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ABSTRACT
Integrated quantum nanophotonics aims at combining optical elements on-chip to realize
complex circuits with full quantum functionality. Examples are integrated boson sam-
pling circuits and chips that generate 2D photonic cluster states. As such, this modern
field of photonics opens up many exciting opportunities in quantum technology with
the overarching goal of implementing large quantum networks and photonic quantum
computers. This chapter provides an overview of important basics of integrated quantum
nanophotonics, represents the state of the art and provides an outlook on possible future
developments. It includes an insight into numerical design and optimization processes
and introduces modern manufacturing processes for quantum circuits. Based on this,
corresponding circuits relying on homogeneous semiconductor structures are discussed,
with a focus on elements with integrated quantum emitters. In addition, advanced con-
cepts are also presented, which are enabled by the heterogeneous combination of different
materials in order to develop fully integrated quantum chips. The chapter closes with an
outlook on future developments and a summary.
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1.1 INTRODUCTION

Integrated quantum photonic circuits (IQPCs) are key elements in the emerging
field of quantum technologies. They provide exciting opportunities to realize
quantum devices with high functionality in a scalable, robust, energy efficiency
and compact fashion. Similar to the development in of integrated electronic
circuits in the 1960s, it is expected that IQPCs will boost the progress in the field
and lead to high-performance quantum systems to perform, for instance, quantum
computation and quantum simulations [78, 44]. Here, scaling up to quantum
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operations with # & 50 qubits promises to outperform classical computers and
to enter the regime of quantum supremacy [99, 6]. The overarching motivation
for the development of IQPCs is based on the efforts to reduce complex and
sensitive laboratory structures to a chip level. As with electronically integrated
circuits, this leads to a significantly increased functional density and is the basis
for successfully transferring exciting basic experiments into real applications of
quantum technology with low operation costs.

Depending on the intended task, IQPCs have different levels of complexity,
but they have in common that the relevant information is transmitted within the
circuits by means of individual photons. In the simplest case, they only contain
photonic waveguide (WG) structures, beam splitters and possibly phase shifters
to perform basic quantum operations [78, 128]. However, much more complex
architectures are required for many goals and advanced applications, such as the
generation of 2D photonic cluster states, multidimensional quantum entangle-
ment and the realization photonic quantum computers [12, 136, 113, 55, 191].
In addition to simple WG structures, fully integrated IQPCs ideally also include
active elements such as single-photon emitters, which in the best case are also
excited directly on the chip electrically via carrier injection or optically via in-
tegrated micro- or nanolasers. Such circuits quickly become more complex and
require sophisticated design concepts and manufacturing processes. In addition,
the combination of several material systems in heterogeneous approaches is of-
ten required in order to be able to map all the necessary functionalities. For
example, it makes sense to combine quantum dots (QDs) in the GaAs material
system in hybrid architectures with loss-minimized silicon waveguides in order
to, respectively, generate single photons at high rate and to transfer and manip-
ulate them in the silicon waveguides with low optical losses [200, 76, 23, 155].
Similarly, it is attractive to combine superconducting materials with waveguide
materials to implement on-chip single-photon detectors [120, 137] and recently
even fully integrated Hanbury Brown and Twiss experiment [161].

The development of IQPCs promises exciting opportunities across the board
to implement components with high quantum functionality. In addition to the
underlying ideas and sophisticated numerical design methods, advanced man-
ufacturing methods must be developed and applied. In some cases, methods
of classic integrated photonics can be used to implement low-loss silicon WGs,
for example. For the envisioned operation in the quantum regime of individual
emitters and individual photons, however, new types of technology concepts
have to be established. For example, the targeted and scalable integration of
individual quantum emitters in IQPCs represents a major challenge that can only
be solved with new approaches in the field of quantum technology and quantum
engineering. In this context, deterministic manufacturing processes have been
developed in recent years to select individual quantum emitters based on their
optical properties and to integrate them into WGs with nanometer accuracy.
In addition, methods for spectral control of individual quantum emitters have
been established that form the basis for IQPCs whose functionality is based on
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multiphoton interference, when implementing, for instance, large scale boson
sampling circuits or scalable quantum computing using the Knill-Laflamme-
Milburn (KLM) scheme [78, 182]. In addition, it has been proposed to imple-
ment IQPCs using quantum physical effects such as entanglement to generate 2D
photonic cluster states as key resource for universal measurement-based quantum
computation [185]. These concepts and many other approaches in the field of
photonic quantum technology benefit decisively from the integration of optical
components in functional IQPCs, which explains the high interest and the timely
importance of developing such elements.

Against this background, this chapter shows important basics and current
developments in the field of IQPCs. The aim is to give undergraduate stu-
dents, doctoral students and interested scientists from related subject areas a
well-founded insight into the topic and also to show the enormous potential
and future developments of integrated quantum nanophotonics. Following the
thematic introduction in the present section, section 1.2 introduces numerical
methods that are used for the design and functional optimization of correspond-
ing quantum optical circuits. Building on this, section 1.3 gives an insight into
modern manufacturing methods for IQPCs. One focus here is on novel and un-
conventional approaches that have been developed to integrate quantum emitters
in a highly controlled manner as single photon sources in quantum circuits. Sec-
tions 1.4 and 1.5 include an overview of the current status in the development of
quantum circuits based on homogeneous material compositions or on the basis
of heterogeneous component approaches. Homogeneous approaches have the
advantage that they are generally easier to implement, but their performance is
often limited to individual functionalities enabled by a single type of material.
In contrast, heterogeneous concepts have a significantly greater development
and optimization potential. For example, quantum emitters, low-loss WGs and
efficient single-photon detectors made of different materials can be combined on
a chip in front of fully integrated solutions. The chapter closes with an outlook
in section 1.6 on future developments and challenges to be solved towards fully
integrated IQPCs with full quantum functionality and a summary of the chapter.

1.2 NUMERIC MODELING AND OPTIMIZATION

This section discusses numerical methods that are used for the design and op-
timization of WG systems. The focus is on systems with integrated quantum
emitters, in which the coupling efficiency between emitter and WG is usually
the figure of merit. For instance, the chiral light-matter interaction can be max-
imized to yield directional light coupling into WGs at certain emitter positions.
Further examples of numerical optimization are maximizing the photon extrac-
tion efficiency via grating couplers normal to the surface or lateral coupling
elements and improving the structural design of nanocavities to maximize their
quality (Q) factors. Typical numerical approaches that are used here are the finite
difference time domain (FDTD) and the finite element method (FEM) concepts.
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1.2.1 Finite Difference Time Domain

The FDTDmethod [181] is one of the most popular methods for electromagnetic
simulation, and is currently available from multiple commercial as well as open
sources [116]. As the name indicates, the method solves Maxwell’s equations
in time-domain and in three-dimensional space, allowing straightforward sim-
ulation of general, complex electromagnetic and photonic devices with a great
degree of detail.

Starting from the differential form of the equations, both time- and space-
derivatives are approximatedwith a finite differences scheme in a spatio-temporal
grid. The standard grid, used in most implementations of the method, is gener-
ated from the so-called Yee cell [181], defined such that the electric andmagnetic
fields are staggered in time and in space, and sampled at spatial locations offset
by a half pixel. Such a prescription allows space- and time-derivatives to be
expressed in the center-difference scheme [181, 116].

The method allows almost arbitrary geometries to be defined by assigning
spatially varying electric permittivity (n (r)) and magnetic permeability (`(r))
values across the grid. Importantly, because the discretization grid is regular,
mesh refinement is not as flexible and efficient as in the FEM approach. Nonethe-
less, simulation of dispersive, anisotropic, nonlinear and time-varying materials
is possible. The spatially finite computational domain can furthermore support a
variety of boundary conditions (e.g., perfect electric ormagnetic conductor, sym-
metry conditions, etc.), and open boundaries can be implemented by introduction
of perfectly-matched layers (PML). A PML is a finite, absorptive electromag-
netic medium that is placed side-by-side with the computation domain, while
being matched to it. The matching condition means that waves emanating from
the computation domain are not reflected at the PML interface, such that the
latter, being sufficiently thick to absorb the wave completely, emulates an infinite
half-space. The FDTD method allows excitation of electromagnetic structures
with time-varying, spatially distributed electric or magnetic current sources, as
well as with illumination field distributions, such as plane waves, Gaussian,
beams and WG modes. In general, the temporal shape of the excitation source
determines the spectral range over which the simulation is valid. Importantly, a
minimum time-step length must generally be met, depending primarily on the
spatial discretization with respect to the wavelength, though also on boundary
conditions and material properties, in order to ensure stability of the simulation.

In an FDTD simulation, the electromagnetic field is obtained from the pre-
vious time-step over the entire computational domain, so that computation of
relevant quantities such as electric and magnetic energy densities, Poynting vec-
tor, absorbed power, etc., at each time step is also possible. FDTD is commonly
used for the calculation of resonant cavity modes [186]. Typically, a point-dipole
source with a short temporal envelope is placed within the cavity, and illumi-
nates it with a broad range of frequencies. If the cavity supports a resonance at a
particular frequency within the range, it will be excited by the source. The time-
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FIGURE 1.1 Examples of FDTD simulation results. (a) Modal transmission for the mode trans-
former from ref. [23], illustrated in Fig. 1.20(c). (b) Fraction V of the total power emitted by a
dipole in the hybrid WG of Fig. 1.20(a), coupled into the fundamental TE mode for the hybrid WG
of Fig.1.20(b). (Reprinted from ref. [23] with permission from Springer Nature.)

evolution of the cavity field in this case will display a sustained oscillation at the
resonance frequency, with an exponential decay associated with energy escape
from the cavity, and corresponding to its quality factor. In the frequency domain,
this decay appears as a Lorentzian peak centered at the resonance frequency.

In contrast with frequency-domain methods, FDTD can allow the deter-
mination of the spectral response of a simulated system, within a specified
frequency range, with a single run. After completion of the simulation, the time-
dependence of the electromagnetic field and derived quantities can be converted
to the frequency domain via Fourier transformation and normalization by the
time-varying excitation source’s spectrum. As an example, Fig. 1.20(c) in Sec-
tion 1.5 shows the steady-state, simulated electric field amplitude for the on-chip
adiabatic mode transformer demonstrated in ref. [23], at a single wavelength.
The mode transformer consisted of a GaAs ridge stacked on a Si3N4 ridge, both
of which featured a width taper along the propagation direction. The simulation
consisted of launching the hybrid WG mode shown in Fig. 1.20(a) at the device
input, and calculating the power delivered to the mode shown in Fig. 1.20(c)
at the output. Figure 1.1(a) shows the calculated modal conversion spectrum
for the structure, obtained from a single simulation run. As another example,
Fig. 1.1(b) shows results of a simulation of an electric point dipole radiating at
the center of the GaAs ridge in Fig. 1.20(a). Here, the fraction V of total emitted
dipole power that couples to the TE mode shown in Fig. 1.20(a) is plotted as a
function of wavelength and GaAs ridge width. The wavelength dependence here
was obtained by Fourier transforming the time-dependent electromagnetic field
for each dipole position.
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1.2.2 Finite Element Method

In the case of FEM simulations, the Maxwell equations are solved under bound-
ary conditions that are given by the device geometry, see e.g. Ref. [126].
Suitable source terms can be taken into account that approximate the emission
properties of quantum emitters. The given problem is subdivided into finite
elements, or small, easy-to-handle domains with locally defined boundary con-
ditions and polynomial field-approximating basis functions. Taken together,
finite element piecewise-continuous field solutions can be obtained for the entire
domain. Common examples of finite elements are triangles and rectangles in
2D and tetrahedrons and cubes in 3D, see e.g. Fig 1.3(b). In modern FEM
solvers, the meshes that define these domains are dynamically adjusted during
the calculation in order to adapted to the multi-scale properties of the photonic
structures and to minimize the necessary computing time for a given computa-
tional accuracy. Before calculating solutions of the problem, these domains are
pieced together in a way that tangential continuity of the electric and magnetic
field across the boundaries of neighboring patches are ensured. Noteworthy is
that fact that, while FEM applies a discretization to the geometry, it does not use
any approximation to Maxwell’s equations themselves. In fact, it approximates
the solution space in which one seeks a reasonable approximation to the exact
solution. Advantages of the FEM concept include the accurate treatment of
complex geometrical shapes, a flexible and iterative refinement of the finite ele-
ment mesh by considering details of intermediate solutions, and the availability
of high order approximations to ensure fast convergence. Overall, FEM consti-
tutes a likewise flexible and powerful concept to numerically model to optical
properties of nanophotonic devices and integrated photonic circuits.

To illustrate and underline the suitability of FEM for the numeric optimiza-
tion of photonicWG systems, we present results on chiral light-matter interaction
and directional coupling in QD based ridge-WG circuits. We consider a GaAs
based ridge WG system as an easy-to-fabricate model system for the studying
and maximizing the directional emission of a quantum emitter coupled to con-
fined modes in the WG, where the lateral displacement of the emitter ΔG acts as
parameter. The layer design includes a lower AlGaAs/GaAs distributed Bragg
reflector (DBR) to reduce photon losses into the substrate and GaAs capping
layer which includes the quantum emitter at the vertical field maximum of the
WG modes, see Fig. 1.2(a). The computational geometry is shown in panel (b)
which also indicates the used mesh and coordinates. A FEM solver was used to
calculate the propagating eigenmodes for a WG width of 850 nm and a height
of 800 nm at a wavelength of 930 nm. The corresponding electric field distri-
butions � = |�G |2 + |�I |2 are presented in Fig. 1.2(c) for modes TE0 and TE2,
where the different mode index is clearly reflected in the corresponding mode
pattern. Beyond the simple calculation of intensity profiles, FEM modeling also
provides additional information like on the corresponding degree of polarization.
This aspect is presented in panel (d), where the degree of circular polarization
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FIGURE 1.2 Numeric device modeling using the FEM approach. (a) Cross-section of the consid-
ered ridge WG system. The WG has a width of 850 nm and the layer design consists of lower DBR
with 8 AlGaAs/GaAs (dark grey/grey) mirror pairs followed by 230 nm of GaAs (dark grey), which
includes the QD layer (not shown). (b) 3D representation of the consideredmodel structure including
information about the used computing domains. Calculated intensity distributions (c) and degree of
circular polarization (d) for the fundamental and a 2nd order TE-like mode. (e) Calculated quantum
emitter coupling factors V± to modes traveling in the ±z direction, and directionality contrast as a
function of lateral emitter displacement ΔG. Inset: Visualization (cross-section) through the electric
field distribution for the dipole placed at ΔG = 350 nm. (Reprinted from ref. [107] with permission
from American Chemical Society.)
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+ = −�<(�G�∗I)/� is plotted in the cross-section of the considered WG geom-
etry for modes TE0 and TE2. While for the mode TE0, a continuous transition
from negative to positive values of + and oscillatory behavior are observed for
and TE2. It turns out that this oscillatory behavior of the circular polarization
together with the peculiar mode profile of the TE2 leads to pronounced chiral
light-matter interaction as quantified in the directional V-factor V± = W±

W++W−+Γout
with the decay rates W± into left and right propagation modes and Γout the resid-
ual recombination rate by all other channels including losses due to non-guided
modes and non-radiative intrinsic recombination, and the directionality contrast
� =

W−−W+
W−+W+ [89]. Both parameters are plotted in Fig. 1.2(e) for TE2 as function

of the emitter’s lateral displacement ΔG and show an oscillatory behavior with
maximum directionality at an emitter position close to the edge of the WG, i.e.
at ΔG ≈ 380 nm [107]. Thus, the numerical modeling here shows the existence
of a chiral point near the edges of the WG, for which directional emission is
maximized, thereby establishing a design rule to maximize the directionality of
emission, in good agreement with experiment as presented in Sec. 1.4. This
example nicely illustrates the power of the FEM approach to support the design
of quantum devices to obtain optimum performance with regard to the desired
functionality. Noteworthy is the fact that FEM simulations are also very bene-
ficial to maximize the photon-coupling and outcoupling efficiency of photonic
quantum devices [48, 41, 157, 176, 175].

1.2.3 Comparison of finite elementmethod and finite difference time
domain approaches

Nanoresonators based on PC membranes form an interesting system for com-
paring different numerical methods. In Ref. [25], this was carried out for FDTD
and different FEM approaches, as well as for finite-difference frequency-domain
(FDFD), the aperiodic Fourier modal method (aFMM) and the surface integral
equation (SIE) approach, in which resonance wavelengths and Q-factors for L5
and L9 cavities were calculated and compared. Here in the case of L5 and
L9 cavities, which can act as integral parts of IQPCs, 5 and 9 holes are left
out of the periodic lattice of holes, see Fig. 1.3(a), in order to localize light
in the resulting photonic defects. The calculation of the Q-factors represents
a significant computational challenge, which requires a 3D calculation in the
system under consideration. Furthermore, the Q-factor describes optical losses
to the environment, which cannot be taken into account directly in common
models and is usually approximated by absorbing boundary conditions in terms
of PLMs [9], whereby the choice of the computational domain can affect the
result in an uncontrolled way [25].

The main results of comparison between the above mentioned numeric meth-
ods are summarized in Fig. 1.3(c) which summarizes the calculated resonance
wavelengths _ and Q-factors for the considered L5 and L9 cavities. It is seen
that all methods, apart from aFMM, approximate the average values (green lines)
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(a)

(b)

(c)

FIGURE 1.3 Schmatic illustrating the PhC membrane geometry and the electric field �H profile
for the M1 mode in an L9 cavity in the H = 0 (top) and the I = 0 (bottom) plane of the structure,
respectively. (b) Computational mesh of the L5 PhC geometry used in the scattering analysis FEM
(sFEM) simulations. (c) Comparison of the resonance wavelength and the Q-factor for an L5 and
an L9 PC cavity. The green horizontal lines indicate the averaged values and vertical bars the
numerical error. The required computational time was in the range of 3 (FDFD) to 146 (aFMM)
minutes. (Reprinted from ref. [25] with permission from Optical Society of America.)

quite well. However, it is interesting to note that the given error bars are to small
to account for the deviation of the different method’s results from the average
value. In other words, it seems that the used methods underestimate the numeric
error, an aspect which one should have in mind when interpreting the obtained
results. Moreover, the comparison yields that for the particular problem, the SIE
method provides the most accurate results.

Overall, the presented numerical methods and the results shown give an
impression of their remarkable level of development and of the possibilities that
result in particular for the design optimization of nanophotonic elements and
especially IQPCs. Current and future developments can use machine learning
approaches to achieve a further increase in efficiency and computing accuracy
using e.g. Bayesian algorithms. In addition, it will be interesting to integrate
more precise descriptions of the quantum emitters beyond simple dipole models
in the simulations and to take quantum effects into account.

1.3 FABRICATION TECHNOLOGIES

IQPCs are highly optimized components, the manufacture of which requires so-
phisticated and precise methods of modern nanotechnology. IQPCs are usually
realized on single-crystalline planar semiconductor structures mainly based on
silicon and III-V compound semiconductors, as well as combinations thereof.
These materials are structured usingmetal and dielectric layer deposition, lithog-
raphy and etching processes with nanometer precision in order to achieve the
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desired functionality. Furthermore, they can be combined with other materials
e.g. via wafer bonding in heterogeneous approaches, so that complex, fully
integrated quantum circuits are created. This section provides an overview
of common and advanced manufacturing processes for the implementation of
highly functional IQPCs. The focus is on modern technology processes such
as in-situ lithography that were specially developed for structuring IQPCs with
integrated quantum emitters. The fabrication aspects presented here are taken
up again in the following sections 1.4 and 1.5, in which the specific require-
ments and physical-technical properties of the circuits as well as their physical
properties are discussed.

1.3.1 Realization of planar substrates for integrated quantum pho-
tonics circuits

Silicon-based IQPCs are usually realized on high-purity single-crystal silicon, as
used for highly integrated electronic circuits. Single-crystal silicon is produced
through crucible processes and made available as planar wafers for the further
processing of IQPCs. The desired functionalization is achieved essentially via
lateral structuring in combination with deposition of further materials. We refer
to Ref. [102] for further details on the very established production of silicon-
based substrates.

Optically active III-V compound semiconductors with a direct band gap
are of high interest for the development of IQPCs. GaAs and InP semicon-
ductors in particular are characterized by excellent optical properties. They
have a pronounced optical nonlinearity as the basis, for example, for quantum
frequency conversion in customized WG structures [18] and integrated photon-
pair generation [64]. In addition, self-organized InGaAs QDs form the basis
for state-of-the-art single-photon sources with record values in terms of the
single-photon emission rate [150], the single-photon purity [162] and the pho-
ton indistinguishability [194]. Corresponding planar wafers are realized on the
basis of single-crystal GaAs substrates through the epitaxy of semiconductor het-
erostructures. For this purpose, the methods of molecular beam epitaxy (MBE)
and metal organic chemical vapor deposition (MOCVD) are used. Both make
it possible to achieve single-crystal layers with atomically precise interfaces,
tailored layer sequences and the highest optical quality. With regard to IQPCs,
layer sequences that contain QDs as single-photon emitters are of particular
interest. These are usually integrated into the semiconductor heterostructures
using the Stranski-Krastanov process. For example, InGaAs QDs are created in
a GaAs matrix. The quantum emitters thus achieved form almost ideal two-level
systems with narrow emission line preparation in the range of the homogeneous
linewidth and quantum efficiencies beyond 90 % as the basis for quantum optical
applications [81]. However, the self-organized manufacturing approach has an
adverse effect on the further processing. The random position and spectral po-
sition of individual QDs prevent scalable component production using common
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lithography processes. This has motivated the development of deterministic
manufacturing concepts, which are presented in Sec. 1.3.2.

1.3.1.1 Wafer Bonding

We next discuss the wafer bonding technique, which is of particular importance
for the realization of hybrid or heterogeneous photonic circuits to be presented
in section 1.5. While QD lasers produced on silicon substrates through a direct
wafer fusion bonding process were demonstrated [37], in Ref. [23] it was shown
that direct wafer bonding could be leveraged to produce SiNWG-based photonic
circuits incorporating single QDs as single-photon sources. In this method, two
wafers of different materials are initially brought together and bonded to form
a heterogeneous wafer stack. Typically, the substrate of one of the wafers is
removed, leaving behind a thin film of material that can be processed alongside
the receiving material substrate. Device fabrication can then follow a single
high-throughput process flow with completely top-down techniques, where dif-
ferent material layers are subsequently etched, following high-resolution lithog-
raphy. The fully top-down fabrication process, which allows high-resolution
lithography-based definition of the IQPC geometries of all layers involved, in
principle allows fabrication of high performance geometries.

One of the main advantages of such an approach is in scalability - it allows
wafer-scale device production by leveraging the massive parallelism enabled by
mature, top-down semiconductor fabrication methods. Indeed, the wafer bond-
ing approach has been employed commercially for the creation of heterogeneous
integrated III-V semiconductor/silicon-on-insulator photonic devices, such as
lasers and transceivers, with optical gain provided by III-V materials [79].

An important issue with the wafer bonding approach is that considerable
effort is required for bringing two materials together before device fabrication
can even be considered. After the two materials are bonded, sub-optimal de-
vice performance may still arise due to process incompatibility. Increasing the
complexity to more than two types of materials on one chip is furthermore chal-
lenging. At least for fast device prototyping, determinsitic fabrication methods
presented in the following section offer advantages over wafer bonding.

1.3.2 Deterministic fabrication technologies for quantum circuits
with integrated quantum emitters

The implementation of fully functional IQPCs usually requires the monolithic
integration of individual quantum emitters as active elements. For example,
applications in the field of boson sampling would benefit enormously if the input
state based on individual photons could be generated directly on-chip. So far, this
has not been possible and external single-photon sources are used in combination
with complexmultiplexing [188, 91, 190]. This limitation can be explained by the
fact that high-quality quantum emitters such as nitrogen-vacancy (NV) centers
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FIGURE 1.4 Estimated process yield per write field for fabricating a WG structure with # QD
nodes that are all within a resonance tuning range of 1 meV. A 50 x 50 mm2 deterministic pre-
selection field and a 100 nm x 10 mm (parallel and normal to the WG) spatial positioning tolerance
is assumed. Values < 10−4 are rounded to 0 and > 0.9999 rounded to 1. (Reprinted from ref. [152],
Supplementary Information.)

in diamond or semiconductor QDs in solid-state systems are usually realized in
a self-organized way. As a result, their positions and their emission energies are
not predetermined, so that the process yield using conventional nanostructuring
methods is very low and prevents a scalable production of IQPCs. This is
mainly explained by the fact that, for advanced applications, a given number
#&� of quantum emitters with the same emission energy on the scale of the
homogeneous linewidth (approx. 1 `eV) have to be integrated precisely into the
WG.

To clarify this aspect, the table in Fig. 1.4 compares the expected process yield
for the integration ofmultipleQDs inWGsystems using conventional lithography
and deterministic in-situ lithography. The underlying estimate assumes that the
QDs are self-organized with a specified areal density and an inhomogeneous
broadening of the ensemble emission of 50 meV which is typical for In(Ga)As
QDs. Furthermore, spectral fine tuning in a range of 1 meV for individual
QDs is included, for example via Stark tuning [118], in order to achieve spectral
resonance of theQDemission. From these considerations, which are described in
Ref. [152] (Supplementary Information) and summarized in Fig. 1.4, it becomes
clear that deterministic manufacturing processes are far superior to conventional
methods and that it is only likely that the necessary scaling can be achieved
using them. The process yield of conventional lithography is almost zero for
integration of twoQDs and a lowQD areal density of 107cm2. It can be increased
by a higher areal density, but even with a density of 109cm2, the process yield
for the integration of 6 quantum emitters is below 0.1 %. Areal densities of
this size, however, result in a large number of QDs that were not intentionally
integrated, which has a disadvantageous effect on the single-photon purity and
can also lead to absorption losses. In contrast, deterministic methods promise
almost perfect process yields at a QD area density of 108cm2 and up to 50 % at
107cm2, which illustrates the enormous advantages of such methods.

Deterministic manufacturing processes for quantum devices essentially in-
clude the positioned growth or the positioned implantation of quantum emit-
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FIGURE 1.5 Pick-and-place technique for the deterministic realization of IQPCs: (a) SEM image
of a tapered InP nanobeam containing InAs QDs. (b,c) SEM images ofWG structures in silicon. The
square pads at the nanobeam’s left end are used for placing the InP nanobeam. (d to f) Presentation
of the pick-and-place procedure which uses a microprobe tip combined in an SEM equipped with
a FIB unit to place InP nanobeams with InAs QD onto Si WGs. (Reprinted from ref. [76] with
permission from American Chemical Society.)

ters, so-called pick-and-place techniques and deterministic lithography pro-
cesses [142]. In this context, the positioned growth, for example via nanohole
arrays as nucleation sites, and to a certain extent also the positioned implan-
tation of quantum emitters have the disadvantage that the spectral position of
the quantum emitters is not controlled, so that there is still no high scalability.
In contrast, quantum emitters with desired spectral properties can basically be
selected from a large pool of conventionally produced structures in the pick-
and-place process. However, this can lead to a large overhead of potentially
unusable quantum emitter structures. Alternatively, in deterministic lithography
processes, suitable quantum emitters are selected on the basis of their emission
intensity and their spectral properties, in order to, then, define and produce the
desired nanophotonic structure with nanometer accuracy around them.

Pick-and-place and transfer techniques
In the pick-and-place [106, 200, 33, 76] and transfer-printing [72, 73] approaches,
which are of particular importance for heterogenous IQPCs (see section 1.5),
different components of a device, composed of different materials, are produced
separately and in parallel through well-developed fabrication techniques, and
then brought together through a low-throughput mechanical transfer process. As
an example, in Ref. [106] integration of quantum memories based on NV center
defects in etched diamond nanobeam WGs onto SiN WGs was demonstrated
using a pick-and-place process that employed micro-manipulation of tungsten
tips. The same technique was also used in Ref. [111] to demonstrated the
integration of niobium nitride superconducting nanowire single-photon detectors
(SNSPDs), produced on SiN membranes, over an silicon-on-insulator (SOI) -
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based photonic circuit. Pick-and-place with tungsten tips was also used in
Ref. [200] and [34] to integrate single-photon sources based on InP nanowires
with embedded InAsP QDs into a SiN photonic circuit. In Ref. [72], InAs
quantum dot-containing GaAs nanobeam photonic crystal cavities evanescently
coupled to underlying GaAs WGs were produced through a transfer-printing
process. Here, a polydimethylsiloxane (PDMS) stampwas used to lift suspended
GaAs nanobeams from a processed GaAs wafer. The destination substrate
consisted of GaAs-on-SiO2 wafer onto which GaAs ridge WGs were etched,
covered by a spin-on-glass (SOG) top cladding.

In [76] the pick-and-place technique was used to realize heterogenous QD-
WG systems. Here InGaAs QDs are integrated into photonic membrane struc-
tures using conventional lithography methods. Low loss Si WG structures are
structured in parallel. Subsequently, the quantum emitters are spectroscopi-
cally characterized and membrane structures with the desired optical properties
are selected. In order to realize the heterogeneous QD WG structures, suit-
able QD membrane structures are detached from the carrier material (GaAs)
using focused ion beam (FIB) technology and are transferred using a pick-and-
place technique by a microprobe tip with high accuracy to selected positions on
the silicon WG structure, see Fig. 1.5. IQPCs can thus be implemented with
high-quality quantum emitters, low optical losses and high design flexibility.
However, many QD membrane structures have to be generated and elaborately
pre-characterized in order to select elements with the desired optical properties.
Furthermore, the pick-and-place process is rather tedious, time-consuming and
difficult to automate.

Overall, the pick-and-place and transfer printing techniques offer a lower bar-
rier for creating maximally performing devices based on components fabricated
with low-yield processes, by allowing pre-screening and selection of the best
performers within a population. For instance, such capability was leveraged in
the diamond NV center quantum memories in Ref. [106], given that consistent,
desired spectral and spin properties of fabricated nanobeams with inhomoge-
neous populations of NV centers are difficult to achieve. Similarly, Ref. [111]
reports on an integrated photonic circuit chip for photon correlation measure-
ments, containing 10 low-jitter SNSPD detectors with consistent timing jitter
and detection efficiencies. With pick-and-place and transfer printing, greater
scalability is sacrificed in favor of processing flexibility and fast turn-around.
Because finalized heterogeneous photonic chips are processed in separate runs,
fewer issues with process compatibility can be expected, in comparison with a
wafer bonding. This endows the techniques with a great degree of flexibility,
offering a low barrier towards the incorporation of different types of materials
together. While the technique is particularly attractive for rapid device proto-
typing and proof-of-principle demonstrations, agile automation can potentially
lead to significant gains in device scalability. Importantly, however, the lack of
deterministic control over self-assembled QD growth location is, similar to the
wafer bonding approach, a challenging scalability bottleneck for pick-and-place
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FIGURE 1.6 In-situ optical lithography performed at 10 K and photoluminescence (PL) imaging as
deterministic tools for QD device processing. (a) Schematic view of the in-situ optical lithography
setup including two lasers used for PL registering (red laser) and optical lithography (green laser).
(b) Zoom-in view illustrating the selection of suitable QDs via the red laser and the patterning of the
device cross-section into UV resist with the cross-section aligned to the QD position by the green
laser. (c) Low temperature PL spectrum of planar microcavity sample. Emission of a selected QD
is marked (�- ). (d) Schematic view of the PL imaging set-up. The sample is illuminated by an
infrared LED and either a red LED or a 780-nm laser is used for wide-range and local excitation of
QDs, respectively. PL imaging and QD registering relative to alignment markers are performed by
detecting the emitted and reflected light by an electron-multiplied charge-coupled device (EMCCD)
camera. Spectral information is obtained by a grating spectrometer. Subsequent to the PL imaging
nanophotonic structures are patterned by conventional EBL using the alignment markers to place
these structures with high accuracy preregistered QDs. ((a), (b), (c): Reprinted from ref. [30] with
permission from American Physical Society. (d) Reprinted from ref. [148])

based device fabrication.

In-situ lithography techniques
As an alternative concept, deterministic in-situ lithography has been developed
in the past ten years and is now an important tool in the field of quantum
nanophotonics. In 2008, the optical in-situ lithography was pioneered [30]
and has been used very successfully for the deterministic realization of QD
micropillars as single-photon sources [169, 184]. Here, for optimal performance
of the single-photon sources, the QD must be in spectral and spatial resonance
with the resonator mode. To ensure this, the surface of a planar microcavity
sample is first scanned with a low-energy (red) laser in a photoluminescence
scan and the positions of QDs with a suitable spectral position are determined,
see Fig. 1.6(a). In the following lithography step, the desired structure, here a
micropillar, is defined via a green laser in a UV-sensitive resist precisely aligned
to the position andwith its diametermatched to ensure spectral resonancewith the
pre-selected QD. The UV resist is spin-coated in advance and the entire process
is carried out at cryogenic temperatures to ensure a sufficiently high emission
intensity of the QDs. An attractive variant of this method is based on a two-
stage process in which the positions of suitable QDs are first determined relative
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FIGURE 1.7 In-situ electron-beam lithography of IQPCs. The process is performed in a customized
SEM which includes a CL unit, a He flow cryostat and an EBL pattern generator. (a) Selection of
suitable QDs by CL registering at low electron-beam dose at 10 K. (b) In-situ EBL at 10 K to
integrate selected QDs into ridge WGs and to pattern also more complex WG structures such as
MMIs at electron-beam dose. (c) Schematic of the sample after the subsequent development process
in the cleanroom. The locally inverted electron-beam resist (magenta) acts as etch mask in the
following plasma etching process (d). CL map obtained during QD registering (e), SEM of a fully
processed device (f) and CL map showing emission of a QD deterministically integrated into a ridge
WG (g). (Reprinted from ref. [152] with permission from American Chemical Society.)

to alignment markers and then, after the mark detection, the desired structure
is defined by means of electron beam lithography [148, 88], see Fig. 1.6(b).
This process benefits from the significantly higher resolution of electron beam
lithography (EBL) compared to optical lithography in the original process, where
the higher resolution is strictly required for the realization of WG circuits with
feature sizes well below the resolution of optical lithography. However, the
two-stage process is technically much more complex.

To combine the advantages of in-situ lithography and the high flexibility
and resolution of EBL a further technique was developed and named in-situ
EBL [47]. This deterministic nanofabrication technology platform applies low
temperature cathodoluminescence (CL) spectroscopy to find select suitable QDs
via convenient 2D scanning, and then performs low temperature EBL using
the same scanning electron microscope (SEM) system. The structuring benefits
from the highly optimized scanning properties of the SEM or CL technology and
uses the enormous advantages of the EBL in order to produce quantum devices
of the highest quality in a precise and flexible manner [49, 50, 154, 69]. The
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in-situ EBL technique has been refined more and more in recent years and has
been used very successfully and in many ways for the implementation of efficient
single-photon sources, for example based on microlenses [68, 151, 48, 59]. With
regard to the development of IQPCs, in-situ EBL has the great, if not decisive,
advantage over in-situ optical lithography that, thanks to the extremely flexible
and high-resolution EBL, it can also write very complex structures with the
finest structural details. In particular, the in-situ EBL technology has succeeded
in integrating InGaAs QDs deterministically into GaAs WG structures and ex-
panding them into more complex units including e.g. multi-mode interference
(MMI) beamsplitters [152, 107, 155].The corresponding process flow is shown
in Fig. 1.7. Panel a) shows the 2D scanning of the QD sample using CL spec-
troscopy using a low EBL dose (typically performed at 10 K). The EBL positive
resist (PMMA or CSAR) is already on the sample surface and is homogeneously
exposed in this step in parallel to finding suitable QDs. Immediately afterwards,
the desired WG structure is precisely written into the resist with a high EBL
dose as shown in panel b). Furthermore, elements of the intended IQPC such as
beamsplitters (here a MMI coupler) and possibly also output ports are defined
in the resist (also at 10 K). The EBL dose is chosen so high that the resist is
locally cross-linked again in negative-tone resist mode. After development in
the clean room the inverted remaining resist acts as an etching mask (see panel
c)) in a plasma etching step in which the written structure is transferred to the
semiconductor (see panel d)). The real process flow is further illustrated by
panels e) -g). Panel e) shows a 2D CL map recorded in the first in-situ EBL
step to select a suitable QD with a suitable spectral features and high CL in-
tensity, which is marked here with QD1. Panel f) shows an SEM image of a
processed QD-WG element, in which the position of the previously selected and
deterministically integrated QD (QD1) is marked. The 2D CL map in panel
g) was recorded for process control and demonstrates impressively that the QD
was successfully integrated into the QD at the planned position. Furthermore,
all other emission centers were eliminated in the etching step that removes the
semiconductor material including the QD layer away from the WG. By using the
inverted resist as an etching mask, the process described is overall very simple,
reproducible and robust. It basically allows a very scalable production of IQPCs
and can also be used, for example, to interface superconducting single-photon
detector elements with high precision and alignment accuracy with QD WGs.

1.3.3 Etching and processing technologies for integrated quantum
photonic circuits

After the production of the starting materials and the lithography of the nanopho-
tonic elements, the actual structuring of the IQPCs is carried out. In the sim-
plest case, this only involves the etching of WG structures. However, complex
manufacturing processes can also be involved, for example to manufacture het-
erogeneous IQPCs based on different materials or fully integrated circuits. An
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FIGURE 1.8 IQPC based on GaAs membranes. The structure is realized by a combination of
dry etching (ICP-RIE) and wet chemical etching. (a) Schematic cross-section of the GaAs mem-
brane with integrated shallow-etched grating couplers. (b) SEM image of the fully processed
structure. (Reprinted from ref. [202] with permission from American Institute of Physics.)

overview of the most important process technologies is given below.

Etching of cavity and WG structures
The most common method for realizing photonic WG structures is reactive-ion
etching (RIE). Here, the semiconductor material is removed physically and often
also chemically supported in areas that are not protected by etching masks. As
mentioned above, when describing the in-situ EBL process, cross-linked resist
can be used as etch mask, however, most often so-called hardmasks, such as
Si3N4, SiO2, or metals, are used to improve the selectivity of small features.
Here, in contrast to wet chemical etching, dry plasma etching enables a very
anisotropic etching pattern, which is essential for WGs. In some cases, com-
binations of the two etching processes are also used, for example to implement
membrane structures.

As an example in Fig. 1.8, a GaAs membrane structure with InAs QDs is
shown, which contains a grating outcoupler for the light decoupling normal
to the surface [202]. The structure was grown using MBE and defined using
conventional EBL. As can be seen in partial image (b), the layer structure
includes the actual (160 nm thick) GaAs membrane structure (with InAs QDs
in the center) as well as a 1350 nm thick Al0.75Ga0.25As layer, which acts as
sacrificial layer when realizing the membrane structure.

The fabrication process to realize the membrane structure involves two EBL
steps followed by dry etching. First, the grating grooves are written and etched
using low-power BCl3/Ar RIE. In the second EBL step the WGs and focusing
tapers are defined with high accuracy to the grooves, before BCl3/Cl2/Ar sup-
ported inductively coupled plasma RIE (ICP-RIE) is used to remove the desired
semiconductor material. It is important to note that this RIE essentially exposes
the structures of the upper GaAs layer and that the actual membrane structure
is realized in the following wet chemical process step. In this step, the locally
exposed Al0.75Ga0.25 As sacrificial layer is removed selectively by means of HF
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FIGURE 1.9 Illustration of direct 3D fs-laser writing WGs in fused silica. (a) High light intensities
of a fs-laser in the focal region of the writing objective break the SiO2 bonds in fused silica which
leads to a locally increased refractive index after densification. (b) In the writing process, the WG
(with higher refractive index) is created by moving the sample relative to the focus point of the
laser in a spot-like fashion, which results in isolated modification volumes forming the desired WG
(c). (Reprinted from ref. [201] with permission from Optical Society of America.)

etching below the previously dry-chemically etched areas, so that the partially
suspended GaAs membrane is formed [105]. The latter process is often com-
bined with CO2 critical point drying in order to reduce mechanical stress on the
fragile WG structures [84]. Alternatively, hydrogen fluoride vapor etching can
also potentially be used. Such a process has been employed to remove oxide
sacrificial layers in ref. [26], to create high quality factor silicon-on-insulator
photonic crystal nanobeam cavities. This example shows in an impressive way
how the sophisticated interaction between dry-wet chemical etching processes
can lead to complex IQPCs.

Direct laser writing of photonic waveguide systems
An alternative method for producing photonic WG structures is direct laser
writing [121, 100, 179]. In this process, 3D WG structures are flexibly and
comparatively simply written optically with focused laser pulses in solid state
materials. This means that optical circuits can be generated quickly and effi-
ciently, for example to perform quantum mechanical simulations [121, 179], to
implement boson sampling [182] and to study topological photonics [195].

Direct laser writing makes it possible to implement not only individual WGs,
but, above all, arrays of WGs with high precision - for example in fused silica
(SiO2). Each WG can be structured individually, and modifications such as
defects due to a local change in the refractive index can also be integrated.
The basic idea is to first break molecular ring structures in fused SiO2 locally
using focused fs-laser pulses [201, 179]. The subsequent recombination leads
to smaller ring structures, which in turn locally increases the refractive index
and thus enables light guidance in WGs with suitable dimensions. The direct
laser writing concept is shown in Fig. 1.9. In practice, WGs are manufactured
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FIGURE 1.10 Direct fiber coupling of nanophotonic elements. (a) Schematic of a fiber-coupled
WG system. The microfiber (gray cylinder) is brought into contact with the tapered GaAs WG
to allow for efficient light coupling. (c) Normalized electric field amplitude |� | plotted in the
cross-section plane of the coupled WG system different WG widths F . (b) Illustration of the on-
chip fiber-coupling using 3D printed micro-optics (a Total Internal Reflection (TIR) microlens) in
combination with a corresponding microlens at the fiber-facet and on-chip fiber chuck. The 3D
printed microlenses are shown in blue. ((a), (c): Reprinted from ref. [24] with permission from
Optical Society of America.), (b): Reprinted from ref. [11].

using this method by continuously moving the material to be structured with
the required accuracy relative to a focused laser spot. Here, highly complex 3D
WG structures can be written using translations in all three spatial directions.
The smallest structure dimension is essentially given by the size of the laser
spot, of the order of a few `m. The refractive index contrast that can be
achieved typically reaches values in the range of 10−3 and can be controlled by
the writing speed. The resulting structures are permanent, require no further
post-processing and have low optical losses in the range of 0.5 dB/cm. However,
it is disadvantageous that structures of this type are purely passive and direct
integration of active elements such as quantum emitters and detectors may be
challenging.

1.3.4 Concepts for efficient photon outcoupling

The focus of IQPCs is on-chip processing of single photons. Nevertheless, the
photon coupling and decoupling is of great importance. As long as there are no
fully integrated IQPCs, for example, photonsmust be coupled in at the input ports
and coupled out at the outputs for detection or for transfer to photonic networks.
For this purpose, various approaches have been developed, which include grating
outcouplers [38, 20, 87, 107] (see e.g. Fig. 1.8(a)) for photon extraction normal
to the surface and adiabatic outcouplers for in-plane extraction [77].

The above-mentioned approaches to photon coupling are aimed primarily at
proof-of-principle experiments on a laboratory scale and free-space optics. For
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practical applications, however, it is crucial to connect IQPCs directly to optical
fibers in order to avoid complex and fault-prone optical paths and to ensure user
friendliness. The direct fiber-connection represents a major technological chal-
lenge, since IQPC elements and fiber optics, especially in case of single-mode
fibers, have to be aligned with each other with sub-`m accuracy and have to
be mechanically and thermally very stable due to the cryogenic operation of
the sources. In addition, good mode matching must also be ensured for high
coupling efficiency between IQPC and fiber. In Ref. [24], adiabatic-evanescent
coupling between a tapered nanobeam WG and a microfiber was established
for this purpose via an in-plane approach as shown in Fig. 1.10 (a, c). Here,
high chip-to-fiber coupling efficiency was achieved, however, the fiber was not
permanently connected to the IQPC. Concepts for permanent coupling between
glass fibers and nanophotonic elements have already been established in su-
perconducting detectors and use either high-precision mechanical elements or
suitable adhesives. Current developments in the field of fiber-coupled single-
photon sources are very promising and point the way to on-chip fiber coupling
of IQPCs as well. The alignment between emitter and fiber is particularly chal-
lenging here, since QDs, for example, hardly emit any light at room temperature,
which prevents active alignment based on the emitter signal. This issue was
circumvented in Ref. [149] by using the local wetting-layer signal for alignment
and subsequent gluing of a multi-mode glass fiber. In another very elegant
method, the optical interference signal between a laser-illuminated glass fiber
and the sample surface was used to determine the surface topography and to
couple a single-mode glass fiber with gluing and sub-`m accuracy with a QD
structure [203, 110]. A promising alternative to this, which is also very at-
tractive for the fiber coupling of IQPCs, uses 3D printing of micro-optics and
on-chip fiber holders to achieve an extremely precise and optically efficient con-
nection between nanophotonic structure and glass fiber [10, 11], as presented
in Fig. 1.10(b). The mentioned approaches are very promising for direct fiber
coupling to IQPCs with grating outcouplers, towards modular devices for direct
integration into quantum networks.

1.4 HOMOGENOUS WAVEGUIDE SYSTEMS

The integration of on-chip photonic quantum information processing has been
developed on a variety of platforms and has benefited from very productive
advances in the past decade. The simplest method was to integrate individual
photon sources and elements of linear optics into a system that consists of single-
material, or in other words homogeneous WGs. This was the first approach to
implementing IQPCs. These successes were achieved using mainly already es-
tablished manufacturing techniques developed for classical photonic chips. The
problems of purity, decoherence, scalability and versatility of individual pho-
tons are very different depending on the material used. We give an overview of
the recently developed and investigated platforms for the implementation of a



222222

homogeneous IQPC. We discuss the strengths and weaknesses of the individual
platforms. In particular, we will highlight the advances in silicon-based plat-
forms, III-V semiconductors and diamond. So far, they are the most reliable
and most advanced platforms for integrated quantum electronics with different
strengths and weaknesses. In this section we only refer to WG-based structures
made of naturally compatible materials (Si/SiO2 or GaAs/AlGaAs/InGaAs) as
opposed to hybrid platforms made of different material types, which have their
own challenges and problems and are discussed in section 1.5. We conclude
this section with a synthesis of the platform viability discussed as potential
self-sufficient, scalable and programmable IQPCs.

1.4.1 Si-based platforms

Historically, silicon-based platforms were the first to be investigated, and the
most successful towards the implementation of IQPCs [127]. Such platforms
include structures based on SiO2 on Si, Si-on-insulator (SOI) and SiN on SiO2.
The very first demonstrations were conducted on silicon-on-silicon WGs, with
the first implementation of linear optics based on chip quantum gates [128]. The
large mode size typical for these structures enables simple coupling to fibers
and free-space optics, which offers early opportunities for experiments with
passive elements on the chip. Silica-on-silicon platforms are still being actively
used [101, 103], but have been increasingly surpassed by SOI-IQPCs [166],
which are better suited for processing quantum information on a large scale. They
have several advantages over the other existing alternatives: they are transparent
to photons at the telecommunications wavelengths, they have a strong non-
linearity of j (3) , which enables compact single-photon source designs, and they
benefit from the extensively developed manufacturing techniques in the field of
silicon electronics and photonics and compatibility with the CMOS industry.

1.4.2 Single photon generation and integration

Integrated single-photon sources based on silicon chips typically rely on the
spontaneous four-wave mixing (SFWM), a j (3) nonlinear process in which pho-
ton pairs are produced spontaneously from a pump beam, following energy
conservation and phase-matching. SFWM sources have been implemented on
silica-on-silicon [173], SOI [35], SiN-on-silica [92] platforms (see Fig. 1.11), in
a variety of successful proof-of-principle photonic quantum inforation demon-
strations. The Poissonian statistics of the nonlinear generation process, however,
imposes a fundamental limit to the efficiency and scalability of these structures,
as the pumping level, and thus the pair-generation rate, must be kept low in
order to avoid multiphoton creation events. Time [71] and spatial [21] multi-
plexing techniques have been employed to improve source efficiency by up to
66.7 % [21]. It has been recently shown that an array of 18 SFWM single photon
sources in SiO2 WGs [173] can generate highly indistinguishable and highly pure
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photons with a heralding efficiency of 50 %. In addition, the source can be used
to generate entangled photons [46]. A silicon chip that embeds two sources,
frequency demultiplexers and reconfigurable guided-wave optics can perform
two-photon tomography or Bell CHSH tests on the chip [165]. Recently, high-
dimensional entanglement generation has been achieved in a large-area Si chip
with 16 SFWM sources [191], and coherent control over the generated states has
also been demonstrated [80].

FIGURE 1.11 a) An array of heralded single-photon sources on a silica photonic
chip [173][Reprinted with permission fromOptica 4, 90-96 (2017), TheOptical Society of America].
b) Photon pair generation in a Si microring resonator [35]. c) Design of the traveling wave SSPD: a
sub-wavelength absorbing NbN nanowire is patterned atop a Si WG to detect single photons. [119]

1.4.3 Large scale integrated photonics

So far, the vast majority of integrated quantum-optical experiments have been
based on WG systems that consist of # interferometer circuits that perform
uniform transformations for # spatial modes. In 2001, Knill, Laflamme and
Milburn showed in their groundbreaking work [78] that uniform transformations
or logical operations can be carried out with linear optics and in particular beam
splitters. In a subsequent work, Rieck et al. showed the any discrete, uniform op-
erator could be realized experimentally. The setup can be made reprogrammable
as desired by implementing reconfigurable Mach-Zehnder interferometers that
act as reconfigurable beam splitters (RBS) [15, 54]. Fig. 1.12a shows such an
electrically tunable Mach-Zehnder interferometer with two phase shifters.

The RBS is realized with two 50 % reflectivity beam splitters with adjustable
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internal and external phase shifters and corresponds to the linear-optical Bogoli-
ubov transformation:(

48qB8=(\) 48q2>B(\)
2>B(\) −B8=(\)

)
where q is the phase difference between the two outer arms of the Mach-

Zehnder interferometer and \ is the phase difference between the two inner
arms. Control of the phases enables any rotation in the U(2) group. The ability
to generate arbitrary transformations for a large number of spatial modes is at the
expense of complexity. For example, any U(20) transformation would require a
total of 190 reflecting beam splitter (RBSs), each of which is phased and requires
380 electrical connections [15, 54].

FIGURE 1.12 a) Reconfigurable beam splitter unit cell. b) Combination of several RBS cells
for the implementation an arbitrary U(4) transformation c) Scheme of a CNOT gate. |�0,1 〉 and
|C0,1 〉 are respectively the control and target qubit states [53]. d) Device integrating four-photon
pair sources with a reconfigurable six-mode interferometer. It can generate on-chip entangled or
separable states on-demand [147]. e) Scheme of an integrated tunable Mach-Zender interferometer.
The phase difference is controlled by a bias driven heating resistance [42]. f) Schematic of the Boson
Sampling algorithm [93]. g) Experimental setup for the boson sampling. Only the interferometer
part is integrated. Single photon source (semiconductor QDs), demultiplexing setup, and detectors
are off-chip. Reprinted with permission from [189].

1.4.3.1 Gate-based quantum information processing
The circuitry required for one of the most basic logic operations, called CNOT,
is shown in Fig. 1.12c. This gate was implemented on chip in several silicon
platforms [128, 22, 147]. With this technology, an on-chip demonstration of
the factoring Shor’s algorithm with two CNOT gates was realized [129]. The
factorization of 15 was obtained with an accuracy of 99 %. The principle of
the CNOT gate with linear optics requires the presence of ancilary waveguides
which makes them intrinsically probabilistic. However, the demonstration of
the CNOT operation with the detection of a photon on the auxiliary line can
signal that the successfully processed qubits are available for use in the larger
architecture. The first heralded CNOT gate was implemented on a SiO2 chip
that could also implement universal linear optical operations [15]. A similar
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laser-written SiO2 chip was used as the platform for integrated quantum tele-
portation with an average fidelity of 89 %. An outstanding capability of RBSs
is the possibility of reprogramming a single chip, enabling it to process several
quantum tasks and algorithms. In 2012, Shadbolt et al [164] reported on the first
fully reconfigurable two-qubit quantum processor on a SiO2 chip. The device
consisted of two symmetrically designed entangled CNOT logic gates, which
enabled the preparation, manipulation and processing of quantum states on the
chip. The device could create any maximum and not maximum entangled states,
perform thousands of different high-fidelity quantum experiments related to the
violation of the Bell inequality and the calculation of ground state molecular
energy [123]. Further work on other silicon platforms confirmed these possibil-
ities [42, 131], in particular with the implementation of 98 different logic gates
on the same programmable chip with an average fidelity of 93 %. Carolan et
al. [15] recently proposed the first universal and fully reprogrammable linear-
optic chip, and demonstrated its ability to perform several key applications, such
as heralded quantum logics, entangling gates, boson sampling with verification
tests and six-dimensional complex Hadamard operations. A later publication
demonstrated the outstanding proficiency of the device by showing its ability to
perform quantum simulation on several vibrational molecule processes [171].
A universal linear optical circuit has also recently been described in a silicon
nitride-on-silicon platform [180].

1.4.3.2 Boson sampling

A direct and appealing application of the IQPC is boson sampling. Taking into
account " indistinguishable photons that are injected into a linear optical circuit
with # modes, the task of boson sampling is to take a sample from the probability
distribution of single photon measurements at the output of the circuit [13].

Solving this problem in a classical computer entails the calculation of the
permanent of the unitary matrix representing the linear optic circuit, a task that
is computationally very demanding, of #P-complete complexity [191]. Indeed,
it is believed that for a sufficiently large number of photons and optical channels,
the problem may be more efficiently solvable in a photonic quantum simulator
than by classical algorithms. Whereas this would constitute a first demonstration
of quantum supremacy, the number of photons and channels required for such
demonstrations is currently a moving target. Boson sampling does not require
any ancillary line or entangling operation as in the Knill, Laflamme, and Mil-
burn schemes [78]. While boson sampling is not universal, it can implement
a classically difficult task with far fewer physical resources than a full linear
optical quantum computer setup. The technical requirements are the implemen-
tation of efficient sources for single photons, linear interferometers and efficient
single-photon detectors. As highlighted in the previous sections, these require-
ments are met by the various Si platforms. Therefore, shortly after the theory
was published, several groups simultaneously reported on their experimental
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implementation [182, 174, 13, 17]. They were all based on the injection of three
photons into a five- or six-mode interferometer-on-chip circuit. Interestingly, the
demonstrations with the highest number of photons are based on off-chip single
semiconductor QD demultiplexed photons [91, 191, 189], see Fig. 1.12(g). Due
to the probabilistic nature of SPDCs, the probability that the source generates
simultaneously # photons decreases exponentially as # is increased. A variant
called scattershot boson sampling [93], consisting of generating " > # photons
in order to increase the probability to effectively have a N photon input, has
been proposed to make best use of the SPDC sources for boson sampling. The
protocol was recently implemented with on-chip SFWM sources [117]. Another
variant is the Gaussian boson sampling, which relies on an input of squeezed
light [52] has been realized on the Si chip [117]. In contrast to the general-
purpose computer, it is unlikely that boson sampling can be verified exactly by
classic computers, especially since they are associated with the estimation of
large matrix permanent elements, an unsolvable task for them. This posed the
problem that no result of the boson sampling could be certified. However, var-
ious approaches were successfully implemented in the integrated optics, which
made it possible to distinguish between uniform and boson scanning or between
quantum and classic distribution.

1.4.4 III-V Semiconductor integrated optics

Another promising approach to realizing IQPCs is the use of III-V semiconduc-
tor materials. Unlike silicon, such materials feature a direct bandgap, allowing
efficient light generation. Of particular relevance to quantum optics is that
semiconductor quantum dots can be produced in III-V semiconductors, which
can act as deteministic single-photon sources - as opposed to the spontaneous
generation of parametric nonlinear processes such as SFWM. This is a con-
siderable advantage over silicon: provided that the deterministically generated
photons are efficiently collected into the WG circuits, the likelihood of success
of on-chip logic operations is dramatically increased - a critical necessity for
large-scale circuits. This also creates the possibility to implement scattershot
Boson sampling.

GaAs is a well-known and mature material system with well-established
manufacturing techniques and a long history of photonics integration, which
offers many advantages for IQPCs. Its high refractive index enables high light
confinement, and the creation of relatively low-loss waveguides. The large
electro-optical effect in GaAs offers great opportunities for the routing and ma-
nipulation of photons. The integration of QDs in nanophotonic GaAs structures
that aim at the deterministic generation of individual photons has achieved re-
markable success in recent years. In addition, the implementation of on-chip
detectors in GaAs WGs has attracted much community attention and paved the
way for the first fully integrated semiconductor IQPCs.
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FIGURE 1.13 a) Calculated band structure for TE modes of an infinite PhC WG. b) Scanning
electron microscopy picture of a PhC WG [159] c) Experimental scheme for the observation of
resonance fluorescence QD coupled to aWG [97]. d) Scanning electron microscope image of a beam
splitter evanescent field coupler implemented with ridge WGs [140]. e) Schematic representation
of a fully integrated Hanbury Brown and Twiss experiment, comprising the SPS, the beam splitter
and two integrated SNSPDs.[Reprinted with permission from [161]. Copyright (2018) American
Chemical Society] f) Nanophotonic waveguide used for demonstration of chiral emission from an
embedded quantum dot [20]. g) Integrated multimode interference beam splitter fabricated using in
situ EBL technique[Reprinted with permission from [153], Copyright (2018) American Chemical
Society]

1.4.5 On-chip single-photon generation

On-chip single-photon sources are realized using the radiative recombination
from an excitonic state of a single QD [104]. QDs proved to be very efficient
emitters of single photons and entangled photons [4]. They can be electrically
driven [199], non-resonantly and resonantly addressed [108]. The generation of
indistinguishable photons on demand requires a resonance laser that addresses
the on-chip QD for better pump filtering. Efficient photon collection, low-loss
waveguiding of light along the circuit and a good connection between the various
functionalities are the main requirements for effective semiconductor IQPCs.
The integration of QDs in WGs has proven to be particularly efficient. Photonic
Crystal (PhC) [159, 82, 7], free-standing [97, 36] and ridge WGs [67, 61] are the
two most popular approaches for on-chip collection and the transport of photons.

Photonic Crystal (PhC) WG structures have the advantage that they offer
tight confinement and high coupling efficiencies between quantum emitters and
propagating modes [83, 98, 133]. A popular type of PhC WG consists of a
missing row of holes in a triangular lattice of holes ecthed into a semiconductor
slab [94]. In such structures, the PhC photonic band gap provides strong lateral
confinement for light, leading to the formation of guided modes with strong
field concentration within the line-defect. Efficient coupling of quantum emitter
radiation to such line-defect modes arises due to the strong field confinement.
The coupling efficiency can be further improved if the emitter is, in addition,
resonant with a WG slow-light mode, for which propagation velocity is much
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lower, in comparison with regular modes [98]. Efficient routing in PhC WGs
has been reported for 900 nm [82] and for photons with a telecommunications
wavelength of 1300 nm [7]with efficiencies up to 98% [94, 5]. PhC-WGs are also
very practical for modifying the local density of states and allowmanipulation of
the emission direction and polarization (see section 1.4.6). The main obstacles
to the implementation of all-PhC circuits are the typically high loss rates (of
the order of dB/mm) [177] and the mechanical fragility of large, free-standing
membrane PhC structures.

Free-standing channel WGs [97, 36] offer a comparable level of optical
confinement and slightly better propagation losses than PhC WGs, with a less
complex geometry. This class of WGs was used by Javadi et al. [36] to
create an interface between a single photon and a QD spin with high spin
preparation fidelity, and also a single-spin photonic switch. Like with free-
standingmembrane PhCWGs, the mechanical fragility of such structures creates
challenges towards the creation of larger circuits.

Ridge WGs are an attractive alternative to both PhC and free-standing chan-
nel WGs, being mechanically robust, at least one order of magnitude less lossy,
though offering a comparatively modest spatial confinement, nonetheless rea-
sonable for light-matter interactions. Enhanced light-matter interaction can
furthermore be enhanced though a compatible cavity, such as the Bragg grating
cavity WG demonstrated by Hepp et al. [61]. The combination of PhC cavities
connected to ridge WGs, a strategy that alleviates the mechanical fragility issue
while preserving strong optical confinement for enhanced interaction with QDs,
was demonstrated in ref. [40], using a one-step lithography process. Coupling
efficiencies of 70 % [40] between ridge and PhC waveguides were achieved,
which allowed single-photon count rates of 3.5 MHz, to be achieved, exceeding
typical rates obtained for single QDs in bulk.

Overall, ridge WGs have been widely used for the fabrication of more com-
plex structures and paved the way towards the first integrated quantum optics
experiments in GaAs. The following section describe such developments. GaAs
platforms are particularly well positioned for integratingmonolithic circuits from
beam splitters, interferometers, and detectors, which are required to implement
KLM schemes or boson sampling protocols. The possibilities of GaAs structures
were first demonstrated in 2014 [192] by characterizing an interferometric cir-
cuit, while the single-photon sources were outside the chip. The Mach-Zehnder
interferometer (MZI) with two directional couplers and two electro-optical phase
shifters showed classic interference visibility of up to 98%andHong-Ou-Mandel
quantum interference visibility of up to 95 %. The relative phase control, ev-
idenced by oscillations of the output count rates as a function of differential
delay between the MZI arms, is a critical achievement because it is the key to
fine-tuning the circuit and achieving universal linear computing in GaAs. The
integration of quantum emitters in GaAs WG beam splitter systems has been
demonstrated several times, with different designs such as rib-WGs [140] and
ridge-WGs [67]. They showed successful integrated beam splitting with 50/50
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directional couplers and multimode WGs. Another robust option is the pro-
duction of multimode interference beam splitters, a technology that is already
used in Si materials [122]. It was demonstrated with free-standing evanescent
coupling beam splitters [130]. An important step forward in the production of
practical semiconductor IQPCs was made with the implementation of a single-
mode on-chip GaAs WG beam splitter. The device was addressed from above
in an orthogonal configuration and the resulting laser filtering is very efficient
since a multi-photon probability of only 0.18 was measured [160]. The devel-
opment of the superconducting on-chip detectors in GaAs [139, 137] enabled
the first demonstration of the fully integrated Hanbury Brown and Twiss experi-
ment [161].

This series of advances has reached its technological limits due to the ran-
domness of the manufacturing process related to the self-assembled expitaxial
growth of the considered QDs. A very large number of devices must be man-
ufactured and characterized before a single one can be selected for use. This
represents a significant obstacle to the scalability of the semiconductor IQPCs.
It is believed that deterministic manufacturing processes such as in-situ optical
lithography [20] and in-situ EBL [47, 48] can overcome this problem, see sec-
tion 1.3. As an example of recent progress in this direction, the integration of
QDs into a 50/50 multimode interference beam-splitter has been mastered using
in-situ EBL [153]. The fabrication technology offers the advantage of nanome-
ter alignment accuracy and leads to IQPCs with maximized quantum optical
properties. Thus, deterministic fabrication technologies open up realistic per-
spectives for the development of complex IQPCs with multiple monotonically
integrated quantum emitters. As discussed in the next Section, deterministic
fabrication methods are furthermore highly effective for the manipulation of the
emitter’s emission directionality inside a waveguide and potentially fulfill all the
requirements for the complete implementation of on-chip logic quantum gates.

1.4.6 Chiral light-matter interaction

The WGs discussed above are powerful tools for exploring the interaction be-
tween light and matter. In most of these structures, light is confined transversely,
in a plane orthogonal to the direction of propagation [90], and features a signif-
icant longitudinal electric field component. At specific, fixed locations (chiral
points) within a WG, the electric field vector for a guided mode traveling in one
direction rotates on the wafer plane. Locally, the field is circularly polarized, and
carries a spin angular momentum. Inversion of the guided wave propagation di-
rection leads to a sign change for the transverse spin component [90]. This means
that chiral effects may be explored through the interaction of light with circularly
polarized emitters. Specifically, a circularly polarized dipole located at a chiral
point only emits guided waves that propagate in one direction, depending on the
sense of rotation of the latter’s electric field. The resulting emission chirality
has been experimentally demonstrate with a variety of emitters and waveguides.
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Fig. 1.14 shows examples of typical structures used to realize directional emis-
sion in GaAs quantum circuits.Fig. 1.14a shows the deterministically produced,
free-standing orthogonal GaAs-WG structure, which is used to realize circular
polarization directionality [96, 95]. This result was confirmed with another
design based on a deterministic in-situ EBL approach [107] (Fig. 1.14b) where
the lateral position of the emitter was controlled with nanometer accuracy to
maximize in chiral interaction with propagating ridge-WGmodes and to achieve
maximum directionality contrast (Fig. 1.14c). In combination with an external
magnetic field, the device enabled a high directionality contrast (90 %) of the
circularly polarized emission. Directionality with high fidelity can be applied
to the path-encoded qubit initialization and implemented directly in integrated
quantum logic gates [168]. In the same publication, a scheme dealt with two
additional beam-splitters and an additional WG for the device with two control
target photons and three microwave pulses for initialization and manipulation of
the QD state within a photonic crystal WG. Such capabilities are important steps
towards the long-term goal of creating deterministic logic gate operation based
on a single atom.

1.4.7 Diamond integrated quantum photonic systems

Diamond has emerged as a competitive platform for the development of reliable
IQPCs thanks to new fabrication techniques [135]. It presents several advanta-
geous structural and optical properties: awide bandgap, highDebye temperature,
high isotopic purity and low free electron concentration. NV centers feature long
electron spin coherence times, on the order of microseconds. Single shot spin
readout and coherent manipulation have been demonstrated [141]. This allowed
for the generation of spin photon entanglement [183] and for the realization of
loophole free tests of the Bell inequalities [60]. Silicon vacancy (SiV) centers
can also be inserted in diamond and present a reliable alternative to NV centers.
SiV centers present an interesting alternative with 90 % of its emission into
the zero-phonon line, near–transform-limited optical linewidths and spin-lattice
relaxation times approaching 1 minute as well as coherence times approach-
ing 1 s [143]. Recently further emitters, such as Cr [2], Ni- [43], Ge- [192]
and Xe- [65] emitters, attracted attention for their promising optical properties.
Integrated circuits comprising color centers and optical cavities have been pro-
posed as potentially deterministic platforms for generation and manipulation of
quantum information [112].

1.4.8 Photonic Systems in Diamond Thin Films

Suspended diamond films or diamond structures placed on SiO2 offer the high
index contrast required for light confinement. Their development made full use
of the techniques already established for the SOI platform. The first integration
of multiple optical elements into a diamond film was demonstrated despite the
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FIGURE 1.14 a) Spin-photon interface based on two orthogonal WGs where the polarization of the
QD-emitted photon is converted into a path encoded photon [96]. b) Deterministically fabricated
ridge WG as a chiral platform for QD photon emission. [Reprinted (adapted) with permission from
[107], Copyright (2018) American Chemical Society]. On the two extremities, outcoupler gratings
have been implemented for vertical efficient detection. c) Measured directionality of the photon
emission as a function of the quantum dot position respective to the WG center [107]
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difficulty in producing single crystal diamond films of uniform thickness. In
2011, Hausmann et al. [57] reported on the realization of a nanophotonic di-
amond that embeds a ring resonator with a high Q factor (& = 12 600) that
is evanescently coupled to a WG with grating couplers (Fig. 1.15 a). Here,
single photons emitted by a NV center were coupled to the resonator mode and
routed through the WG with a total extraction efficiency of 10 %. This result
was reproduced in a very similar device with a remarkably strong improvement
in the zero-phonon line in the resonator mode [39]. Another device, based
on high quality single crystal diamond race track resonators and operating in
the telecom C-band (1550 nm) associated with low loss diamond WGs termi-
nated by polymer spot size converters, showed very high Q-factors (& = 250
000) [56](Fig. 1.15 b)). An integrated optical thermal switch was fabricated
with locally tuned WGs coupled to a resonator, reaching switching efficiencies
up to 73 %. SNSPDs have been successfully implemented in polycrystalline
diamond surface grown on silica-on-silicon substrate [134, 70].

1.4.9 Quantum photonic systems in bulk diamond

The first attempts to implement photonic circuits in diamond were carried out in
bulk material, rather than thin films. Bulk diamond is preferred because color
centers generally feature superior emission properties, in comparison to e.g.,
nanocrystals or thin films. The development of bulk diamond chips appears to
have been dramatically slowed down by structural instabilities and complicated
structuring techniques [62]. The main problem is the need for free-standing
structures. However, the use of triangular ion etching enables the implementation
of optical elements such as optical WGs, photonic crystals and cavities in bulk
diamond. The recently developed laser writing technique in bulk diamond shows
promising potential for the production of integrated photonic circuits [170].
There are still some challenges and difficulties, which will be discussed in more
detail in section 1.6, before the first fully functional IQPC can emerge. However,
the excellent optical properties of color centers motivate strong research in this
direction and make them a potentially competitive solution for the future.

1.5 HETEROGENEOUS WAVEGUIDE SYSTEMS

Hybrid or heterogeneous integration allows the creation of photonic circuits
composed of two or more different materials, each offering unique, usually
complementary, optical properties. Such a "best of both worlds" approach
in principle allows incorporation of desirable functionalities, provided by the
different materials, to a single photonic chip.

Silicon-based photonic integrated circuits, for instance, are very promis-
ing for large system scaling, as foundry services offer the fabrication of user-
designed, high quality integrated photonic circuits comprising thousands of
elements on shared-project wafers [63]. Furthermore, optical losses in silicon
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FIGURE 1.15 a) Diamond integrated nanophotonic network composed of a ring resonator evanes-
cently coupled to a waveguide. [Reprinted (adapted) with permission from [57], Copyright (2012)
American Chemical Society]. b) Single crystal diamond race-track resonators integrated with low-
loss diamond waveguides terminated by polymer pads. [Reprinted (adapted) with permission from
[56], Copyright (2013) American Chemical Society].

photonic WGs and related linear elements such as beam splitters, phase delays,
linear filters, etc., can be made sufficiently low through design and process con-
trol, which allows large scale photonic circuits [16]. Thermal or carrier injection-
based refractive index control, in addition, allows tunable phase delays, filters
and modulators [79], which are important in both classical and quantum pho-
tonics. Lastly, silicon also offers pronounced Kerr nonlinearity, which, together
with strong field confinement and dispersion control enabled by a high refractive
index (≈ 3.5 for Si, ≈ 2 for SiN), allows efficient nonlinear optical processes [86].
Silicon’s indirect bandgap, however, makes it an inefficient optical gain medium,
imposing challenges for the creation of photonic circuits with elements such as
on-chip electrically pumped tunable lasers, amplifiers and detectors.To circum-
vent this issue, heterogeneous integration processes started being developed in
the mid-2000s, allowing introduction of direct-bandgap, III-V conpound semi-
conductors to silicon-on-insulator (SOI) wafers. Since the demonstration of the
first silicon photonic laser with optical gain III-V semiconductor-based quantum
wells [37], integration of other on-chip elements such as amplifiers, modulators,
detectors, followed, with faster growth rate of devices per chip than homogeneous
III-V devices [79]. Importantly, most of the early development of heterogeneous
integrated photonic circuits has aimed at classical applications, primarily opti-
cal communications. Aiming at scalability, such development has been based
on entirely top-down fabrication processes, starting from a bonded wafer stack.



343434

As we show below, many such strategies have been applied towards quantum
photonic circuits. Themain focus of heterogeneous integration for quantum pho-
tonics has been the incorporation of single-photon sources and detectors onto
otherwise passive, low-loss and (potentially) reconfigurable integrated photonic
circuits. We next describe relevant efforts to date in these two directions, with
considerable technical detail.

1.5.1 Heterogeneous quantum integrated photonic circuitswith quan-
tum emitters

The introduction of solid-state quantum emitters [3] onto otherwise purely pas-
sive integrated photonic circuits creates on-chip capabilities akin to those made
possible through the introduction of III-V semiconductor-based optical gain me-
dia onto silicon photonics. Quantum emitters can act as high-rate, on-demand
sources of indistinguishable single photons [169, 29, 88], providing the large on-
chip photon fluxes necessary for a variety of quantum photonic systems. These
include boson sampling type simulators [188, 91]. Emitters with optically ad-
dressable spins may furthermore act as stationary qubits in photonic networks,
and, along similar lines, single-photon nonlinearities in single-emitter quantum
cavity-electrodynamic systems [66, 178] may allow networks of deterministic
quantum logic gates to be implemented.

A number of types of quantum emitters have been integrated onto photonic
circuits to date, primarily using the techniques described in Section 1.3. We next
describe some of the most relevant work demonstrated to date.

The work of Mouradian et al. [106] demonstrated integration of a SiN pho-
tonic circuit with long-lived quantum memories based on NVs in diamond, as
shown in Fig. 1.16(a). The diamond quantum nodes consisted of micron-length
WGs of ≈ 200 nm×200 nm cross-section, bridging two low-loss SiN WGs over
an air gap. Photonic design was such that 86 % of the NV zero phonon line fluo-
rescence intensity at 638 nmwould be launched into the diamondWG, in both di-
rections, for an optimally positioned NV center. The diamondWGs also featured
adiabaticmode transformers at the ends, consisting of linear width tapers down to
100 nmover 4 `m in length, for highly efficient (96 %) light transfer into SiNWG.
The pick-and-place method utilized to experimentally produce the photonic cir-
cuits allowed separate fabrication and pre-characterization of the diamond WGs
separately from the SiN WGs, and ultimately the deterministic integration of di-
amond WGs containing single, stable, negatively charged NVs onto the circuit.
Experimentally, the fabricated devices were investigated at room temperature
by confocally exciting single NV devices from the top with a 532 nm pump
laser, and collecting the fluorescence both through the objective and through
the SiN WGs, using a lensed single-mode fiber. The objective-collected signal
showed second-order autocorrelation with 6 (2) (0) as low as 0.07,indicating good
isolation between the NV and other fluorescence sources in the diamond WG.
Cross-correlation between the fiber- and objective-collected signals on the other
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hand yielded 6 (2) (0) ≈ 0.48, however, indicating the presence of considerable
background emission, which was attributed to fluorescence due to scattering
of the excitation laser into the SiN WGs. Nonetheless, an estimated flux of
1.45 × 106 NV-emitted photons/s was collected into one direction of the single-
mode SiN WG. Cryogenic photoluminescence excitation (PLE) measurements
at 18 K revealed NV zero-phonon linewidths of < 393 MHz, approximately 30
times wider than the natural linewidth for the <B = 0 transition in bulk diamond.
The broadened spectrum was at least partially due to spectral diffusion of the
NV emitter, which was faster than the experimental integration times. Through
a Hahn-echo experiment, an electron spin coherence time of )2 ≈ 120 `B was
measured, which was comparable to that observed in the bulk diamond used to
produce the WGs. To circumvent the issue of qubit inhomogeneities in the path
towards large-scale quantum photonic integration, work by Wan et al. demon-
strated the pick-and-place of arrays of diamond nano-WGs onto an AlN photonic
circuit, as shown in Fig. 1.16(b) [187]. The process allowed inclusion of a 72-
channel array of germanium-vacancy (GeV) and silicon-vacancy (SiV) centers
embedded in the nanodiamondWGs. Photoluminescence spectroscopy at below
4 K temperatures revealed close to lifetime-limited emission linewidths for the
two types of color centers. Strain-based tuning of the emission wavelengths
was also demonstrated, via electrostatic actuation of the suspended nano-WGs.
Although the demonstration in this work only involved single-photon launching
into the AlN, the material offers a number of desirable optical properties, such
as j (2) nonlinearities, as well as electro-optic and piezoelectric properties that
can be used to create a number of on-chip functional elements [198].

The first report of hybrid integration of epitaxial QD-based single-photon
sources on a low-loss silicon-based photonic circuit was by Murray et al. [109].
In this work, a bare strip of a GaAs wafer containing InAs QDs was orthogonally
bonded to the cleaved facet of a Silicon Oxynitride (SiON) WG-based Mach-
Zehnder interferometer (MZI), as shown in Fig. 1.17(a). Coupling of QD single-
photons into one of the MZI input WGs relied on the chance spatial alignment
of an individual dot to the latter; without a proper GaAs geometry to help funnel
QD emission into the input WG, a theoretical maximum collection efficiency
of about 3 % was predicted. The MZI featured integrated, nickel-chromium
alloy heaters that allowed tuning of its coupling ratio, from ≈ 50 % to ≈ 100 %
upon application of voltages up to 20 V. Operating at 4 K, the MZI was used
as a splitter in a Hanbury Brown and Twiss (HBT) measurement, yielding
6 (2) (0) ≈ 0.09. In a later publication [31], the same group combined an array
of tuneable InGaAs/GaAs QD single photon sources with the SiONWG circuit.
The same bonding approach as in [109] was used here, though the QD wafer
featured a regular array of emitters, with defined electric contacts, at a compatible
spacing with the SiON WGs (Fig. 1.17(b)). The QDs were embedded in a
diode heterostructure comprised of a weak planar cavity with 4 and 10 pairs
of GaAs/AlGaAs distributed Bragg reflectors above and below a _/2 spacer.
A coupling efficiency of ≈ 8 % into the SiON was predicted for such source,
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(a)

(b) (c)

FIGURE 1.16 (a) SiN photonic circuit with integrated diamond WGs containing NV centers, from
Mouradian et al. [106]. The simulated electric field produce by a single NV center at the WG
center can be seen at the bottom of the figure, showing efficient light coupling to the SiN WG.
Top right inset: dipole coupling efficiency spectrum into the diamond and SiN WGs. (Reprinted
from ref. [106] with permission from the American Physical Society.)(b) AlN photonic circuit for
large-scale diamond WG coupling, fromWan et al.. [187]. The micro-chiplet socket indicated at the
center receives the diamond WG array chiplet in (c), via a pick-and-place approach. (Reprinted from
ref. [187] with permission.)
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(a)

(b)

FIGURE 1.17 (a) SiON photonic circuit with side-bonded GaAs wafer containing InAs QDs, from
Murray et al. [109]. The QDs here were in bulk GaAs. (Reprinted from ref. [109] with permission
from the American Institute of Physics.) (b) SiON photonic circuit with side-bonded GaAs wafer
containing InAs QD single-photon sources based on planar microcavities, from Ellis et al. [31]. The
low-loss SiON photonic circuit was used to demonstrate interference of photons produced by two
independent QD sources. (Reprinted from ref. [31] with permission from the American Institute of
Physics.)

and spectral tunability was enabled through the DC Stark effect. Each WG
in the SiON circuit could be addressed by a separate, electrically controlled
QD-containing diode. Emission from neighboring diodes were independently
tuned to degeneracy, and allowed observation of Hong-Ou-Mandel (HOM)-type
interference with a visibility of ≈ 80 %, limited by source purity. The authors
also used electrically-pumped wetting layer light, guided by the planar cavity,
to pump individual QDs in separate diodes, demonstrating the possibility of an
on-chip pump for single-photon emission.

In the work by Zadeh et al., the pick-and-place technique was used to produce
hybrid devices as shown in Fig. 1.18(a), composed of InP nanowires (NW)
containing single InAsP QDs embedded in SiN WGs [200]. The high index
contrast between the InP and SiN helped promote high collection efficiency for
QD-emitted photons into a confined InP WG mode, and a slight tapering of the
NW tip, with geometry controllable through growth parameters, allowed efficient
launch of dot emitted photons into the SiN WG, with a theoretical maximum of
36 %. The III-V nanowire and QD were grown by a selective-area and vapor-
liquid-solid epitaxy process. These microns-long, ≈ 100 nm diameter wurtzite
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nanocrystalswere plucked from the growth substrate using a tungsten tipmounted
on a 3-axis movable stage, and transferred to a silicon chip, with <500 nm
positioning precision. The receiving chip consisted of a Si wafer covered by
a 2.4 `m SiO2 film, which served as a low-index substrate layer, and featured
prefabricated markers used to align the photonic circuits with respect to the
nanowires. The sample was covered in SiN grown by plasma-enhanced chemical
deposition (PECVD), and lithography and etching of the SiN were used to define
the photonic circuits. The work in [200] showed coupling of single-photons
from the InAsP QDs into a low-loss (≈ 2.5 dB/cm at 880 nm) SiN WGs with an
efficiency≈ 24 %. The single-photon nature of the emissionwas verified through
an HBT measurement of the QD photoluminescence signal under non-resonant
excitation, collected from the WG facet, and showed multi-photon probability
6 (2) (0) ≈ 0.07. Importantly, the QD emission linewidth was of approximately
3.65GHz. While this first demonstrationwasmostly concernedwith outcoupling
single-photons into the low-loss SiNWG, Elshaari et al. [34] later used the same
basic platform to demonstrate filtering andmultiplexing of singleQDemission by
on-chip SiNmicroring resonator-based add-drop filters, as shown in Fig. 1.18(b).
The SiN add-drop filters, designed for critical coupling to SiN bus WGs, had a
free spectral range (FSR)≈ 0.96 nmwith full width at halfmaximum (FWHM)of
≈ 0.13 nm at the QD emission wavelength, and incorporated metal microheaters
which allowed thermo-optic wavelength tuning. The ring resonator’s PMMA top
cladding displayed a pronounced negative thermo-optic coefficient, ≈ 10× that
of SiN, which allowed tuning of the whispering-gallery modes by 120 % of the
FSR with ≈ 15 V applied to the electrode heaters, and covering ≈ 40 nm of QD
spectral range. Importantly, the photonic circuit design sought to minimize the
thermal coupling between the filter electrodes and theQDs, the emission ofwhich
red-shifted slightly due to thermal coupling. Nonetheless, the tunable filter was
used to drop one of the QD’s trion emission line into an output WG, eliminating
both the QD’s exciton line and the nonresonant, 532 nm wavelength pump from
the original WG-coupled signal, with suppression of ≈ 95 dB. The resulting
6 (2) (0) ≈ 0.4 for the dropped trion line demonstrated the effectiveness of the
ring resonator as an on-chip spectral filter. A similar add-drop structure was also
used to multiplex emission from two spectrally distinct QD sources placed at two
of the microring inputs, as shown in Fig. 1.18(b). In Ref. [32], the same group
demonstrated a SiN photonic circuit on piezoelectric magnesium niobate–lead
titanate (PMN–PT) substrate, and used their microprobe-based pick-and place
technique to incorporate QD nanowire single-photon sources. The piezoelectric
substrate allowed voltage-controlled, mechanical strain-based spectral tuning of
the QD emission, with a tuning rate of as much as 1.33 pm/V, as well as tuning
of a microring resonator filter by a compatible rate of 0.96 pm/V.

In the work by Kim et al. [76], pick-and-place was performed with a fo-
cused ion beam (FIB) machine, yielding hybrid devices that consisted of an InP
nanobeam containing InAs QDs (emitting in the 1300 nm telecom band), on top
of Silicon-on-insulator (SOI) photonicWGs. In contrastwith the nanowire-based
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(c)

(d)

(a)

FIGURE 1.18 (a) Hybrid SiNWGwith InP-based nanowire / QD-based single-photon source from
Zadeh et al. [200]. (Reprinted from ref. [200] with permission from the American Chemical Society.)
(b) Schematic of SiN microring resonator add-drop filter implemented work by Elshaari et al. [34],
which incorporated nanowire / QD single-photon sources as in (a). Two single-photon sources, with
different spectral characteristics, are pictured, coupling into the microring resonator via a bus WG
on the right-hand side. The microring drops signals resonant with its whispering-gallery modes into
a bus WG. Microheaters, depicted in yellow, allow the microring add-drop filter to be spectrally
tuned. (Reprinted from ref. [32] with permission from the Springer Nature.) (c) Scanning electron
micrograph of SiN WG and InP nanowire (NW) single-photon source, from the work of Elshaari et
al. [32], where NW emission could be tuned via strain induced from the magnesium niobate–lead
titanate (PMN–PT) substrate on which the circuit was produced. (d) False-color SEM of the cross
section of the SiN WG in (c). Regions labeled 1,2,3 and 4 are the piezoelectric PMN-PT substrate,
gold electrode, silicon oxide substrate and silicon nitride WG respectively. (Reprinted from ref. [32]
with permission from the American Chemical Society.)
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platform of Zadeh et al. and Elshaari et al. [200, 34], QD-containing nanobeam
geometries were produced through lithography and etching steps. This allowed
the creation of a photonic crystal back-reflector on the nanobeam, consisting of
a periodic array of ≈100 nm diameter etched holes, which was used to direct the
QD emission to one direction. Lithography also allowed the creation of mode
transformers at the end of the nanobeam, for efficient power transfer into the
silicon WG. An outcoupling efficiency of ≈ 32 % was theoretically predicted
into the Si WG, for an ideally positioned QD. The theoretical efficiency break-
down was 71 % of QD emission into the nanobeam’s fundamental TE guided
mode, and coupling efficiency of 45 % from such guided mode to the silicon
WG, through an adiabatic mode transformer. An on-chip silicon photonic 50:50
beamsplitter was implemented, which directed photoluminescence from a single
QD between to WGs that were terminated into two free-space grating outcou-
plers. Emission lines from the same QD could be seen in light collected from the
two grating couplers, and an HBT measurent revealed 6 (2) ≈ 0.25 for one of the
lines, proving single-photon emission. In a more recent development, using the
sameFIBmicroprobe-based pick-and-place technique, the same group integrated
InP nano-WGs containing InAs QDs onto LiNbO3 WGs [1], and demonstrated
HBT single-photon correlation measurements with an on-chip beamsplitter and
off-chip detection. Although the electro-optic and nonlinear optical properties
of LiNbO3 were not explored, this work showed that efficient coupling of QD
emission into LiNbO3 materials is possible, which creates many opportunities
for fast on-chip single-photon switching and wavepacket manipulation [132].

In the work by Katsumi et al., InAs QD-containing GaAs nanobeam photonic
crystal cavities evanescently coupled to underlying GaAs WGs were produced
through a transfer-printing process [72]. Here, a Polydimethylsiloxane (PDMS)
stamp was used to lift suspended GaAs nanobeams from a processed GaAs
wafer. The destination substrate consisted of GaAs-on-SiO2 wafer onto which
GaAs ridge WGs were etched, covered by a spin-on-glass (SOG) top cladding.
The small mode volume (≈ 0.5 cubic wavelengths) of the designed nanobeam
photonic crystal cavity’s fundamental mode allows≈ 99 % quantum dot coupling
to the latter, primarily through Purcell radiative rate enhancement, even for
loaded quality factors Q in the few thousands. Importantly, Q is dictated by the
coupling rate between the cavity and theWG, which is determined by the vertical
distance d between the two. Although the coupling efficiency into the WG can
be limited by parasitic losses to radiative modes as the distance d between guide
and cavity goes below a certain point, efficiencies in excess of 99 % are still
achievable theoretically. Experimentally, the estimated emitter–cavity coupling
efficiency was V ≈ 87 %, the cavity-WG coupling efficiency was [ ≈ 72 %,
for a total single-photon launch efficiency of 63 % into the GaAs WG. Similar
performance was also predicted for Si3N4 and Si WGs (in fact, integration
of GaAs/InAs QD single-photon sources onto glass-clad silicon photonic WG
processed by a CMOS foundry was demonstrated in [74], shown in Fig. 1.19).
More recently, the same technique was used to demonstrate thermally-tunable



Quantum integrated photonic circuits Chapter | 1 41Quantum integrated photonic circuits Chapter | 1 41Quantum integrated photonic circuits Chapter | 1 41

FIGURE 1.19 CMOS-based integrated photonic circuit with on-chip single-photon sources (SPS)
based on GaAs nanobeam photonic crystal cavities containing InGaAs QDs (QDs), from Katsumi
et al. [74]. (a) Artistic rendering of Si photonic WG with evanescently coupled GaAs photonic
crystal nanobeam. (b) Cross-section of the circuit in (a), at the nanocavity position. (c) Simulated
electric field of photonic crystal cavity mode, showing evanescent coupling to the underlying Si WG.
(Reprinted from ref. [74] with permission from the American Institute of Physics.)

QD single-photon sources on CMOS silicon photonic circuits, implemented
by adding a thermal heating pad to the GaAs device [73]. Independent QD
spectral tuning of up to ≈ 1 nm was demonstrated, though corresponding to
an effective temperature swing of ≈ 15 K. This capability nonetheless allowed
in-situ wavelength matching between two dissimilar QD sources integrated on
the same silicon chip. Multiplexing of the QD source signals in an on-chip 2×2,
multimode interference coupler based 50:50 splitter was also demonstrated,
though two-photon interference effects were not observed. In work by Osada
et al., the same group also demonstrated strongly coupled cavity QED systems
based on single InAs QDs in GaAs photonic crystal cavities on a CMOS silicon
photonic chip [115].

The work by Davanco et al., showed that direct wafer bonding could be lever-
aged to produce Si3N4 WG-based photonic circuits incorporating single QDs
as single-photon sources [23]. In this work, a heterogeneous GaAs/Si3N4 stack
was produced with a low temperature, oxygen plasma-activated wafer bonding
procedure [37]. The stack consisted of a silicon substrate covered by 3 `m of
thermal SiO2, 550 nm of stoichiometric Si3N4 produced through low-pressure
chemical vapor deposition (LPCVD), and an approximately 200 nm thick layer
of GaAs containing InAs QDs at half thickness. After wafer bonding, fabrication
proceeded through two subsequent, aligned electron-beam lithography and etch-
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ing steps, and could produce circuits as shown schematically in Fig. 1.20(a). In
these devices, compact GaAs nanophotonic structures hosted single InAs QDs,
and were designed to launch emitted photons efficiently into the Si3N4 WGs
composing the photonic circuit. The GaAs nanophotonic structure comprised a
photon capture WG and a mode transformer, both with nanometer-scale features
defined by electron-beam lithography. The photon capture allowed efficient
coupling of emitted photons into the fundamental transverse-electric (TE) GaAs
ridge mode in Fig. 1.20(b). The mode transformer converted the fundamen-
tal TE GaAs ride mode into the fundamental TE Si3N4 ridge mode shown in
Fig. 1.20(d). As indicated in Figs. 1.20(a)-(c), the mode transformer consisted
of an adiabatic width taper for both the GaAs and Si3N4 ridges. A number of
nanometer-scale resolution geometries were generated in the GaAs layer, such
as nano-WGs (Fig. 1.20(a)), WG-coupled microring resonators, (Fig. 1.20(b),
all of which were efficiently coupled to the underlying Si3N4 WGs via adiabatic
mode transformers, as indicated in Fig. 1.20(a). Although the III-Vmaterial con-
tained a high density of randomly-positioned QDs (> 100 `m2), single-photon
emission from single QDs coupled to nano-WGs and microring resonators were
observed, by pumping the QDs in the p-shell with a tunable laser. For these
devices, the QD single-photon emission (with raw 6 (2) (0) < 0.4 overall) was
launched, with > 90 % efficiency, into the Si3N4 WG,via the adiabatic mode
transformers. A further, relevant detail is that the emitted single photon streams
were collected from the Si3N4 WG facets with a lensed optical fiber in endfire
configuration, as typically done for testing classical integrated photonic devices.
The fiber-to-Si3N4 coupling efficiency was ≈ 20 %, which, while also typical of
integrated photonic devices, can potentially be significantly improved by proper
Si3N4 mode transformer design design. Regarding V-factors, the nano-WGwere
designed to feature V = 0.35 for the fundamental transverse-electric (TE) GaAs-
ridge mode in one direction, and for a QD with transverse dipole moment at
the center of the GaAs ridge, even though the structure was not fully optimized
(a design with V > 0.45 is provided in the publication). For a single dot in a
representative, fabricated GaAs nano-WG, V ≈ 0.20 was estimated - a value that
is not too far from the theoretical maximum. It is worth noting that the QDs
were not deterministically positioned in the nano-WG in this case, and so both
positions and dipole moment orientations were likely sub-optimal. Lifetimes
observed in nano-WGs were of ≈1.5 ns, close to the expected value for an InAs
QD in bulk. No radiative rate enhancement was expected here, as nano-WGs
are non-resonant. In contrast, in microring resonators, weak-coupling of sin-
gle dots to whispering-gallery modes of quality factors in the 103 to 104 range
led to significantly reduced radiative lifetimes, with an estimated Purcell factor
�? ≈ 4. This value was not too far from the theoretically predicted based on
the microring Q-factor and mode volume +eff ≈ 75(_/=)3. This work extended
the application space of a mature, scalable, top-down heterogeneous photonic
integrated circuit platform into the quantum realm. The technique is unique
in allowing independent, flexible, and nanometer-scale resolution tailoring of



Quantum integrated photonic circuits Chapter | 1 43Quantum integrated photonic circuits Chapter | 1 43Quantum integrated photonic circuits Chapter | 1 43

Si
3
N

4

SiO
2

z

x

y

Si
3
N4 

waveguide circuit 

(passive)

Single-photon

from QD

0 2010
z (mm)

0.5

-1

-0.5

0

-0.5 -0.50
x (mm)

y
 (
m

m
)

-0.5 -0.50
x (mm)

SiO
2

SiO
2 SiO

2

Si
3
N

4

Si
3
N

4

Si
3
N

4

GaAs

GaAs

Si

SiO
2

Si
3
N

4

x

y

Si

SiO
2

Si
3
N

4

GaAs InAs QD

x

y
GaAs

Si
3
N

4

z

x

SiO
2

(a)
(b) (c) (d)

waveguide cross-section

fundamental TE mode fundamental TE mode

waveguide cross-sectionmode transformer

top view

max{|E|2}

|E|2

0

0.2

0.4

0.6

0.8

self-assembled

InAs / GaAs quantum dot

GaAs

capture waveguide

10 mm

SiO 2

captu
re w

aveguide

Si
3
N

4
waveguide

mode transformer

capture waveguide

Si
3
N

4

Si
3
N

4

GaAs

GaAs

500 nm

500 nm

mode tr
ansfo

rm
er

mode tr
ansfo

rm
er

(e)

Si 3
N 4

GaAs

microring

Si
3
N

4

waveguide

SiO 2

10 mm

bus w
aveguide

mode tra
nsfo

rm
er

mode tra
nsfo

rm
er

GaAs microring

bus waveguide

Si 3
N 4

(f )

coupling region

500 nm

FIGURE 1.20 Wafer-bonding based heterogeneous Si3N4 photonic circuits with single-photon
sources based on InAs QDs in GaAs nanophotonic geometries, from Davanco et al. [23]. (a)
Idealized Si3N4 photonic circuit showing passive WGs in pink and local III-V semiconductor-based
single-photon sources. The source depicted comprises a GaAs ridge WG on top of a Si3N4, with
cross-section as shown in (b), top. The GaAs ridge contains a single QD, which emits single-photons
into the the transverse-electric (TE) mode in the bottom panel of (b), with high efficiency. (c) Top:
Adiabatic mode transformer, implemented through linear width tapers for both GaAs and Si3N4
ridges, allows efficient transfer of emitted QD light from the mode in (b) to the Si3N4 mode in (d).
(e) False-colour scanning electron micrograph of a fabricated nano-WG with mode transformers, as
depicted in (a). The insets show details of the photon capture and mode transformer sections of the
device. (f) False-colour scanning electron micrograph of a fabricated, hybrid microring resonator
evanescently coupled to a bus WG. The WG has mode transformers that allow the access to the
Si3N4 WG. (Reprinted from ref. [23] with permission from Springer Nature.)

both active and passive photonic circuit elements with precise and repeatable,
sub-50 nm alignment defined strictly by lithography.The underlying Si3N4 WGs
demonstrated here provide not only a low-loss medium for single-photon prop-
agation on-chip, but also the possibility of using nonlinear optical processes for
functionality. An example is four-wave-mixing-based quantum frequency con-
version, which has been demonstrated in Si3N4 microring resonators [86, 167]
made out of WGs with comparable dimensions and the same materials as in
ref. [23]. The introduction of elements such as on-chip delay lines, high quality
Si3N4-based filters, and microring add-drops, can also be envisioned, as well
as integration with WG-based superconducting single-photon nanowire detec-
tors [120]. Finally, the fabrication process can be adapted for materials such as
AlN and LiNbO3, which may enable active electro-optic phase control.

While the work from ref. [23] featured devices with randomly positioned
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QDs, in ref. [156] heterogeneous nano-WGs containing precisely positioned
single QDs were deterministically produced via the in-situ EBL technique of
refs. [51, 48, 152, 107], see Sec. 1.3. To fabricate the devices, single QDs
were initially located through cathodoluminescence spectroscopy and imaging,
on a heterogeneous bonded wafer. Immediately after localization, proximity-
corrected gray scale in situ EBL was performed at 7 K with unchanged beam
column settings to define the GaAs WG taper patterns and alignment marker
for the Si3N4 layer, both aligned to the identified QDs. The Si3N4 WG patterns
were defined as in ref. [23], using the GaAs alignment markers. An important
result of this work was that, for a QD located sufficiently far from the GaAs
etched sidewalls, post-selection indistinguishable single-photon emission could
be observed. The QD here was located in the middle of a ≈ 800 nm GaAs ridge,
and was pumped in the p-shell. High-resolution spectra of one of the QD’s
emission lines (likely a trion) revealed a Voigt lineshape with a linewidth of
≈ 2.2 GHz full width at half-maximum (FWHM). The Lorentzian component of
≈ 1 GHz FWHM suggested homogeneous broadening beyond the Fourier limit
of ≈0.1 GHz, likely due to dephasing from phonon interactions. The Gaussian
component, with a linewidth of approximately 1.5 GHz FWHM suggested inho-
mogeneous linewidth broadening due to spectral diffusion. A Hong-Ou-Mandel
(HOM)measurement of the single-photon stream revealed clear evidence of two-
photon interference with a visibility of approximately 89 %, and a coherence
time of approximately 300 ps. The coherence time here indicates a postselection
time window where indistinguishable photons are available. Precise alignment
of the EBL patterns with respect to the QDs is essential to avoid excessive prox-
imity to etched sidewalls, which may lead to degradation of quantum efficiency
and, especially, coherence [87]. The observation of a 2.2 GHz linewidth from
a positioned QD emission line, and subsequent demonstration of two-photon
interference, suggested that the required precision can be met in a heterogeneous
integration platform, via the positioning method described above.

Monolayer transition metal dichalcogenides and (TMDCs) and monolayer
and multilayer hexagonal boron nitride (hBN) have been shown to support spa-
tially localized single photon emitters, producing light at visible and near-infrared
wavelengths. Peyskens et al. has demonstrated integration of monolayer WSe2
single-photon emitters with SiN WGs [124]. The monolayer WSe2 here was
produced though an exfoliation process, and the transfer onto the SiN WG led
to formation of localized emitters at stress points at the top edges of the SiN
ridge. The emitter launched single-photons into the SiN, as verified by HBT
measurements. The maximum theoretical single-photon coupling efficiency was
≈ 8 %, relatively low due to a lack of an optimized photonic structure to capture
and launch photons into the WG. A strategy to improve this efficiency through
cavity coupling is discussed in the publication. Single emitters based on WSe2
monolayers were also integrated onto a Titanium in-diffused lithium niobate di-
rectional coupler in work by White et al. [196], however very low single-photon
collections efficiencies (≈ 0.1 %) prevented observation of the HBT effect.
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The work of Khasminskaya et al., demonstrated a nanoscale, electrically
driven single-photon emitter using WG-coupled semiconducting single-walled
carbon nanotubes (sc-SWCNTs), coupled to a silicon photonic circuit [75]. The
circuit consisted of a Si3N4 WG hosting, at its center, a CNT that was contacted
by gold electrodes, for carrier injection. The circuit also featured niobium nitride
(NbN) superconducting nanowire single-photon detectors (SNSPDs) defined on
top and at the two ends of the Si3N4 WG. The SNSPD detectors comprised
a single meander with 80 nm width and 100 nm gap size, and a critical tem-
perature )2 = 10.7 K. Interestingly, because the nanotube emitter was located
at the center of the WG, emission towards the two detectors at the WG ends
was equally likely, so the entire configuration was equivalent to an HBT setup.
Generation of single-photons from sc-SWCNTs was postulated to take place
via radiative recombination of defect-localized excitons, after carrier injection
through a Schottky contact. At 1.6 K, the nanotube’s electroluminescence spec-
trum revealed a peak around 1370 nm, with a FWHM of ≈ 30 nm. Running
the HBT measurement at various injection current levels yielded anti-bunching
curves that indicated non-classical light generation from the nanotube. Anti-
bunching with 6 (2) (0) < 0.5 was observed (within experimental noise) only for
the lowest current injection level, though increased currents led to decreased
levels of single-photon purity.

1.5.2 Heterogeneous quantum integrated photonic circuitswith single-
photon detectors

Detector integration is one of the necessary building blocks on the way to a fully
integrated device. On-chip detection enables single-photon counting correla-
tions and photon-number resolving measurements directly on chip, alongside
single-photon generation. In addition, it allows one to avoid the significant
photonic losses, electronic delays and wiring complexity involved in off-chip de-
tection. Superconducting nanowire single-photon detectors (SNSPDs) have been
extensively explored in quantum integrated photonic circuits. With quantum ef-
ficiencies of over 90 %, response times in the picosecond regime, negligible
dark counts, detection rates of over 100 MHz over a broad spectral range, and
potential for photon-number resolution [45], SNSPDs are highly attractive for
quantum photonics, however require cryogenic temperature operation. Single-
photon detection by an SNSPDs is based on the formation of a transient resistive
barrier across an initially superconducting wire following absorption of a sin-
gle photon, which produces a measurable voltage pulse. The resistive barrier
is formed by breaking of Cooper-pairs by the incident photon, which leads to
formation of a hotspot across the wire. Superconductivity is later restored after
healing of the hotspot, in time scales of typically tens of picoseconds. Critical
for high performance SNSPD operation are the quality of the superconducting
material film, as well as nanowire geometry and imperfections. The former
consideration is associated with deposition methods as well as substrate quality,
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and the latter with high-resolution lithography and etching process quality. Both
considerations are additional challenges in the creation of waveguide-integrated
detectors. The work discussed below covers significant efforts to date towards
SNSPD integration within integrated photonic circuits.

In 2011, Sprenger et al. [172] demonstrated NbN SNSPDs integrated onto
GaAs ridgewaveguides, following the sameworking principle as non-waveguided,
superconducting nanowire detectors demonstrated up to that point. The detec-
tors were deposited and patterned on top of GaAs ridge waveguides, and sensed
the evanescent tail of the modal field on the surface. A detection efficiency of
approximately 20 % telecom wavelengths was reported, with response time in
the nanosecond range, and a timing accuracy of approximately 60 ps, all at <4 K
operating temperatures.

Around the same time, Pernice et al. demonstrated traveling wave niobium
nitride (NbN) SNSPDs atop silicon nanophotonic WGs on a circuit [120], and
have shown that such integration can lead to drastic increase of the absorption
length for guided photons, as compared to normal incidence. An on-chip single-
photon detection efficiency up to 91 % at telecom wavelengths was achieved.
Dark counts in the Hz range were achieved without compromising the efficiency,
as well as a timing jitter of 18 ps. The high temporal resolution allowed obser-
vation of ballistic photon transport in silicon ring resonators produced on the
same chip as the detectors.

In work by Schuck et al. [158] sputter-deposited NbTiN SNSPDs were pro-
duced onto a Si3N4 photonic circuit, shown in Fig. 1.21(a), that formed part of
a Hong-Ou-Mandel (HOM) setup, featuring a directional coupler to combine
incoming photons and route them towards two on-chip detectors. An on-chip
detection efficiency of 11.5 % and a typical dark count rate in the Hz range
when biasing two detectors close to the critical current were achieved for op-
eration at 1.7 K. These characteristics allowed the observation of two-photon
interference with a visibility of 97 % from an off-chip spontaneous parametric
down-conversion photon-pair source.

Reithmeier et al. [139] demonstrated integration of NbN SNSPDs on top of
GaAs-on-AlGaAs WGs containing InAs QDs as shown in Fig. 1.21(b), with a
detection efficiency of ≈ 0.1 %, and a timing jitter of 72 ps. The low efficiency
here was associated with the 10 nm NbN thickness. Nonetheless, in later work, a
similar type of device was used to perform time-resolved excitation spectroscopy
on single InAs QDs and demonstrate resonance fluorescence with a line-width of
≈ 10 `eV, by temporally filtering the time-resolved luminescence signal [137].

On a similar GaAs photonic platformwith InAs QDs, Schwartz et al. demon-
strated HBT measurements entirely on chip [161]. The device comprised InAs
QDs in GaAs ridge WGs and a directional coupler beamsplitter with integrated
NbN SNSPDs, as represented in Fig. 1.13. Light emitted by a resonantly excited
QD in a WG was split in a directional coupler beamsplitter and then detected by
the on-chip SNSPDs. To effectively suppress the excitation laser stray light, alu-
minum cover layers were deposited above the SNSPDs andWG regions (buffered
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by an oxide layer), allowing operation without the need for spectral filtering or
time gating. The single-photon nature of the QD emission was proven under
continuous-wave and pulsed excitation, via the on-chip HBT circuit. The detec-
tion efficiencies for the two SNSPDs used in the experiment were significantly
different, up to ≈ 47 % and ≈ 16 % close to the critical currents, and ≈ 1.8 %
and ≈ 21.8 % for the bias level used for the HBT measurement.

While in all the work described above SNSPDs were produced directly onto
the final photonic chip, the pick-and-place technique was used in the work of
Najafi et al. [111] to produce a hybrid SOI integrated photonic circuit chip
for photon correlation measurements. The pick-and-place technique here was
chosen to circumvent the typically low fabrication yield for SNSPDs, which
is limited by nanoscale defects [145, 58]. As suggested in Fig. 1.21(c), the
SNSPDs were produced on SiNG membranes in a separate run than that of the
SOI photonic circuit, and then transferred on top of the latter with a tungsten
tip. The close proximity between theWG and the SNSPD allowed single-photon
detection. This process allowed ten low-jitter detectors to be integrated on one
circuit with 100 % device yield. With an average system detection efficiency
beyond 10 %, and estimated on-chip detection efficiency of 14 % to 52 % for
four detectors operated simultaneously.

Photon-number resolving detectors were also integrated with on-chip waveg-
uides. In the work of Gerrits et al., a tungsten transition-edge sensor (TES)
operating in the 1550 nm telecom band, evanescently coupled to a UV-written
silica waveguide, was demonstrated [45]. In the experiment, up to five photons
were resolved in the guided optical mode (which was closely matched to that
of an optical fiber), with a maximum detection efficiency of ≈ 7.2 %. One
important consideration regarding the fabricated chip was that the top surface
was smooth to less than 1 nm, a critical need to preserve the tungsten super-
conducting transition temperature. A )2 ≈ 90 mK was observed, for a 40 nm
thick film, and the device was operated at 12 mK in a dilution refrigerator. In
later work, Sahin et al. demonstrated NbN photon-number-resolving detectors
on GaAs/Al0.75Ga0.25As ridge waveguides [144]. Operating at 2.1 K, detection
of up to four photons was reported, with a maximum efficiency of 24 % at 1310
nm. The detector featured a series connection of four nanowires, whereas each
nanowire represented distinct detecting elements, sensing different parts of the
same waveguide mode. The number of triggered nanowires could furthermore
be determined from the output voltage. An important factor contributing to
lowering of detection efficiencies here was the quality of the sputtered NbN.
While sputtering requires high temperature to promote surface diffusion, critical
for high film quality, as As-oxide desorption at temperatures above 350 ◦C led
to rougher GaAs surfaces.

As an illustration of the potential for novel applications brought by heteroge-
neous integration of single-photon detectors, the work of Cheng et al. demon-
strated a chip-scale integrated photonic single-photon spectrometer, covering a
broad wavelength range, spanning from 600 nm to 2000 nm [19]. The spec-
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FIGURE 1.21 (a) Integrated silicon photonic beamsplitter with integrated NbN SNSPDs from
Schuck et al. Ref. [158]. (Adapted from ref. [158] with permission from Springer Nature) (b)
Representation of the GaAs-based photonic circuit demonstrated from Reithmaier et al. [138],
which comprised InAs QD single photon sources and NbN SNSPDs. (Reprinted from ref. [138] with
permission from the American Chemical Society.) (c) Representation of the pick-and-place technique
used by Najafi et al. [111], to produce a hybrid SOI photonic circuit with NbN SNSPDs. (Reprinted
from ref. [111] with permission from Springer Nature.) (d) Representation of the integrated photonic
spectrometer of Cheng et al. ref. [19]. An on-chip focusing echelle grating disperses the incoming,
WG-coupled optical signal across the SNSPD. The SNSPD functions as a single-photon detector
and a slow microwave delay line, which allows it to map the dispersed photons. (Reprinted from
ref. [19] with permission from Springer Nature.)

trometer comprised an on-chip, WG-coupled dispersive echelle grating, and a
single-element, NbN propagating superconducting nanowire detector, as shown
in Fig. 1.21(d). The detector also functioned as a slow-wave microwave trans-
mission line, such that the arrival time-difference for generated signals at its two
ends could lead to high resolution spatial mapping of the dispersed photons. The
echelle and the WG leading to it was composed of Si3N4.

1.6 OUTLOOK

Progress in the field of IQPCs have been considerable but very unequal, de-
pending on the used platform. We propose a comparison between the different
explored platforms in order to evaluate the advancement of device integration
and provide an outlook on the different challenges inherent to each structure.
Table 1.1 gives an overview on the advances of the field, based on the different
components and operations to be implemented in an ideal IQPC.

So far, Si-based platforms have seen the fastest and most impressive develop-
ment of the past decade. The number of optical components integrated into the
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Platform Waveguiding Beamsplitting Control of phase On-chip detection Boson Sampling Quantum logic Deterministic quantum logic Large scale operations

Si- based chips Yes Yes Yes Yes Yes Yes No In progress
GaAs Yes Yes In progress Yes No No No No

Diamond-based Yes No No Yes No No No No

TABLE 1.1 Accomplished functionalities and the state-of-the art for the platforms re-
viewed in this section. In progress means that the functionality has been demonstrated
as a proof-of-principle but was not confirmed or not reported in an integrated structure.

IQPCs has expanded exponentially over the years, as shown on Fig. 1.22(a) [193].
Development has grown from a single multimode interferometer, used for
demonstration of the on-chip Hong-Ou Mandel experiment, to a state-of-the-art
large scale IQPC comprising 671 optical components designed for the demon-
stration of multidimensional entanglement [191]. Recent demonstrations in
integrated classical photonics, embedding up to 57 600 photonic switches on
chip [163] seem to indicate that further development of very large-scale inte-
grated quantum photonic devices can be expected over the next years. The IQPC
will have to rely on the processing of very large number of single photons andwill
require further efforts in the realization of multiplexed parametric single-photon
sources [71, 21]. Such a massive deployment of optical components will also
require a significant improvement of the low-loss waveguides at hand [85, 8], for
critical applications - such as high-rate boson sampling, efficient generation of
cluster states and fault-tolerant quantum computation. Another major technical
issue typically encountered, on all platforms, is the rejection of the pump laser
addressing the integrated SPSs. Promising solutions involving cascaded micror-
ings [114] and MZIs [125] have recently been proposed and already achieve up
to 100 dB rejection.

GaAs IQPCs emerged as the second most reliable platform for on-chip quan-
tum operations. They offer the advantage of relying on potentially deterministic
SPS, which are relatively easy to integrate. Almost all of the building blocks have
been demonstrated, but the challenge remains in the integration of all the parts,
and their good functioning, into the same chip. The recent demonstration of
fully integrated basic quantum experiment in a state-of-the-art chip reveals that
the technology reached a certain level of maturity [161]. Even if antibunching is
demonstrated, it is dramatically degraded by the remaining pump laser. The fil-
tering of the latter is also awell identified issue for theGaAs platform. Thismight
be tackled by on-chip filters, for instance the directional coupler grating filters
by Sakata et al. [146], implemented on an AlGaAs/GaAs multi-quantum-well
platform. An equivalent scheme combining PhC cavities and ridge waveguides
has been proposed for the realization of on-chip HOM [28](Fig. 1.22b). This
solution allows for an efficient filtering of the excitonic line thanks to the PhC
cavity but suffers from typically very lossy interfaces between the photonic crys-
tal structure and the ridge waveguides. Further control of the excitonic emission
energy via the DC Stark effect achieved by the introduction p- and n- regions into
the PhC. The tunability of the on-chip SPSs is a crucial prerequisite and should
be urgently addressed. Even if III-V semiconductor technology might come
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second to Si-based IQPC in terms of large-scale integration, very ambitious
deterministic quantum logic schemes based on GaAs artificial atoms seem to be
reachable today, with the actual state-of-the-art [168](Fig. 1.22c). In order to
increase the index contrast, hybrid structures are attracting increasing attention.
Since GaAs/SiO2 has a similar index contrast as Si/SiO2, significant work in this
direction has already been accomplished (see Sec. 1.5) and other III-V materials
than GaAs are also considered in this context. InP for example might be an
attractive candidate, based on its successes in classical photonics. However, the
implementation of single-photon sources in this material is so far limited [14],
and concerns about decoherence in these structures have to be lifted.

As discussed in Section 1.5, heterogeneous integration offers great potential
for circumventing many of the trade-offs that exist in single-material systems.
While big strides have been made towards creating IQPCs with quantum emit-
ters, reconfigurable linear optics and single-photon or photon number-resolving
detectors, many challenges still remain. Because quantum photonic devices that
may operate in the quantum advantage or supremacy regime are expected to re-
quire large resources (in terms of numbers of photonic qubits, logical channels,
detectors, ancilla photons), methods to produce all such elements in large scale
on chip is key. Large-scale reconfigurable waveguide-based linear-optical net-
works, capable of implementing all possible linear-quantum-optical protocols,
have been demonstrated in silicon [15], and can likewise be implemented in a
number of other types of materials (such as silicon nitride [180], silicon oxyni-
tride [109, 31], aluminum nitride [187, 197] and lithium niobate [27]) for which
mature, top-down fabrication techniques already exist. Scalable incorporation
of quantum emitters onto such on-chip networks however constitutes a crucial
bottleneck, originating in the wide heterogeneity of quantum emitters properties.
Generally, quantum emitters are highly sensitive to various physical factors, such
as local fluctuating electric and magnetic fields, phonons, mechanical stress. All
such factors taken together lead to significant variations in energy, quantum
efficiency, spectral diffusion and coherence of the quantum emitter; their influ-
ence must be effectively controlled to ensure sufficient emitter performance for
quantum photonic applications. In particular, the effects of fabrication methods
upon the quantum emitter’s natural characteristics must be carefully considered.
In addition, as argued in Sec. 1.3, techniques that allow identification of single
quantum emitters with the desirable characteristics within a population before
fabrication are a necessity towards scalable fabrication of single-emitter devices.
The ability to fully characterize a quantum emitter’s location and orientation
on a sample, as well as its spectrum, is furthermore critical to ensure efficient
emitter coupling to desirable spatial optical modes supported by nanophotonic
structures [89]. This in turn has direct influence on the overall device effi-
ciency. While deterministic fabrication of single QD devices in heterogeneous
samples has been demonstrated by Schnauber et al. [156], a detailed characteri-
zation of the selected quantum dots pre-fabrication (regarding dipole momement
orientation, quantum efficiency, spectral purity, etc) was not performed. Sig-
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nificant advances may take place, with the development of high-throughput
single-quantum-emitter spectroscopic characterization techniques.

Another promising approach towards scable integration of quantum emitters
was demonstrated byWan et al. [187], in which arrays of nanophotonic diamond
waveguides containing deterministically implanted Si and Ge color centers were
placed onto AlN photonic circuits through a pick-and place technique. Devel-
opment of high-throughput pick-and-place techniques could further increase the
scalability of such technique.

FIGURE 1.22 a) Expansion of the number of components integrated into IQPCs in silicon-based
platforms as a function of the years [193]. b) Proposed scheme of a PhC-ridge waveguide structure
for the on-chip realization of a HOM experiment [28]. c) Resonator with reverse bias enhancement.
d) Proposed scheme of an artificial atom used for implementation of a deterministic CNOT quantum
gate and based on a chiral PhC QD-WG system.

1.7 CONCLUSION

In summary, this chapter gives an overview of the basics and current devel-
opments in the field of integrated quantum nanophotonics and related fields of
modern photonic quantum technology. Important methods, namely the FEM and
FDTD approaches for numerical modeling of integrated photonic structures were
presented, which are used effectively for the design and understanding of such
elements. With regard to the production of integrated photonic circuits, the focus
was also on novel methods that enable the deterministic integration of quantum
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emitters in waveguide structures. An important method is the in-situ EBL tech-
nology platform, which promises a precise and very reproducible integration of
quantum emitters in complex circuits and will therefore play an important tech-
nological basis for scalable integrated quantum nanophotonics. Furthermore,
current approaches and results for photonic circuits based on homogeneous ma-
terials such as Si and GaAs were presented. These more traditional approaches
were and are still very successful in realizing important sub-functionalities such
as linear quantum gates and circuits for boson sampling. They are comparatively
easy to fabricate, which makes them particularly attractive for the study of basic
physical properties such as the chiral light-matter interaction discussed. Addi-
tional functionalities and fully integrated photonic quantum circuits, however,
require heterogeneous material integration. In this context, current approaches
for heterogeneous quantum circuits were presented, which for example include
not only waveguide structures but also single-photon detectors. Furthermore,
open questions and challenges were discussed and an outlook on possible future
developments was given, which among other things aimed at modular quantum
circuits for the implementation of large-scale quantum networks.
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