections, just to mention a few. Therefore, there
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Fig. 1 Integration technologies. Summary of the features of the principal fabrication technologies for
what concerns the operating wavelengths, circuits geometry, integration of sources and detectors, and the
interface with external fibers. Each method is labeled by a different colour. On the timeline, the milestones
achievements of quantum integrated photonics in the last ten years. The coloured circles highlight the
manufacturing technology, Silica-on-Silicon (SoS), UV-writing, femtosecond-laser-writing (FLW), silicon
(Si) and silicon nitride (SiN)

is not a unique and well-established technology which outperforms the others in the
integration of optical circuits.

One adopted material for the waveguides is fused silica (SiO2) thanks to vari-
ous advantages. Depending on the fabrication process, silica waveguides can display
low birefringence and propagation losses, as well as transparency from the visible
to infrared wavelengths and high coupling efficiency with fibers. We can distinguish
among twomain fabricationmethods: the silica-on-silicon (SoS) [43] and laser-written
waveguides, which includes in turn UV-writing [44] and femtosecond-laser-writing
(FLW) [45]. Other important and advanced manufacturing for integration are Silicon-
on-insulator (SoI) platforms, including silicon (Si) [46] and silicon nitride (SiN)
waveguides [47]. The silicon-based circuit offers one of the highest levels of miniatur-
ization which derives from the know-how of the silicon-based integrated-electronics
circuits.

Other waveguides technologies based on the employment of active materials such
as LN [48, 49], GaAs [50], and InP [51], present large electro-optical properties that
allow for fast operations on single photon states. For a more comprehensive discussion
on active materials platforms, we suggest the following collection of reviews [9, 48–
51].

In the next subsections, we review the main features of the principal methods cited
so far, namely SoS, UV-writing, FLW, Si and SiN manufacturing technologies.

2.1.1 Silica-on-silicon waveguides (SoS)

The fabrication method of SoS waveguides follows these steps. A layer of undoped
silica that is the core material of the waveguides is deposited on a substrate of Silicon.
The core is then patterned via standard optical lithography techniques and covered
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by a second layer of doped silica. One of the first examples of integrated circuits
for observing quantum interference and testing quantum gate on path-encoded qubits
were realized with such technology [43, 52]. SoS platforms were also one of the first
instances of re-programmable optical circuits [53, 54], including the first universal 5-
mode quantum processor [11]. However, some intrinsic limitations of this technology
have prevented further developments of SoS devices. In fact, the waveguides present
a rectangular cross-section which is not symmetric around the propagation axis. This
implies that only two polarization modes are guided, namely, the TE mode, in which
the electric field is transverse and the magnetic field does not, and the TMmode where
the magnetic field is transverse. The size of the rectangular shape allows one of such
components, more precisely the mode TE10. It follows that integrated devices with
rectangular waveguides work only with one linear polarization component. The fabri-
cation process requires the use of a mask which allows only for the planar arrangement
of the waveguides. In addition, the integration of single photon sources is challenging
since it requires a nonlinear response of the material (see Sect. 2.2.1) that is weak in
these waveguides.

2.1.2 Silica laser-written waveguides

Direct UV-writing. An alternative method is the direct UV-writing, in which SoS
waveguides are fabricated by focusing a continuous wave laser at the wavelength of
244 nm in a photosensitive doped silica layer which induces a permanent change in the
refractive index of the material. Such a layer is placed within two layers of undoped
silica on top of a third silicon layer [44]. Thewaveguides are then etched translating the
sample with respect to the laser beam. Consequently, the writing technique does not
require the adoption of masks as the previous SoS method. This simplifies the process
of fabrication and allows for 3D geometry architectures and for circular cross-sections
of the waveguides. There are examples of multi-mode static [55] and reconfigurable
circuits [56, 57] up to 20modes. This fabricationmethod shows also remarkable results
in the integration of parametric single-photon sources in SoS.waveguides [58, 59]. The
UV-writing demonstrated to realize separately all the components required for the full
integration of optical setups, such as integrated sources [58, 59], directional couplers
[55–57], optical gratings [60–62], polarizers [63] and detectors [64]. However, the
assembly in a single device has not been carried out yet.

Femtosecond-laser-writing (FLW). The femtosecond laser writing is a further
method for silica waveguide fabrication [45, 65]. The mechanism of the process is the
non-linear absorption of strong laser pulses tightly focused in the silica sample. Such
absorption results in a permanent and localized modification in the refractive index.
Waveguides are directlywritten by translating the silica sample at a constant speedwith
respect to the laser beam, without needing any preliminary preparation of substrate or
layers of different materials as in the previous methods. The cross-section is circular
and presents a very low birefringence. Such characteristics together with the 3D geom-
etry capability have allowed the realization of devices insensitive from polarization
[66–68] as well as devices able to manipulate polarization as waveplates or partially
polarizing beamsplitter [69, 70]. The 3D geometry has other advantages regard-
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ing the range of possible schemes for optical circuit decomposition. FLW devices
demonstrated to realize circuits according to the traditional networks of integrated
beam-splitter in planar [67, 71–74] and 3D geometries [75–77] and continuously-
coupled waveguide lattices [78–82]. We have instances of re-programmable circuits
in small [83–86] and large scale [87] realization of integrated devices. The integration
of single-photon sources which exploits nonlinear effects is still challenging due to
the low birefringence and null χ(3) of these waveguides (see Sect. 2.2.1). Notwith-
standing, the FLW can be exploited to write waveguides in a nonlinear material to
generate pairs of photons in parametric processes. These kinds of sources have been
interfaced successfully with FLW chips in [88]. The FLW waveguides display also a
good coupling with external fibers, enabling the interface of the optical circuit with
remote users or solid-state sources [85, 86].

2.1.3 Silicon-on-insulator (SoI)

Silicon (Si). The previously cited fabrication technologies present some limitations
for what concerns the level of miniaturization and thus for the number of optical ele-
ments that can be integrated in a single chip. Silicon devices are characterized by a
high refractive index which allows both for reduced-size circuits and for nonlinear
processes. The fabrication of these waveguides is through optical lithography [46].
Si-based circuits show one of the highest densities of optical elements in the same
device including integrated tunable beam-splitter and phase-shifter, optical gratings,
waveguide crossings, resonators and single-photon sources. Many recent experiments
exploit Si circuits in the various fields of quantum information like quantum telepor-
tation [89], computing [13, 15, 90], simulation [91, 92] and entanglement generation
[27, 93, 94]. The integration of single-photon sources by means of nonlinear pro-
cesses is also very advanced [95, 96]. Arrays up to 16 identical sources in the same
chip have been demonstrated [15, 27, 90]. Some advantages of the Si waveguides
such as the high-birefringence result in some collateral limitations for what concerns
photons absorption, low transparency at the visible wavelengths and not optimal cou-
plings with external fibers. Some improvements can be achieved using alternative
semiconductor materials such as InP [97], GaAs [98] and GaN [99].
Silicon nitride (SiN). Si3N4 waveguides are emerging as a promising alternative to
silicon photonics. These optical circuits share many features of the Si device regarding
miniaturization and integration of single-photon sources. Furthermore, these waveg-
uides are transparent in a wide range of wavelengths like the silica ones and display the
lowest level of photon absorption and losses [100]. Recently, quantum protocols have
been demonstrated in re-programmable multi-port optical circuits with high-level of
reconfigurability [12, 101]. The integration of single-photon sources is possible also
in these platforms. We have examples of entanglement generation and measurement
in the same chip [102], optical resonator for the generation of high-dimensional entan-
gled states in the frequency domain [24, 25, 103], as well as quantum algorithms run
in a fully integrated device [14].
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2.2 Integrated non-classical light sources

One of the main fundamental components for photonic integrated quantum appa-
ratuses consists in photon sources. Several sources based on different technologies
have been implemented, starting from bulk sources based on second-order parametric
processes to recent developments on solid-state devices. However, sources produc-
ing single-photon or entangled-states off-chip require the capability of an efficient
interface with integrated photonic devices, to avoid adding additional losses that can
prevent the successful application of quantum information protocols. Thus an inte-
grated approach encompassing photon sources may be preferable to go in the direction
of fully integrated systems with complete functionalities. In the following, we review
recent advances in the implementation of integrated photon sources.

2.2.1 Integrated single-photon sources

The engineering of single-photon sources is tailored to generate on-demand indistin-
guishable and entangled photon states. The principal difficulty in the design of photon
sources is to fulfill all the requirements mentioned so far in the same system. In fact,
single-photon sources can be separated into probabilistic and deterministic ones. The
first family of sources exploits nonlinear processes which generate intrinsically pairs
of correlated photons. Probabilistic sources have found a straightforward realization
in integrated circuits thanks to the nonlinear properties of the waveguides materials
[104]. The second class of sources exploits deterministic emissions of photons from
atomic-like structures grown on semiconductor materials [105]. Let us illustrate in
more detail the efforts for single-photon sources integration in these two frameworks.

Among probabilistic sources, we can recognize two generation mechanisms. The
first one is the spontaneous parametric down-conversion (SDPC) which is a second-
order nonlinear process linked to the χ(2) value of the material. The geometry of this
kind of source consists of straight waveguides etched inside or near a material with a
highχ(2), such as periodically poled crystals inFLWwaveguides [88, 106], inLN [107]
and AlGaAs waveguides [108] (see Fig. 2a). To increase the generation efficiency and
purity, the nonlinear waveguides can be eventually designed inside a resonant ring
interferometer [109]. The second mechanism is the spontaneous four-wave mixing
(FWM) which is the typical phenomenon in materials with high χ(3) coefficient.
Examples of integrated FWM are in UV-writing silica waveguides [58, 110], Si [96,
111, 112], SoI [113] and SiN [14, 102, 114, 115] platforms. Ring resonators and long
waveguides coiled in spirals are widely employed to enhance the brightness of the
sources and the purity of the single-photon states [95, 104] (see Fig. 2b). One of the
great advantages of integrated probabilistic sources is that they can be fabricated in
arrays of identical emitters [13, 15, 27, 58]. Themost important limitations of nonlinear
processes are due to their probabilistic nature that prevents to have high pair emission
probabilities and to scale the number of photons without post-selection and heralding
procedures [116]. Possible solutions to such issues are time-multiplexed techniques
which can increase the generation probability. This method has been performed only
in a bulk-optics experiment [117] and the adaptation in integrated circuits is still under
investigation.
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a) (2) waveguides b) (3) waveguides c) Determinis�c sources
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Fig. 2 Integrated sources of quantum light. Principal schemes for the integration of probabilistic (a, b) and
deterministic c) sources. aWaveguides written in materials with high χ(2) such as periodically poled KTP,
generate pairs of photons through the SPDC process. One possible fabrication of these waveguides is FLW.
b Examples of single-photon sources which exploit third-order nonlinear processes as spontaneous FWM
in doped silica, Si and SiN waveguides. The generation is enhanced via integrated optical resonators like
the ring micro-resonator or by a very long waveguide coiled in a spiral. c The integration of deterministic
sources is still challenging. Besides the first attempt in photonic crystal waveguides, the most adopted
solution is via fiber connections from the source to the chip

The other type of sources are the deterministic emitters in solid-state physics. These
architectures are generally composed of a quantum dot, an artificial atom structure,
that generates a single photon when excited by a laser pulse. A first method for solid-
state sources is based on micro-pillar cavities. The quantum dot is placed inside two
Bragg mirrors. The cavity and the dot are grown together in the same hetero-structure
[118–122]. This quantum dot technology has the advantage of producing very bright
sources with high photon purity and indistinguishability. However, these structures
are very hard to integrate. The experiment carried out with such micro-pillars exploit
integrated circuits that can be efficiently coupled with the fibers coming from the
sources [85, 86] (see Fig. 2c). Others solid-state emitters are defects in diamond crys-
tals that have shown promising features towards the integration in the waveguide.
Demonstrations of quantum entanglement and photon indistinguishability have been
demonstrated [123, 124]. An alternative method to exploit defects engineering in a
photonic-crystal waveguide [125]. Also this quantum dot structure has the advantage
to put the source directly inside the waveguides. The creation of such a photonic
crystal in waveguides is still challenging and the sources do not display the same per-
formances as the micro-cavity dots. One common issue with deterministic sources is
that the current state-of-the-art fabrication procedure is not sufficiently precise to pro-
duce identical dots in the same sample. Multi-photon experiments are thus performed
by time-demultiplexing of photons generated by the same dot at different excitation.
The cost of such a synchronization procedure is in the overall generation rate and
indistinguishability [85, 126].

2.2.2 Integrated squeezed light sources

A different type of quantum light employed in the continuous-variable framework is
squeezing. Squeezed light shows very peculiar properties useful for quantum com-
putation and metrology tasks. The major issues with squeezed light manipulation are
the losses that can destroy the quantum properties of such sources. The on-chip gen-
eration and manipulation are thus essential since insertion losses in the fibers/chip
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interface could damage the quality of squeezed states. In recent years, the advances
in the integrated photonic allowed several implementations of on-chip squeezed light
sources. Since the first attempt in 2017 [127], now there are various implementations
for different wavelengths [128, 129] and different materials [130, 131]. The principal
geometry used to implement this kind of source are χ(2) and χ(3) materials inside
resonators [131, 132]. This technology allows the fabrication of multiple squeezed
sources into a linear array whit high photon indistinguishability [14, 90].

2.3 Optical circuits design

Integrated photonic tool-kits have been designed to prepare and process single-photon
states in various DOFs [9, 133]. The manipulation of the single-photons states is
performed by exploiting the optical properties of the waveguides such as the birefrin-
gence for polarization control, the refractive index which regulates the relative optical
phases between the modes, and by mean of directional couplers for making photons
interfere. They consist of two (or more) waveguides placed very close one to another
for a given length in such a way that the radiation can be coupled in the waveguides
by evanescent waves. Integrated beamsplitters, partially polarizing beamsplitters and
resonators are realized through such a physical phenomenon. In the following, we
analyze the optical circuit designs for the on-chip manipulation of the various DOFs
of single-photon states. We will focus mainly on the path encoding framework since
it is the most suitable for integration.

2.3.1 Path encoding

Photon states distributed among multiple waveguides are employed to encode
qubit/qudit states and to observe quantum interference effects due to bosonic statis-
tics. Such information encoding has been one of the most investigated in quantum
integrated photonics. Path-encoded single- and multi-photon states can be arbitrarily
prepared, manipulated and measured using re-programmable Mach–Zehnder inter-
ferometers (MZIs). The effect of the MZI is equivalent to the operations made by a
beamsplitter with a tunable splitting ratio and by a phase shift (Fig. 3a). This unit for
path encoding processing envisages two unbiased directional couplers and two inte-
grated tunable phase shifts. Relative phases between paths in integrated devices are
the results of the geometric deformation of waveguides. The recent developments in
the field have demonstrated the capability to realize reconfigurable phase shifters, thus
allowing the implementation of several unitary transformations on the same device
[11, 12, 101]. There are several examples of programmable integrated devices in SoS
[11, 53], Si [13, 15, 27, 90, 92–94], SiN [12, 14, 101] silica laser written waveguides
with FLW [83–85] and UV-writing [56, 57]. The re-programmable elements inside the
MZI are the two phase shifts that are controlled generally through the thermo-optic
effect. Heaters placed nearby the location of the waveguide allow for local changes in
the refractive index of the material. Such reconfigurable units are sufficient to encode,
process and measure any qubit in two optical paths. The complexity reached from
integrated devices is nowadays very remarkable allowing for full integration of qubit-
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Fig. 3 Path encoding and integrated multi-port interferometers. aMZI unit for qubit path-encoding and for
multi-port re-programmable circuits. The red phase shifter (PS) between the two unbiased directional cou-
plers (DC) controls the reflectivity of the equivalent beamsplitter (on the right). The external PS introduces
a phase between the two states |0〉 and |1〉. b, c Examples of universal 4-mode interferometers according
to the triangular [134] and rectangular [135] decomposition. d Continuously-coupled devices comprise
parallel waveguides organized in lattices of different geometries

and qudit-based quantum gates and algorithms in SoS [53] and Si-chips [15, 27, 93,
94]. In particular, the most recent silicon quantum processors count up to 16 integrated
single-photon sources, more than 100 heaters and likewise integrated optical elements
[13, 15, 27].
Universal schemes. More generally, optical circuits made by a network of several
layers of tunable MZIs are universal, i.e. the circuits can be programmed to realize
any unitary evolution on quantum states encoded in m paths. The first work which
proved such a feature was Ref. [134]. Any m × m unitary matrix representing the
evolution of the m modes in the interferometer can be decomposed in the elementary
operations of M = m(m−1)

2 MZIs. The resulting network, shown in Fig. 3b presents
a triangular structure. A universal and fully-programmable five-mode processor was
realized in an SoS device in Ref. [11]. A more recent algorithm for the decomposition
was introduced [135]. This scheme provides a fully symmetric arrangement of the
optical elements which results in a more compact structure with reduced propagation
losses and sensitivity to fabrication errors (see Fig. 3c). Themost recent programmable
universal processors exploit this design. The largest covers up to 20 optical modes [12,
101], together with an 8-mode processor equipped with four integrated sources [14],
both realized in SiN waveguides. The last cited experiment was tailored to perform
sampling tasks and quantum algorithms in the continuous variables framework.
Fast schemes.There are some schemes for specific families of transformation, such as
Fourier and Hadamard matrices, which require a smaller number of optical elements.
The symmetries of these matrices allow simplifying the process of decomposition,
namely a number of MZI equal to M = m

2 log2 m [136]. However, these schemes
known as fast architectures need coupling between non-adjacent optical modes that
result in a non-planar disposition of the directional couplers and phase shifts. There-
fore, only fabrication techniques that can realize waveguides in different planes are
compatible with the fast schemes. In particular, the tritter [75], the Fourier [76], the
Sylvester [77], and cyclic transformations [86] have been fabricated in silica waveg-
uides via FLW, for implementing tests on multi-photon interference.
Continuously coupled optical lattices. The MZI networks are not the only possible
designs for operations on path-encoded quantum states. The laser-writing technologies
present the capability of enabling 3-dimensional architectures for waveguide fabrica-
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tion. This allows the possibility of fabricating arrays of several waveguides placed
parallel one to the other, and are continuously coupled by evanescent-field interaction.
This represents an alternative approach to implement large-scale circuits with a further
favorable scaling with respect to losses and fabrication imperfections. However, it is
worth noting that in the literature there is still not a systematic and complete study
on the universality of such an approach for multi-mode interferometers fabrication.
In this scheme, the geometry of the lattice determines the Hamiltonian H of the sys-
tem. The latter can be expressed in terms of the annihilation and creation operators
of the electromagnetic field as H = ∑

i ki a
†
i ai + ∑

i �= j ci j a
†
i a j where the ki are the

site energies and the coefficients ci j are the coupling coefficients among neighbor
sites. Then, the equation that regulates the propagation of the field in the circuit is
expressed via the operatorU = exp−i/�

∫
H(z)dz where z is the propagation length

through the lattice. Continuously-coupled devices are particularly suitable for quan-
tum simulation since it is possible to map the hamiltonian of a system in the circuit as
shown in [78–81]. Furthermore, modulations of the ki and ci j in various ways during
the fabrication stage make these circuits particularly appropriate to implement Haar-
random extracted matrix. For example, the random modulations of k(z) have been
realized in square and linear lattices with the FLW by changing the writing speed of
the waveguides [82]. However, this methodology can reproduce only a static circuit
or, equivalently, a single random extracted unitary transformation. It is possible to
introduce dynamical modulation of the circuit parameters and thus obtain a reconfig-
urable device able to realize several Haar-random matrices as reported recently in a
32-mode integrated device [87], making continuously-coupled device viable solutions
for photonic sampling algorithms.

2.3.2 Other encodings

Quantum states encoded in other DOFs of single-photon states such as polarization,
time and frequency bins, can be converted in the path-encoding to be processed by
the interferometers described above. Notwithstanding, dedicated integrated toolboxes
have been developed for polarization qubit, frequency and time bins qudits. They still
present technological challenges for what concern re-programmability and univer-
sality. For example, an option for on-chip operations on the polarization is the use
of the birefringence of the waveguides. Integrated waveplates and partially polar-
ized beam-splitters have been realized in FLW silica waveguides [69, 70] which
present near-circular profiles, while their realization is challenging in planar waveg-
uides. Waveplates with arbitrary orientation of the optical axis are the result of a tilted
focusing on the laser beam during the writing process [70]. Partially polarizing beam-
splitters are directional couplers in which the interaction length is chosen to drive the
two polarization components in different paths according to a given splitting ratio. In
this way polarization qubits can be processed as shown in [69].

Quantum states encoded in a superposition of frequency bins can be generated
in optical resonators. On-chip micro-ring resonators have been demonstrated to be
effective for generating entangled and cluster states in such a DOF [24–26, 103,
114] that are feasible for measurement-based quantum computing schemes. On-chip
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generation and measurement of entangled states in the time-bin encoding has been
recently demonstrated in SiN device [102].

Structured light DOFs which are employed in qudits encoding in the orbital and
transverse momentum are still challenging to transmit and manipulate in waveguides.
Besides some works on integrated optical vortex single-photon emitters [137] and on
waveguides supporting angular momentum states of light [138], alternative technolo-
gies based onmetasurfaces [139, 140] are promising solutions towardsminiaturization
of the optical elements that manipulate these DOFs.

2.4 Integrated single-photon detection

When aiming to the fully scalable approach of integrated photonics, some key ingre-
dients must be taken into consideration. The first one is the reconfigurability of the
system which allows for active routing of photons. The second one is the integra-
tion of single-photon sources and single-photon detectors (SPD) which turns out to
be crucial to increase the overall performance by highly reducing losses at intercon-
nections between fibres and the waveguides. Then, on-chip detector manufacturing
is central for the development of quantum information protocols for increasing the
compactness, reliability and stability of the devices. The scientific community has
devoted many efforts at improving the number of detectors within the single device as
well as the photon-number resolution (PNR) capability, jitter timing and many other
parameters that play a crucial role in single-photon detection. The recent results in this
field open the possibility to a new class of experiments and more innovative methods
to interface and address in a monolithic photonic device many quantum information
protocols. The integration of superconducting elements for single-photon detection is
crucial for the entire development of complex and effective integrated devices. The
principal types of single-photon detectors and the integration methods are discussed
in the following paragraphs.

The different options for single-photon detectors range from avalanche photodi-
odes, superconducting nanowire single-photon detectors (SNSPDs) to transition edge
sensors (TESs). From the first integration of SPD within chip devices performed in
2011 by Sprengers et al. [141], several works have been published demonstrating the
efficient overcome of this major barrier in quantum technologies [142, 143]. The main
challenge when building systems with multiple SNSPDs remains the residual fabrica-
tion defects at the nanoscale [144], a problem that increases even more when aiming
to the insertion of the detector into the integrated devices. This problem can be solved
by exploiting a micrometer-scale flip-chip process [145]. The integration of SPD tech-
nologies can be patterned on different materials ranging from GaAs [141], Si [142] to
Si3N4 [146]. The choice of the material will impact on the compactness, transmittivity
and overall performance of the integrated device. It is well known that some quantum
protocols require PNR detection [147–149]. Thus some efforts have been directed to
the construction of this kind of detectors within chips. In particular, PNR TESs have
been integrated on silica [150] and LN waveguides [151] demonstrating the capacity
of resolving up to five photons while the maximum number of photons resolving was
four in SNSPDs on GaAs [152]. The development of SNSPDs with pseudo PNR, is
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another potential solution to increase the capacity of detection relying on spatial mul-
tiplexing in arrays of superconducting nanowires [153]. PNR capabilities of a single
SNSPD enabled by tapered transmission lines for measuring Hong-Ou-Mandel inter-
ference have been demonstrated in a recent article of 2020 [19], where the authors
have demonstrated a PNR detector at telecommunication wavelengths based on a
single superconducting nanowire with an integrated impedance-matching taper. The
prototyping device was able to resolve up to four absorbed photons with 16 ps timing
jitter and less than 2 Hz device dark count rate.

For the correct operation of SNSPDs and TESs a cryogenic temperature is required
and thus represents an issue to overcome. Waveguide-coupled germanium-on-silicon
avalanche photodiodes were already demonstrated with promising detection efficien-
cies at 1310 nm while operating at 80 K [16, 18]. TESs would also be able to provide
the possibility for PNR, but they require to operate at low temperatures close to 100
mK range and show high dead times and low time resolution.

In general, to achieve GHz detection rates, it is required to reduce the reset time
of the detectors to the sub-nanosecond range. Another potential solution consists on
decreasing the length of the integrated device that would reduce the kinetic inductance
and, consequently, the detection pulse decay time. On the other hand, shortening the
length of the chips results in a smaller waveguide-detector interaction length which
limits the on-chip detection. Thus a compromise between circuit size and detection
efficiency must be taken into consideration. One of the best performances of on-chip
detection was reported in 2018. A detection efficiency >90% with a timing jitter <20
ps and recovery times enabling count rates higher than 1 GHz. [17].

3 Applications

This section of the review is entirely dedicated to the adoption of integrated devices in
quantum information protocols. We focus on experiments and methods which exploit
fully integrated or hybrid bulk-integrated solutions. For other experiments in free space
or bulk apparatuses we refer to other reviews in the field [1, 2].

3.1 Quantum communication and cryptography

In the last years, there has been an increasing interest for the development of more
complex, stable and compact setups. This requirement promoted integrated photon-
ics as one of the most promising approaches. Quantum physics has contributed to
the development of fields ranging from quantum information processing to quantum
communications. In particular, for quantum communications it is required to have at
least two separated nodes, and a natural solution is found using single photons as infor-
mation carriers [154]. Photon capabilities allow us to encode information in different
degrees of freedom such as polarization, path, orbital angular momentum, frequency,
etc. Another reason to exploit photons is due to the fact that they have very low inter-
action with the environment, in particular for free-space and fiber communications,
thus preserving the encoded information.
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Within this section, we will review some of the most recent progress of quantum
communication and cryptography exploiting integrated photonics. Nowadays, open
challenges include the connectionbetweendifferent interfaces such as chipwith optical
fibers, chip-to-chip, and certainly integrated optics with classical telecommunications.
Other problems to solve when aiming to scalable communications with integrated
photonics involve quantummemories and quantum repeaters [155, 156]with the aimof
successfully developingquantumnetworkswith complex structures [157]. Theguiding
principle is to go towards higher integration of electronics and photonics, leading to
improvements in the clock rates, low cost and portability. Nowadays, it is common
to rely on signal post-processing such as post-selection of probabilistic measurement
outcomes, as well as quantum state analysis to overcome some limitations.

It is important to notice that integrated devices have already an impact on quantum
communications offering advantages in terms of physical footprint, weight, energy
consumption, compactness, stability, portability and manufacturability with respect to
current state-of-the-art demonstrations in table-top experiments. In the past decade, a
handful of research groups have performed interesting experiments proving the capa-
bilities of integrated photonics in the communication field. One of the seminal papers
involved the experimental implementation of quantum teleportation in a photonic chip
[56]. It is well known that quantum teleportation is at the core of many applications
such as quantum cryptography, quantum relays [158], quantum repeaters [155, 156]
and linear optics quantum computing [159]. The authors exploited a reconfigurable
photonic chip to perform the teleportation protocol with state encoding, entanglement
preparation, Bell-state analysis and state tomography, all carried out on chip. Fourfold
events of 5MHz at one output of the Bell-state measurement were registered and a
fidelity of the initial state of 89% ± 3% which is higher than the 2/3 value of the
classical limit.

Currently, Quantum Key Distribution (QKD) is one of the most developed and
fruitful fields of quantum information [160, 161]. The working principle permits the
exchange of a private secret key between two trusted parties over an untrusted quantum
channel, provided that the parties can access to 1) an authenticated classical channel
and 2) true random number sources for the development of the algorithm. On-chip
sources of random numbers have been already implemented [162–165]. This field
has been recently extended to the cases for which quantum dots are exploited in the
generation of photons thus improving the overall security [166, 167]. Very recently,
some QKD experiments with integrated photonic components have been reported
[168–171]. In particular, on-chip measurement-device-independent quantum key dis-
tribution has been demonstrated [170]. The authors experimentally proved that 1 kbps
of secret key can be exchanged at 100km, and predict positive key rates at more than
350km. The system removes detector vulnerabilities, and represents a viable solution
for near-term metropolitan quantum networks.

Another important step forward has been a protocol of chip-to-chip quantum tele-
portation [89]. In this experiment, the devices were able to produce, process, transmit
and measure multiphoton multi-qubit states. The fidelity obtained in the mentioned
work was almost 90%which is one of the highest obtained when exploiting integrated
photonics. The results obtained up to now encourage the construction of worldwide
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communication exploiting hybrid technologies and thus several research groups are
continuously contributing to this research topic.

3.2 Quantum computing schemes

The principal universal schemes of computation are the circuit model [21], the
measurement-based quantum computing (MBQC) [172–174] and blind-quantum
computing (BQC) [175]. The circuit model is the direct adaptation of the traditional
set of gates in operations with qubits and qudits. TheMBQC is a different formulation
which requires the generation of a large entangled state with many qubits followed
by single-qubit measurements. In the BQC paradigm a client delegates to a server
the information processing without previous knowledge of the client’s state. Single-
photon states are perfect information carriers since are quite free from decoherence
and can be shared among users. However, the absence of interaction among pho-
tonic qubits puts important limitations in the realizations of such schemes of quantum
computing. The first scheme to implement quantum computing via the circuit model
in linear optics was formulated by Knill, Laflamme and Milbourn in [159] (KLM
scheme). In this paradigm, the interaction necessary to implement two-qubit gates is
introduced by the employment andmeasurement of ancillary photons. This means that
the number of photons and of optical elements grows unfavorably with the number
of qubits. The MBQC results to be a more convenient solution in photonic qubits.
In this paradigm, the problem of the interaction is shifted to the generation stage of
multi-partite entangled states. To this aim, a combination of entangled single-photon
sources, time-multiplexing, and linear interferometer have been proposed [176–178].
Also, the BQC can find in principle convenient realization in photonic platforms since
photons can be sent through fibers between clients and servers and then processed by
a linear interferometer.
Circuit model. The first attempts in the early integrated chips regarded single- and
two-qubit gates on path [43] and polarization [69] encoded qubits (see also Fig. 4a).
In particular, these two examples aimed at realize a probabilistic CNOT gate which
represents together with the Hadamard gate the basic unit for universal computation.
Another integrated device was designed to perform Shor factorization algorithm with
two integrated CNOT [52]. The next generation of integrated devices showed the
capability to encode different operations in the same device thanks to reconfigurability
and to universal schemes for decomposing any transformation over the photons modes
[11, 12, 101]. However, these instances are demonstrations of a single gate operations
rather than the integration of a quantum processor. The latter would require many
ancillary photons and cascaded gates such as the KLM scheme suggests. Examples
of CNOT gates performed according to the KLM scheme are reported in Ref. [56]
in UV-writing silica waveguides and in Ref. [11] in a SoS platform. The most recent
proof-of-principle demonstrations of quantum algorithms in two-qubit and two-qudit
processors in Si-photonics exploit a scheme which is halfway between KLM and
MQBC. Quantum algorithms are performed by local operations and measurements on
maximally entangled states. In this approach, arrays of integrated parametric sources
are coherently excited to produce a state which is the superposition of the different
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Fig. 4 Quantum computing in integrated photonics. a Examples of on-chip realization of heralded quantum
gates. On the left, a CNOT gate on two path encoded qubits in a SoS chip [43]. On the right, the most recent
scheme of Refs. [13, 15] to implement controlled gates by exploiting the entanglement between photons
generated by an array of integrated sources in Si waveguides. The operations and measurements on idlers
photons (orange circles) control the gates on the two qubits encoded in the signal photons (green circles). b
On chip generation of 4 qubits cluster states for MQBC reported in [179] and [93]. The quantum resource of
MQBC is a complex and fully connected cluster entangled state in which each circle represents a qubit and
the edges the entanglement correlations. c Scheme of BQC with integrated photonics. A proof-of-principle
on-chip demonstration of a BQC variant has been recently reported [180]

ways to have a pair of signal-idler photons. One- and two-particle operations result
in the signal photons detection conditioned by the measurement of the corresponding
idler signals (see Fig. 4a). Two path-encoded processors, one with two qubits [13]
and the other with two ququarts [15], have been developed according to this scheme
in Si devices. Four FWM integrated sources are excited and the local operations are
performed by tunable MZI on each qubit or ququart. These processors proved to
perform with high fidelity and good success probability several gates and quantum
algorithms. Furthermore, these chips are one of the most complex quantum integrated
devices for what concerns the number of integrated optical elements and numbers of
tunable MZI.
Measurement-based quantum computing (MQBC).AgenuineMQBC requires the
generation of large entangled states, such as GHZ, cluster or graph states. Nowadays,
on-chip entanglement generation is a well-established and mature technology. One
method is through the scheme reported in Fig. 4a in Si-chip. This approach allowed
to generate two-qudit with d = 16 entangled states in path encoding [27] as well as
cluster states [93]. Other examples of entanglement generation in time bin encoding
are provided in [102, 181] and in frequency bins [24, 25]. The first example of on-chip
MQBC operations was the work [179] in FLW waveguides. The authors generate a
four qubit cluster states encoded in polarization and path of two photons. Two type of
cluster states such as the linear chain and the four-vertex box were investigated (see
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Fig. 4b). Furthermore, a proof-of-principleGrover search algorithmwas demonstrated.
A further demonstration of MQBC is given by Refs. [25]. In this work cluster states
were generated in frequency bins from an integrated micro-resonator. As most recent
implementations ofMQBC,wemention the fully on-chip generation andmanipulation
of cluster states in Si-photonic platforms. The key element is the engineering of array
of identical integrated sources and their excitement. In Ref. [93] different graph cluster
states geometry were demonstrated with such technology (Fig. 4b).
Blind quantum computing (BQC). The BQC scheme is based on the secured
exchange of classical and quantum data between a client and a server. A crucial
requirement of this scheme is that the server processes the information for the client,
i.e. perform a function f (x), where x are the client’s quantum or/and classical data,
without previous knowledge of x . Some technological challenges of the scheme regard
the need for quantum memories or quantum repeaters to store and exchange quantum
states. Integrated photonic platforms can be employed for example to prepare photonic
qubits by clients and to process them in the server station. However, besides the first
proof-of-principle implementation of BQC in a bulk optics apparatus [182], no demon-
strations of such a scheme in fully integrated devices have been reported. A variant of
BQC which relaxes some hypotheses of the original proposal such as the universality
[183], has been demonstrated in FLW four-mode chip [180]. The authors proved the
effectiveness of homomorphic encryption to perform delegated computational tasks
in the spirit of BQC.

3.3 Quantum simulation

Quantum simulations aims at solving problems related to a physical system in a quan-
tumprocessor. In otherwords, a quantum simulatormaps a given system in a controlled
quantum platform which can be programmed. A possible way to perform quantum
simulationwith photons is through quantumwalks, a paradigmwhich allows to encode
hamiltonians in the information processing [184]. Another approach is via quantum
algorithms for phase estimation and variational eigensolvers [21]. These algorithms
are tailored for the calculation of the ground state energy of molecules or chemical
substances. Recently, photonic platforms which exploit squeezed light sources have
demonstrated potentiality formolecular vibronic spectra simulations [185, 186] aswell
as for solving graph-theory problems [187–189]. The last emerging branch regards
machine learning and quantum machine learning [190]. In the following, we review
these principal quantum simulation approaches in integrated photonics.
Quantum walks. Quantum walks are important paradigms for quantum simulation
with photons. They are the adaptation of random walks on lattices in a quantum
framework, i.e the walker lives in a Hilbert space. The evolution of such a walker
can be performed in two different fashions, via discrete-time quantum walks, where
the evolution takes place in discrete steps, and via continuous-time quantum walks, in
which the evolution is describedby aHamiltonian. Thediscrete-timeversion is realized
in integrated chips by muli-port interferometers. Quantum transport phenomena such
as single- and two-particles Anderson localization and entanglement growth in a spin
chain have been simulated in polarization insensitive FLWdevices [67, 68]. Fermionic
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and bosonic statistics effect in two-particle interference have been observed with the
same fabrication technology [66, 67]. Quantum transport properties such as diffusion
and ballistic diffusion have been simulated recently also in Si-device [191]. Dynamics
and energy transport in 4 atoms molecule have been simulated in a 5-mode SoS
device [192]. The laser writing methods are feasible also to realize continuous-time
quantum walk. The engineering of the couplings among waveguides written in one-
and two-dimensional optical lattices allow to map different Hamiltonian in the device.
Continuously coupled circuits have been employed to observe bosonic statics [78, 81]
and the effect on Fano resonance [193]. Furthermore, the previously cited phenomena
of quantum transport like localization, diffusion, and ballistic spreading have been
simulated also in these architectures [79, 80, 194].
Simulation via quantum algorithms. Quantum algorithms such as phase estimation
have been exploited to determine the energy levels of atoms and molecular systems.
The idea of phase estimation is to individuate with high precision the values of the
complex phase eiφ by mean of an oracle U such that U |ψ〉 = eiφ |ψ〉 where |ψ〉
is the qubit register of the quantum processor [21]. A quantum simulator based on
this algorithm maps the hamiltonian and the corresponding evolutionU of the system
in a way that φ will be the energy estimation. This quantum algorithm has been
demonstrated in Si-based device in Refs. [92] with a circuit scheme equivalent to the
one showed in Fig. 4a. More precisely, this work combines a phase estimation with
a variational eigensolver. In this second method the qubit register |ψ〉 is initialized
according to some initial ansatz on the ground state of the system. The state preparation
is iteratively optimized to reach the minimum of the energy estimation. This algorithm
is generally assisted by a classical optimization routine to change on-line the circuit
setting in the preparation stage. The first demonstration was performed in 2014 in SoS
chip [54].
Quantum simulators with squeezed light. Recently, many studies on photon count-
ing experiments performed on squeezed single-photon states in multi-port optical
networks have been carried out [185, 189]. One result regards the possibility to retrieve
from the photon counting samples molecular vibronic spectra. This was proved theo-
retically [185, 186] and recently demonstrated in a SiN chipwith 4 integrated squeezed
light sources and 8 ports [14]. On the same device, other properties of squeezed light
have been investigated. Graph adjacency matrices can be encoded in the circuit. This
allows to solve some graph problems such as dense-subgraph estimation [188], graph-
isomorphism and similarity [189].
Learning algorithms. Another emerging branch in quantum computing is quantum
machine learning. This field aims at looking for advantages in computation from inter-
facing quantum processors with classical machine learning methods and from a direct
translation of learning algorithms in the quantum framework. Hybrid and fully quan-
tum learning algorithms can provide new solutions for quantum simulations as such
as traditional machine learning did in many scientific fields. In Ref. [91] Hamilto-
nian learning by a quantum photonic Si-chip has been performed. In this work, the
hamiltonians of molecules are individuated from a combination of a bayesian learning
method and information processing by the quantum photonic chip. For what concerns
fully quantum learning methods, we have examples of quantum reinforcement learn-

123



Integrated photonics in quantum technologies 89

ing in a Si-chip [195] and the realization of quantum memristors in a FLW chip for
neuromorphic computing [196]

3.4 Integrated circuits for photonic sampling devices

Among the different fields of applications, integrated circuits have been employed as
one of themain ingredients for quantumdevices dedicated to solve specifically tailored
samplingproblems.This class is composedby those taskswhose aim is to obtain afinite
sample from a given distribution. The interest relies in that some of these problems
cannot be solved efficiently with a classical approach, while they can be solved with
quantum hardware. Building a quantum device capable of solving a sufficiently large
instance of one of these problemswould provide an unambiguous demonstration of the
quantum advantage regime [20], namely those scenarios where a quantum approach
outperforms any classical system. In this context, photonic integrated circuits have
been employed to tackle sampling problems based on the evolution of photon input
states in linear networks [197].

The original formulation of the Boson Sampling is due to S. Aaronson and A.
Arkhipov [37]. More specifically, the related task requires to draw a finite sample
distributed according to the output obtained from the propagation of a set of n non-
interacting bosons injected in different input ports of an m ×m linear transformation.
In this seminal paper, it was demonstrated that such a sampling task belongs to the #-P
complexity class, and is exponentially hard (in the number of photons n) to tackle with
a classical approach. This is due to the connection between the transition amplitudes
between input and output configurations and a matrix function known as permanent,
which cannot be efficiently calculated or approximated classically for complex and
sufficiently random entries. Conversely, a quantum device composed of single-photon
sources, linear optical interferometers and single-photon detectors can be in principle
employed to perform such a task in a shorter time than any classical approach, if the
number of photons n is sufficiently large.

Given these requirements for the quantum implementation, photon circuits have rep-
resented themost employed approach to implement the constituting quantumhardware
components since the very early implementations [55, 71, 72, 198]. In particular, the
formal recipe for Boson Sampling requires interferometers with a number of modes
scaling at least asm ∼ n2, being n the number of photons, with a universal layout so as
to implement arbitrary unitary transformations to avoid symmetric structures affecting
the complexity of the calculation. To this end, given their inherent stability and their
compact structure, integrated interferometers have been employed to perform different
Boson Sampling implementations [199–202] using layouts corresponding or inspired
by universal schemes [134, 135], or circuits with the fast architecture to test validation
protocols [76, 77]. Recent implementations with integrated photonic circuits have also
employed reconfigurable interferometers with universal layouts [11] as well as tested
novel geometries for a more compact and low-loss implementation of arbitrary unitary
transformations [87]. Furthermore, experiments with quantum dot sources have been
recently reported [133, 203–205]
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Fig. 5 Photonic sampling machines. aBoson Sampling (BS) and the variants b Scattershot Boson Sampling
(SBS) and cGaussian Boson Sampling GBS). These non-universal machines solve the problem of sampling
from the photon counting distribution of the quantum states of light reported in the figure for each case
after the evolution in a random interferometer. These variants have been introduced to increase the samples
generation rates and for looking at further applications beyond the original sampling task

Starting from the original proposal of Ref. [37], different variants of Boson Sam-
pling have been proposed and tested experimentally (see Fig. 5). The aimof the variants
was mainly due to obtain the formal of equivalent sampling tasks in terms of classical
complexity while exploiting more efficiently the available hardware for quantum pho-
ton implementations. The first proposed variant, called Scattershot Boson Sampling
[38], was defined in this exact spirit to fully exploit the potential of probabilistic spon-
taneous down-conversion sources. The first experimental implementations relied on
integrated components for the linear optical evolution [73], and subsequently encom-
passed integration of both sources and evolution in the same device [90]. For a detailed
review of all Boson Sampling implementations, including those not relying on inte-
grated circuits, we refer to [197].

A second and relevant variant is found in the Gaussian Boson Sampling problem
[40], which replaces single-photon sources with single-mode squeezing sources. This
task shares the same complexity class of the original Boson Sampling formulation,
albeit the available photonic technology enabled recent implementations of large-scale
experiments with bulk optics [3, 4] or fiber components [5]. Furthermore, the interest
in this variant is also found in the connection with graph theory [187–189] and quan-
tum simulation of certainmolecular systems [185, 186], thus opening first perspectives
of application of photonic sampling problems beyond the quest for quantum advan-
tage. Integrated circuits have been employed for different Gaussian Boson Sampling
instances [14, 90], with systems encompassing both sources and photon evolution on
the same chip. Implementations based on integrated technology are characterized by
the large degree of reconfigurability of the platform and the universality of the layout.
These ingredients are both relevant to fully satisfy the hypothesis behind the Gaussian
Boson Sampling problem, as well as for the potential adoption of the quantum hard-
ware towards the aforementioned applications. Future challenges to scale up these
systems to a larger scale involve the integration of all components (sources, evolution,
and detectors) on the same low-loss platform.
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4 Conclusions and outlook

In this work, we have overviewed the different technologies to realize integrated cir-
cuits, and the level of miniaturization reached by the various components which also
involves photon sources anddetectors. These devices haveproved to beviable solutions
to realize nano-processors for qubits [13], qudits [15] and samplingmachines for quan-
tum advantage demonstrations [12, 14, 87, 90]. Significant results have been reported
even in the field of communications, cryptography and quantum random number gen-
eration [89]. One of the most mature manufacturing technology is silicon photonics,
which provides a feasible solution for large-scale instances of programmable photonic
quantum processors. Notwithstanding, Si-photonics present some issues that need to
be addressed towards further developments of progressively larger photonic chips.
One of the main limitations regards the two-photon absorption that can be mitigated
in SiN waveguides. The latter are nowadays alternative and important candidates for
future quantum integrated photonic technologies. Finally, other technologies present
their own advantages, such as for instance femtosecond laser-writing circuits having
unique properties in terms of three-dimensional capabilities and supporting polariza-
tion encoding.

The next challenges of integrated photonics regard scalable implementations of
computing and entanglement generation schemes, possibly avoiding the need of ancil-
lary photons and post-selection. On-chip demonstrations of the MQBC paradigm,
which could circumvent such resource overhead in photonic platforms, still require
post-selection methods for the generation of cluster states. A fundamental techno-
logical step towards scalable computing schemes is the integration of feed-forward
systems. This seems to be the next challenge of integrated photonics for the imple-
mentation of universal quantum computing. Possible solutions can be found in the
fabrication of heterogeneous circuits with passive and active waveguides such as LN
which allow for fast modulation of the optical operations [9, 10]. Furthermore, the
interface between deterministic sources and fast on chip-manipulation of time and spa-
tial degrees of freedom represents a promising route to employ such a high-efficiency
approach for photon generation, as recently shownby bulk experimentwith dot sources
[206].
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