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Abstract

In this Thesis, I will describe the study, development, fabrication
and characterization of an integrated photonics platform based on CMOS-
compatible processes, with particular focus on silicon nitride (Si3N4) and
silicon oxynitride (SiON) optical waveguides. This platform will be devel-
oped for the specific target of realizing a monolithically-integrated pho-
tonic quantum processor, composed by photon generation, manipulation,
and detection stages all in a single chip. The research was financed by the
European Commission under the Epiqus project.

In addition, it will be shown that the same platform can be adapted
for the application in different fields of optics integration. An example will
be given about the realization of integrated high-performance band-stop
optical filter for visible light.

All the results presented in this Thesis were realize in collaboration
between the Fondazione Bruno Kessler (FBK) research institute and the
Department of Physics of the University of Trento. In particular, the
fabrication processes of the photonic integrated circuits have been accom-
plished in the clean-room facilities of FBK. I would like to thanks all the
people working there for their precious support.
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Chapter 1
Introduction

The interest in integrated photonics is rapidly growing worldwide in the last
decade, due to the large number of proposed applications in both industrial and
research areas. The substitution of bulk optics setups with photonic integrated
circuits (PIC) enables optical systems with larger mechanical stability to be im-
plemented in portable systems. In addition, the small footprint of integrated
optics components, compared to their free space version, allows for the realiza-
tion of highly complex systems. Moreover, the substitution of speci�c electronic
components with photonic equivalents, could enable a dramatic increase in the
performance versus consumption e�ciency, in particular in the telecommunication
�eld. Finally, with the advent of the 2nd Quantum Revolution ( [1]), photonic
integrated circuits have been proposed as one of the possible platforms for the
future development of the quantum technologies, where single photons could act
as qubits for quantum information and communications tasks.

The quantum information �eld is, on one side, the main target application
for the research presented in this thesis but, on the other side, it will be only
barely touched, just to allow the reader to understand the motivation behind this
work. Precisely, the scope of this thesis is to optimize the existing semiconductor
technology, model and adapt it, in order to realize a photonic chip capable of
performing quantum operations.

Why is quantum computing so important? Let's start from the beginning.
Since the Richard Feynman talk in 1981 [2]:

�Nature isn't classical, and if you want to make a simulation of nature,
you would better make it quantum mechanical�
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8 Introduction

physics researchers have been focused in the realization of a purely-quantum pro-
cessor, allowing for the simulation and prediction of natural quantum processes.
Indeed, simulating quantum mechanical process with classical resources requires
an unsustainable increase of computational resources with the increase in the size
of the simulated problem. A single quantum bit is described by a continuous su-
perposition of its basis axes, most commonly written asj i qubit = � j1i + � j0i ,
with � and � the probability amplitudes of being in either j1i or j0i basis state.
A system of several particles can be described by an ensemble ofN qubits, which
de�ne a Hilbert space of dimensions2N containing all the possible states of the
system. Then, to �nd the solution of a problem, for example the speci�c state
which minimizes the total energy of the system, it is necessary to probe the entire
Hilbert space elements one-by-one and look for the best solution. From the de�ni-
tion of the described Hilbert space, this can be achieved using eitherN quantum
bits, composing the basis of the Hilbert space, or2N classical bit. This relation
scale so fast that while a10 qubit system could be simulated with just1024classi-
cal bits, the world's most powerful supercomputer would struggle to achieve more
than 50simulated qubits [3,4], and to simulate only268qubits would require more
classical bits than the estimated number of particles in the universe. If we want to
simulate e�ciently the outcome of a quantum system, we have to �nd a quantum
approach to do it. We have to use and manipulate some quantum particles to solve
the problem.

The �rst step to realize a quantum processor is to choose appropriate the
quantum system to be used as a quantum unit of information, thequbit. Di�erent
systems were proposed for this purpose, and are typically de�ned by a single
quantum particle that can be controlled individually: a neutral atom, a single ion,
a photon, and other more sophisticated physical systems. Among all of these,
within this Thesis we are going to deal with photon based qubits. The photons,
the single particles of light, are characterized by very weak interactions with the
environment, which guarantees a slow decoherence for photonic qubits, for free.
This turns in a longer time available to perform quantum operations, at the cost
of a greater complexity in the implementation of two qubits operation, given the
challenge of making two photons interact.

The realization of a photonic quantum processor (PQP) in bulk optics has
already been demonstrated, bringing to one of the �rst quantum supremacy claims
by Jian-Wei Pan's work in 2020 [5]. Instead, the complete integration of such
experiments on a single chip is still a challenge, because of the need to put together
on a single chip three di�erent stages, respectively for the qubit generation, the
qubit manipulation, and the qubit readout. Here is where theEpiqus project,
Electronic Photonic Integrated Quantum Simulator joins the e�ort. The goal of
Epiqus is to realize a fully integrated photonic quantum simulator � a type of PQP
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� working at room temperature, where the only external contributions are given
by a pump laser and the control electronics, with the related computer interface.

The idea for the Epiqus PICs starts with the qubit generation, obtained via
photon-pairs generations through nonlinear optical processes, activated by the
external pump, and is followed by the pump suppression through integrated op-
tical �lters. Subsequently, the qubits are manipulated to perform the desired
operations, using linear-optics elements driven by electronically-actuated phase
shifters. Finally, the qubits are measured by projection over monolithically inte-
grated single-photon detectors, based on single-photon avalanche diodes (SPADs),
which constituted the main breakthrough of the project. The integrated and
CMOS-compatible SPADs, based on doped-silicon, are sensitive only at the visi-
ble and near-infrared spectral regions, and narrowing thus the choice for the qubit
photons wavelengths. While on one side the SPADs e�ciency decreases by in-
creasing wavelengths, typically the PICs quality improves at longer wavelengths,
due to the relaxed waveguides dimensions. To balance the two contributions, a
working region around800 nm wavelength was chosen for this research. In this
spectral region, the standard silicon photonics cannot be implemented since the
silicon waveguides themselves would absorb the signal, therefore a transparent
dielectric-based platform must be introduced.

In this thesis, I will describe the study, development, fabrication and char-
acterization of an integrated photonics platform based on CMOS compatible pro-
cesses, with particular focus on silicon nitride (Si3N4) and silicon oxynitride (SiON)
waveguide core materials. This platform will be developed for a speci�c target: the
realization of a fully-integrated photonic quantum simulator, within the Epiqus
project. Nevertheless, it will be shown that with speci�c adaptations the devel-
oped platforms and concepts can be applied also to di�erent �elds of integrated
optics.

Before starting with the description of the photonic platforms and their appli-
cation for the realization of the quantum processor, I will give a brief introduction
about the general principle of quantum computer as well as of integrated photon-
ics. This should help the reader to have a general view about the research �elds
with which this Thesis deals. Further, being this research part of a bigger project,
I will report the general scope of theEpiqus project, with a brief description of the
involved partners and their speci�c role in the development of the �nal quantum
processor.

1.1 Quantum Computing

What is a quantum computer? In practice, what do we need to realize a it? A well
organized answer for these questions is given in the Di Vincenzo's criteria, de�ning



10 Introduction

the minimal requirements for the implementation of quantum computation [6]:

ˆ "a scalable physical system with well characterized qubits";

ˆ "the ability to initialize the state of the qubits to a simple �ducial state";

ˆ "long relevant decoherence times, much longer than the gate operation time";

ˆ "a universal set of quantum gates";

ˆ "a qubit-speci�c measurement capability".

In practice, we have to �nd a physical system to create the qubit with, then we
should be able to identify the initial state of the system, to measure the �nal state
of the system, and to perform any possible operation on the system itself. Finally,
the system should be stable for a time su�ciently long to allow us performing all
the previous tasks before it may collapse to a random state.

Following an analogy with classical computer, �rst we need to introduce the
quantum bit, the qubit. While the classical bit can assume only two di�erent
values,0 or 1, the qubit can assume an in�nite set of values, given by the linear
relation jqubiti = � j0i + � j1i that represents the probability amplitude to be in
a speci�c state. In particular the coe�cients � and � , also represented in the
vectorial form [�; � ], can assume complex values and must satisfy the relation
j� j2 + j� j2 = 1 to preserve the total probability. Given the unitary value relation,
the space spanned by the qubit can be represented with the Bloch Sphere, as
shown in Figure 1.1 . In particular, the standard computational basisj0i and j1i
composes the vertical axis of the sphere, and the orthogonal axis can be de�ned
as j�i = j0i�j 1ip

2
and jL=Ri = j0i� i j1ip

2
. On the other side, since the qubit is moving

on the surface of a sphere, its state can also be described by the two angles�
and � as jqubiti = cos(� ) j0i � ei� sin(� ) j1i . The general state of the qubit will
be described as a generic wavefunctionj i = jqubiti , and all the presented qubit
representations will be useful in the following of this Thesis.

In real devices, the qubit can be implemented by using any possible two-level
physical system, which we are able to manipulate and characterize with good per-
formance. Examples of two level systems, which have been implemented in actual
quantum processors are: cold atoms, trapped ions, electron spins, superconduc-
tive devices and photons. Focusing on the last, single photons do not realize qubit
themself and it is necessary to de�ne the encoding method, the degree of freedom
to be manipulated and measured as the quantum state of the photon. Example of
possible encoding for photonic qubits are:

ˆ the polarization encoding, in which the horizontal polarization is mapped
into the H = j0i basis and the vertical one into theV = j1i one;
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Figure 1.1: Bloch Sphere representation of a single qubit statej i .

ˆ the time-bin encoding, in which the time-of-arrival of the photons map the
qubit values;

ˆ the dual-rail encoding, in which the occupation of two di�erent non-interactive
channelU = j0i and D = j1i de�nes the qubit probability amplitude.

Once the qubits are de�ned, it is necessary to perform operations on them,
to execute computation processes. In classic computation, the operations that
can be performed on a single bit are only two: the identity, which preserves the
value of the bit, and the NOT gate, which �ips the value of the bit. Conversely,
since the qubit can assume any value on the Bloch Sphere an in�nite number of
operations can be performed, namely all the possible rotationsRx (� ), Ry(� ) and
Rz( ) over the three main axis of the sphere [7]. However, we can introduce the
most important rotations as the ones that �ip the qubit along each of the three
main axis, i.e. that induce a full � rotation. In the vectorial representation, this
three rotations are represented by the Pauli transformation matrices

PauliX = X =
�
0 1
1 0

�
; (1.1)

PauliY = Y =
�
0 � i
i 0

�
; (1.2)

PauliZ = Z =
�
1 0
0 � 1

�
: (1.3)

Finally, an important single qubit operation for quantum operation is the so-called
Hadamard gate, which maps the computational basis into the orthogonal basis
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j0i ! j + i and j1i ! j�i . The Hadamard operation is described by the matrix

Hadamard = H =
1

p
2

�
1 1
1 � 1

�
; (1.4)

and concludes the set of the most important single qubit rotations.
After the de�nition of single qubit operations, two-qubits gates should be re-

alized. In classical computation, the most known two-bit operations are the AND
and OR operations, with their corresponding opposite NAND and NOR gates. It is
well known that any boolean operation can be implemented by a speci�c sequence
of these single logic two-bit gates, which for this reason are referred as universal
logic gate. In the quantum world, given the larger degree of freedoms of qubit, the
solution became more complicated. Here, no single gate can be de�ned as univer-
sal, rather one needs a full set of di�erent gates in order to create a universalset
of quantum gates.

Two main set of universal quantum gates have been proposed. The �rst is
composed by the generic single-qubit rotation and the controlled-not gate (CNOT).
The last acts on two qubits, and �ips the value of the controlled qubit only if the
control qubit is in the j1i state. In matrix form

CNOT =
1

p
2

2

6
6
4

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

3

7
7
5 ; (1.5)

where the two qubit state is represented asj 1i j  2i = ( � 1; � 1; � 2; � 2). The second
universal quantum gate set is composed by the Hadamard gate and the three-qubit
operation named To�oli gate. The To�oli gate consists in a higher dimensional
CNOT gate, in which the controlled qubit is �ipped only if both the two control
qubits are in the j1i state, and for this reason is also called CCNOT gate. This
second set relaxes the requirement for an arbitrary single-qubit rotation respect to
the �rst set, but needs the implementation of a three-qubit operation.

The choice between the two di�erent sets, or possibly others, depends strictly
on the capabilities of the physical system used for the realization of the qubits. In
the photonics framework, as it will be explained in the next Section, the arbitrary
rotation of single qubits constitutes a relatively simple operation. On the other
side, the implementation of multi-qubit gates poses relevant challenges, which
further increases with the number of photons that should be made interact. For
this reason, the choice of the �rst set is natural.

As a �nal remark, not all the quantum computations need the implementation
of the described single quantum logic gates. Actually, all thequantum supremacy
demonstrations so far do not directly solve a speci�c problem using gate based
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algorithms [5, 8, 9]. What they do, is to exploit the bosonic properties of qubit
to sample all the possible outcomes of a given linear transformation in a parallel-
like computing. The same solution in classical computer would require to �nd
the permanents of the transformation matrix, that is considered #P-Hard [10]
problem. This means that the computational resources, number of bits and time,
required to perform the calculation raise so fast with the dimensions of the system
to make its solution impossible. Instead, the quantum technique, called Boson
Sampling, is a natural application in the photonics framework [11�14], where pho-
tons travelling through an optical network spontaneously realize the sampling of
the same network. Given the straightforward way to use Boson Sampling methods
to demonstrate the quantum advantages ability of the photonics platform, this will
be used as a �rst demonstration also for the proposed architecture in this Thesis.

1.2 Integrated Photonics

The manipulation of photons constitutes one of the more immediate ways to ap-
proach the quantum nature of world. Di�erently from the other approaches, which
involve the realization of complex infrastructures to manipulate single quantum
particles like atoms and superconducting devices, photons by nature travel as sin-
gle particles and it is only necessary to �nd a way to measure them separately. In
a standard optics experiment, the linear manipulation of photons can be realized
using simple optical components like: mirrors, lenses, beam splitters, polarization
�lters and retarder wave-plates. All these components are well-known and com-
mercially di�use for the visible and near-infrared wavelengths, and can operate in
any optical laboratory without challenge, apart from the beam alignment process.

The two main tasks to be solved to move from a classical to a quantum photonic
experiment are given by the generation and the detection of single-photon states
of light. Di�erent concepts have been proposed for the generation of single photon
states, based on laser attenuation, nonlinear frequency conversion processes, quan-
tum dots or color centers [15�17]. While all of them are still mainly at pure research
levels, some of them are recently reaching the commercial market. Besides, multi-
ple systems for single photon detection have been demonstrated: superconducting
nanowire (SNSPD), transition edge sensors (TES) and single photons avalanche
diodes (SPAD) [18]. The last, thanks to their ability to work at room temper-
ature, are already di�used and used for consumers applications like LIDAR and
�uorescence spectrometers.

A complete quantum optics experiment has already been demonstrated using
the components introduced above [5], paving the way for optical quantum com-
puters. However, a system based on bulk optics is characterized by its intrinsic
extremely low scalability and a complex reproducibility, given the large number of
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optics and beams to be aligned on a single large optical bench. A big step forward
could be reached by transposing the bulk optic pieces into semiconductor micro-
components, in the same way as valve computers have been reduced to transistor
computers. And here it comes the need for integrated photonics.

The integration of optics on chip has already been demonstrated and imple-
mented for several classical applications [19]. In particular, with the transition
from copper wires to optical �bers for the telecommunication network, the needs
for all-optical routers pushed a lot of interest into integrated components. In a
certain way, integrated photonics stands to optical �ber as integrated electronics
stands to metal wires. The equivalent of an optical �ber on a chip is called an
optical waveguide, or for simplicity waveguide, and it is characterized by a higher
refractive-index core surrounded by a lower index cladding, and has the the exactly
same working principles of a glass �ber [20, 21]. The higher refractive index core
of the waveguide acts as a potential well for the light propagating in it, an the
di�erent energy levels of the potential well translates into di�erent non-interacting
optical modes supported by the waveguide.

A single waveguide can be realized in order to guide only the fundamental
optical mode: if the core of the waveguide is small enough, the potential well is so
low that higher order modes can escape from it and scatter out of the waveguide.
In this condition, the waveguide behaves as a single-level system. Considering two
di�erent waveguides U and D, the realized two-level system can be exploited to
implement a photonic qubit. In this encoding, shown in Figure 1.2a), the qubit
can be de�ned to be in thej0i state when a photon is localized in the upper
U waveguide, while in thej1i state when a photon is localized in the lowerD
waveguide. This method is calleddual-rail encoding.

The main advantage of this encoding is given by the ease of realization of a
single qubit rotation. A Hadamard gate can be implemented with a simple 50:50
beam splitter (BS), and a generic qubit rotation can be obtained using a Mach-
Zehnder interferometer (MZI) and three tunable phase shifters [22], as shown in
Figure 1.2b). The MZI is realized by connecting together the two outputs of a
�rst BS to the two inputs of a second BS. Such a simple structure, can actually
perform any single-qubit rotation in the dual-rail photons qubit encoding. In
addition, the Boson Sampling experiment can be realized with a series of BS in
cascade, obtaining ann � n interferometer composing the transformation matrix
to be analyzed.

In order to construct an integrated quantum photonic processor, we now need
to introduce how the aforementioned components can be realized within a inte-
grated photonics platform. In particular, I will introduce the methods to obtain
beam splitters, phase shifters and Mach-Zehnder Interferometers with integrated
waveguides. Further, I will also describe the working principles of a di�erent inter-
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Figure 1.2: a) Dual-rail encoding in integrated photonics platform: the qubit is
de�ned in the j0i state when the photon is localized in the upperU waveguide, and
in the j1i when the photon is localized in the lowerD waveguide. b) Realization
of an arbitrary qubit rotation in the dual-rail encoding using a Mach-Zehnder
Interferometer, realized with two beam splitters (BS) and three phase-shifters (PS).

ferometer, the ring resonator, which will be useful for nonlinear optics applications.

Beam Splitters. Two possible approaches can be implemented to realize an in-
tegrated equivalent of a free-space beam splitter (Fig. 1.3a). The �rst, called direc-
tional coupler (DC), is based on the evanescent interaction of two close waveguides
(Fig. 1.3b). In such devices, the optical power is continuously transferred between
the two waveguides following a sinusoidal functionI B (z) = I A (0) sin2(kz=� ), where
L is the interacting length, � the wavelength of the transferred light andk the
coupling coe�cient. The last is speci�c of the waveguides platform and depends
exponentially on the distance between the two waveguides. For these reasons,
this system is easily tunable to any desired value of splitting ratio, but it is also
highly wavelength selective and sensible to small geometrical variations during the
fabrication. The second approach, called Multi Mode Interferometer (MMI), is
based on the proper tailoring of the interferometric pattern of an optical beam
travelling in a multimode waveguide (Fig. 1.3c). By simulating the evolution of
the interference between di�erent optical modes of the multi-mode waveguide, it
is possible to place the two output waveguide in the exact position of the two
maxima of the interference pattern, thus splitting the input signal into two perfect
halves. Thanks to the large dimensions of the multi-mode waveguide composing
the MMI, these devices are characterized by a larger robustness against dimen-
sional errors occurring during fabrication. For this reason, these will be preferred
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Figure 1.3: Di�erent realization of a balanced 50:50 beam splitter. a) Bulk glass
optics. b) Simulated integrated directional coupler (DC). c) Simulated integrated
multimode interferometer (MMI). The balanced 50:50 split ratio point of the inte-
grated devices is reached for a speci�c geometrical length, indicated on the �gure.

in the realization of BS with our platforms.

Phase Shifters. A phase shift can be induced in an integrated waveguide by
introducing a local change in the refractive index by exploiting the electro-optic
e�ect, the thermo-optic e�ect or other properties of the speci�c material. The
�rst consists of a change in the refractive index induced by an external electric
�eld and is characterized by high power e�ciency and fast modulation speed.
However, the electro-optic e�ect is allowed only in rare materials characterized by
a non-centrosymmetric crystalline structure, that are typically hard do produce
and manipulate for the realization of integrated waveguides. On the other side,
the thermo-optic e�ect consists in a change of the refractive index of the material
with the change of its temperature, and it is present in all materials with di�erent
strengths. In particular, it is possible to exploit the thermo-optic e�ect to modulate
the optical properties of the silicon-based CMOS materials like silicon, silicon
nitride and silicon oxide. This kind of phase shifters (PS) will be implemented in
out photonic platforms. The local heating to activate the thermal modulation can
be realized by placing micro-resistors close to the waveguides and by heating them
via Joule e�ect.

Mach-Zehnder Interferometers. A MZI is realized by connecting two of the
described2 � 2 MMI in series with two waveguides, composing the arm of the
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interferometer. The resulting transfer matrix is de�ned by the product of the
transfer of the two beam splitters and the phase acquired in the two arms

MZI =
�
cos(� ) sin(� )
sin(� ) � cos(� )

�
; (1.6)

with � = � � � the phase di�erence between the upper and the lower arms. Then,
by introducing an external phase shift� ext in the system, it is possible to actively
modulate the output of the MZI. Since the thermo-optic e�ect is highly power
demanding, the MZI will be proposed in the pull-push con�guration: two PS
are placed one in the top arm and one in the bottom arm of the MZI, allowing to
modulate with small variation of the phase di�erence� around the initial condition
of the MZI.

Ring Resonators. A resonant cavity can be realized in integrated photonics
with closed-loop waveguides, called micro-ring resonator (MRR) [23, 24]. These
cavities are characterized by high quality factor resonant modes, with a large elec-
tric �eld enhancement and narrow spectral bandwidths. Thanks to these proper-
ties, MRR were implemented for very di�erent uses: selective optical �lters, non-
linear generation processes [25�27] as well as single photon manipulation [28,29].
The quality factor of a resonant cavity can be de�ned from its spectral character-
istics Q = �

�� , with � the resonant frequency and�� the FWHM bandwidth of the
resonant mode, and is inversely proportional to the losses
 int of the MRR waveg-
uides. To probe the resonant modes of the MRR it is necessary to couple light
into and out from it. This is achieved using a second waveguide coupled to the
resonator's waveguide with a directional coupler. The coupling with the external
waveguide will induce an external source of loss
 ext for the resonator, reducing
its total quality factor. It is possible to distinguish the di�erent contributions to
the total quality factor as Q� 1

tot = Q� 1
int + Q� 1

ext . Since the coupling to the exter-
nal waveguide can be tuned with a proper design of the directional coupler, the
value of the external quality factor can be set by an appropriate choice. In gen-
eral, the MRR are implemented in the so-called critical coupling condition, that
is achieved when the external loss equals the intrinsic lossQint = Qext . At this
speci�c condition, the total quality factor value is half the value of the intrinsic
quality factor, and the transmission of the coupled waveguide drops to zero at the
resonant frequencies [24,30,31].

1.3 Epiqus Project

The Epiqus Project, namely Electronic-Photonic Integrated Quantum Simulator
Platform, was �nanced by the European Commission, H2020 FET OPEN, under
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Figure 1.4: Scheme for the integrated photonic simulator proposed in theEpiqus
Project. Going from left to right, �rst an external pulsed laser is injected in the
photonic chip to act as excitation pump for the nonlinear generation of photon;
the pump is then equally splitted toward several equal photon sources based on
ring resonators, and then �ltered out to leave only single photon states in the chip.
The produced single photons are then processed in a qubit manipulation scheme,
to implement the quantum simulation, and �nally the quantum states is read by
a series of single photon detectors based on silicon SPADs. The photonic chip is
controlled via thermo-optic phase shifters which, together with the SPADs, are
driven by an external analog chip, the ASIC.

Grant agreement ID: 899368.
The Epiqus Project was developed to realize a quantum simulator in a com-

pletely integrated photonic platform working at room temperature. In particular,
the photonic quantum chip should implement all-together in the same chip, as
shown in Fig. 1.4: a stage for single-photon generation and quantum state prepa-
ration, a stage for qubit manipulation, a stage for photon detection and the entire
electronics needed for the control of the photonic circuit.

Given the huge scale of the project, the di�erent theoretical and technological
challenges were distributed to several European partners. To the University of the
Basque Country (Spain) were assigned the development of the quantum theory
behind the quantum simulator experiments and the proposal of problems to be
implemented in the quantum simulator. To the University of Vienna (Austria)
were assigned the development of the quantum problems, proposed by the pre-
vious, into a bulk optics experiment as a �rst feasibility demonstration. To the
University of Rostock (Germany) were assigned the implementation of the bulk
experiments with fs-laser written integrated waveguides, as a second feasibility
demonstration. To University of Trento (Italy) were assigned the development
and characterization of the photon-source stage, as well as the design of the inte-
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grated quantum photonic circuit, the �nal photonic simulator demonstrator. To
Fondazione Bruno Kessler (Italy) were assigned the development of the photonic
platform, the fabrication of the photonic circuits and the realization of integrated
single photon detectors directly coupled with waveguides. To the Vienna Uni-
versity of Technology (Austria) were assigned the design and realization of the
ASIC chip needed to realize the electrical driving of the photonic components, in
particular phase shifters and photon detectors. Finally, to the PKNU of Korea
was assigned the realization of a toolkit to interface between the electronics and
quantum algorithm direcly implemented on a computer interface.

This thesis will be focused mainly in the task assigned to Fondazione Bruno
Kessler and, partially, to the one assigned to University of Trento.

1.4 Thesis Outline

In this thesis, I will present my work about the realization of two di�erent inte-
grated photonic platforms developed for theEpiqus project: the �rst based on
SiON-core waveguides and the second on Si3N4 core waveguides. Starting from
the development and characterization of the two platforms, I will show the ad-
vantages and disadvantages of each of them resulting in the �nal choice of Si3N4

for the Epiqus �nal photonic architecture. Then, I will describe the process for
the realization of the �nal fully-integrated chip, describing the quantum operation
implemented in the realized quantum processor. Finally, I will present an alterna-
tive application of the developed SiON platform, to show its adaptability to really
di�erent �elds.

In Chapter 2 I will present the development of the SiON photonic platform
based on SiON-core waveguides, encapsulated in a thin Si3N4 �lm and embedded
in an SiO2 cladding. First, I will introduce the high refractive index SiON material,
speci�cally developed for this platform, and I will describe the process of de�nition
of the waveguides dimensions and of the chip design. Next, I will give a deep
explanation of the entire fabrication process: starting from the realization of the
waveguides, with an optimization of the etching technique, going to the realization
of metallic phase shifters and concluding with the �nishing of the waveguides facets.
Then, I will show the characterization of the optical properties of the realized
waveguides, with particular focus on the propagation loss and on the nonlinear
Kerr coe�cient of this new photonic platform. Following, I will describe the single
integrated components realized for this platform, with a characterization of the
fabricated beam-splitters and tunable MZIs to be used for the construction of the
quantum circuit. Finally, I will show the properties of MRR, demonstrating that it
is possible to engineer the refractive-index dispersion of SiON waveguides in order
to achieve a zero-dispersion-point of the group velocity in the resonant structures.
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In Chapter 3 I will present the development of the Si3N4 photonic platform,
based on Si3N4-core waveguides embedded in a SiO2 cladding. After introduc-
ing the di�erence from the SiON material, I will describe the optimization of the
dimensions for the Si3N4 waveguides, and the di�erences in the implemented fabri-
cation process. Next, I will propose the characterization of the propagation losses
of the platform, followed by the analysis of the performance of the realized sin-
gle photonic components: waveguide crossings, beam splitters, asymmetric MZI
�lters, tunable MZI and ring resonators.

In Chapter 4 I will present the realization of the �nal complete photonic quan-
tum processor. First, after a brief summary of the di�erent performances achieved
with the two developed platforms, I will explain why the Si3N4 platform was cho-
sen for the realization of the quantum chip. Then, I will introduce a �rst method
to implement quantum logic gate with the proposed architecture, the Holonomic
Gates. These are based on three-waveguides couplers, and two gates will be demon-
strated: the PauliX and the Hadamard gates. Given their strong sensitivity on
dimensions variation occurring in the fabrication process, an optimization of the
lithographic steps to achieve optimal results will be presented. Next, I will describe
the process of integrating single-photon detectors within the same photonic chip.
The detectors are realized by doping the silicon substrate below the SiO2 cladding,
and a proper method is introduced to couple the waveguides to the detectors only
in the desired positions. Finally, I will describe the design and fabrication of
the complete quantum photonic chip based on Boson Sampling schemes. These
chips were realized during this thesis and are currently undergoing the integration
with the external control electronics, needed to allow the control of the integrated
phase-shifters and detectors.

To conclude, in Chapter 5 I will summarize the results presented in the thesis,
pointing out the strengths and weaknesses of the photonic platforms proposed for
the realization of the photonic platform processor and other applications. Finally, I
will give my perspective view about the future development of theEpiqus Project
and, in general, of quantum integrated photonics devices.

In Appendix A I will present an alternative application of the developed SiON
platform. An industrial partner required the realization of integrated optical �l-
ters with high rejection rate and high spectral selectivity. To achieve this task, the
SiON platform will be adapted by developing a lower-index SiON core, in order to
decrease the scattering losses of waveguides. Then, I will describe the realization
of a �lter demonstrator based on single MRR, starting from the optical design and
concluding with the experimental characterization. After the promising results, I
will describe the development of a prototype for the �nal device. This is charac-
terized by six tunable MRR, placed in series to increase the total rejection of the
�lter up to the speci�cation value. Finally, I will describe the optical and elec-
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trical characterization of the prototype, leading to a �nal fully-packaged system
delivered to the customer.
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Chapter 2
Development of SiON

Platform

In this chapter, I will describe the �rst photonic platform presented in this the-
sis, based on high-index silicon oxynitride (SiON) core-material waveguides. That
platform is introduced as a prosecution and development of the original idea by
dott. Mher Ghulinyan funded by the ATTRACT project INPEQUT . In particu-
lar, in its origins the platform was aimed to demonstrate the capabilities to face
refractive index dispersion engineering problems in order to improve the nonlinear
performances of resonant structures. In the presented development, the same plat-
form is further investigated for both the linear properties as well as the nonlinear
ones, bringing a �nal con�rmation of its potential qualities for speci�cally tailored
applications.

A peculiar characteristic of the SiON material, composing the core of the waveg-
uides, is given by the possibility to properly choose its optical characteristics, in
particular the refractive index, in a range of values in between the one of pure
silicon oxide (SiO2) and the one of pure silicon nitride (Si3N4). This allows to
select higher-indices when the application requires for smaller footprints, or to
select lower-indices when the application requires for lower losses. In addition,
the use of high-index SiON instead of pure Si3N4 allows to avoid the issue related
to stress-induced cracks of thick Si3N4 �lm deposited over SiO2, permitting for
the realization of higher-thickness waveguides [32�36]. Within the framework of
this thesis, the realization of large and complex photonic networks require for the
integration of a large number of components within a single, small, chip. Conse-
quently, a high-index SiON will be required to allow for high density integration of

23
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structures. On the other side, a di�erent application requiring for high resolution
optical �lters will be presented in Annex A. There, the high-resolution condition
can be achieved only by the implementation of a low-loss resonant cavity, thus
requiring for a low index contrast between the waveguide and the cladding.

In present Chapter I will describe the development and characterization of the
SiON platform, starting from the initial blank wafer and ending with a full opti-
cal characterization of the performances of SiON photonic integrated circuit. In
Section 2.1 I will describe the development of the of the SiON material and the
principle for the design of the SiON waveguides. In Section 2.2 I will describe
the entire fabrication process implemented for the realization of active photonic
devices. In Section 2.3, I will report on the optical characterization of the realized
photonic platform, both in linear and nonlinear regime, and I will show the per-
formance of some photonic components, being necessary building blocks for the
�nal quantum circuit. Finally, in Section 2.5 I will describe the speci�c process to
engineer the refractive index dispersion of SiON waveguides, in particular of ring
resonators, to achieve a �at dispersion regime at the desired wavelength.

2.1 Materials and Design

The proposed photonic platform is based on a SiON core channel waveguides,
which is encapsulated in a Si3N4 sandwich and embedded in a SiO2 cladding, fol-
lowing the sketch in Figure 2.1. This particular con�guration allows for a larger
degree of freedom compared to standard channel waveguides: in addition to the
waveguide width (wgW ) and height (wgH ), also the SiON refractive index (nSiO x N y )
and the Si3N4 thickness(hSi3N4 ) can be properly tuned to adapt the platform for
speci�c uses. In addition, since the Si3N4 �lm acts as a chemical etch-stop barrier,
it is possible to open the cladding of the waveguides at speci�c locations. The re-
moval of top SiO2 is an optional process, which can be used for di�erent purposes
such as: chemical functionalization of the waveguide surface for sensing applica-
tions [34,37�40] or, as it will be discussed in Section 2.5, engineering of refractive
index dispersion of waveguides for non-linear optics applications [41�46]. Further-
more, a conformal thin �lm of Si3N4 is expected to reduce the sidewall roughness
of SiON waveguides, thus improving the propagation loss [47].

2.1.1 High-Index SiON

The SiON was developed using a Plasma-Enhanced Chemical Vapor Deposition
technique (PECVD) using silane (SiH4), nitrogen protoxide (N2O) and ammo-
nia (NH3) gas precursors for, respectively, Si, O, and N elements, and molecular
nitrogen (N2) as inert gas to stabilize the plasma. The plasma is activated by
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Figure 2.1: Material cross section of the proposed SiON waveguides platform.
From bottom to top: silicon wafer (grey), bottom SiO2 cladding (light blue), Si3N4

encapsulating �lm (orange), SiON waveguide core (violet), BPSG based SiO2 top
cladding (blue).

a radio-frequency generator with Power100 W and Frequency380 kHz. The gas
�uxes were properly tuned to achieve a high-index but low stress SiON, match-
ing a �nal refractive index RI SiON = 1:66 at the 800 nm wavelength. During the
deposition, the substrate is maintained at the relatively low temperature of300� C.

The refractive index of the realized SiON �lm was monitored using a variable-
angle spectroscopic ellipsometry (VASE). For the analysis, the �lm was modelled
using theNew Amorphousmodel based on the Forouhi-Bloomer empirical disper-
sion relation [48]

n(! ) = n1 +
B � (E � E j ) + C
(E � E j )2 + � 2

; (2.1)

B =
f j

� j
� (� 2

j � (E j � Eg)2); (2.2)

C = 2f j � j (E j � Eg): (2.3)

This model allows to estimate the optical band gapEg of the SiON core material of
the platform. The parametersf 0, � 0 and E0 describe, respectively, the amplitude,
the spectral width and the spectral position of the absorption peak in energy units.
For our SiON material, the �tted parameters are reported in Table 2.1 (standard
deviations from a sample of deposited �lms). The obtained dispersions for the
refractive index and the extinction coe�cient are plotted in Fig. 2.2b.
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Figure 2.2: Refractive index dispersion of proposed SiON obtained via VASE
measurement and modeling with equation 2.1. Left axis, black, real part of the
refractive index. Right axis, red, imaginary part of the refractive index, describing
the extinction coe�cient.

n1 1:56� 0:03
Eg 4:0 � 0:4 eV
f 0 0:07� 0:02
E0 7:8 � 0:8 eV
� 0 1:5 � 0:4 eV
B0 � 0:5 � 0:2 eV
C0 0:8 � 0:3 eV2

Table 2.1: VASE Parameters for the New Amorphous model described in Eq. 2.1.
Standard deviations are derived from a sample of all the measured SiON �lms.
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Of particular interest for this platform, the refractive index of SiON has been
engineered to be higher than that of typical low-index SiON used in previous
works [32, 49, 50]. This choice allows to design optical components with smaller
footprint and larger optical mode con�nement, as it will described in the following
sections. Despite the relatively higher refractive index, the estimated band-gap
of Eg � 4:0 eV allows the photonic platform to be used with negligible material
absorption losses in the whole near-infrared and visible regions.

2.1.2 Waveguide dimensions

Once the material composing the core of waveguides is de�ned it is necessary to
properly choose the free geometrical dimensions of the waveguides. As already
introduced, the remaining parameters to be de�ned for the cross section are the
width wgW and an height wgH of the waveguide's core, and the thicknesshSi3N4

of the silicon nitride encapsulation. Further, also the thickness of top and bottom
cladding hBOX and hCOAT should be de�ned in order to reduce the interaction of
the waveguides with the external environment.

In order to �nd the optimal value for the required parameters it is necessary to
look for physical or technological constrains, as well as to properties which need
to be optimized. First of all, to avoid inconvenient interference within di�erent
optical modes of the waveguides, it is preferable to work at the so-called single-
mode condition. In such condition, the waveguide guides only the �rst order,
fundamental optical mode for each polarization: TE0 and TM0. We can de�ne
the optimal single-mode condition as the maximum height and width that do not
support higher order modes. Then, we arbitrarily choose the thickness for the
silicon nitride to be hSi3N4 = 20 nm. This thickness is high enough to guarantee
the chemical barrier properties of the Si3N4 �lm, but it is also su�ciently small in
order not to be predominant in the properties of the SiON waveguides. From the
fabrication point of view, the available lithographic technology in our laboratories
is characterized by a reliable minimum feature size of600 nm. Considering this, we
can now perform an optical simulation of di�erent waveguides geometries, having
width above the minimum size and di�erent heights. From the result, shown in
Figure 2.3, it is possible to �nd the optimal geometrical conditions which satisfy
the single-mode operation. In particular, the working points at which the second
order transverse electric mode TE1 reach a refractive index lower to the one of the
cladding (nSiO2 = 1:46) was found at

wgW = 700 nm;

with the corresponding optimal height at

wgH = 300 nm:
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Figure 2.3: E�ective refractive index at 800 nmwavelength of the �rst order TE0
and TM0 modes and the second order TE1 modes, with di�erent geometries of
the SiON waveguides. The single mode condition is achieved when the e�ective
index of higher order modes became smaller than the one of the cladding, �xed at
nSiO2 = 1:46. The intersection is found atwgH = 300 nm and wgW = 700 nm (red
line).
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Figure 2.4: Propagation loss of SiON waveguides caused by the interaction with
the silicon substrate, simulated at800 nmwavelength for di�erent thickness of the
SiO2 bottom cladding. Fixing a maximum loss value oflossmax = 0:05 dB=cm for
the TE0 mode, the minimum cladding thickness is set toHcladding = 1600 nm (red
line).

Finally, we have to de�ne the thickness of the SiO2 cladding, to be deposited
below and above the waveguides. Indeed, the silicon substrate is highly absorbing
at the 800 nm working wavelength of this platform, and a thin cladding would
induce high optical propagation losses due to an evanescent interaction between the
waveguides modes and the substrate. Further, the possible need of a metallic layer
above the waveguides, for the active recon�guration of photonic devices, would
introduce a second interface of loss. Consequently, it is necessary to determine a
minimum thickness for the cladding in order to reduce the interaction with possibly
absorptive layers to negligible values. Considering the order of magnitude for the
propagation loss of our waveguides of� 1 dB=cm, a cladding-related loss threshold
can be safely placed at a value oflossmax = 0:05 dB=cm. Then, by simulating the
loss with di�erent cladding thickness between the core and the absorptive layers,
as reported in Fig. 3.2, the minimum cladding thickness is set to

Hcladding � 1600 nm:

To conclude, all the parameters for the waveguides have been de�ned and
are reported in Table 2.2. It is possible to proceed with the design of the chip
components and the fabrication of devices.
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wgW 650 nm
wgH 300 nm
hSi3N4 20 nm

Hcladding � 1600 nm

Table 2.2: Cross section dimensions of SiON core waveguides.

2.1.3 Chip Design

Contribution The design of the chip for the SiON platform was realized in col-
laboration with Matteo Sanna, Alessio Baldazzi and Massimo Borghi, University
of Trento.

In Figure 2.5 is reported an example of chip design realized for the charac-
terization of the SiON waveguides platform. The chip has a square shape with
10 mm side, with waveguides running from the left side input to the right side
output. Several structures are implemented in the same chip, as explained in the
info-graphic. In particular, a series of spirals to measure the propagation losses
and a series of MMI to check the quality of the single photonic components where
densely integrated within the design.

2.2 Wafer Fabrication

The fabrication process runs on6 inch silicon wafers, acting as handler substrate,
and follows the scheme described in Figure 2.6. Starting from the blank silicon
wafer, �rst the bottom cladding of SiO2 of the waveguide is realized, with the min-
imum de�ned thickness ofHcladding � 1600 nm. Depending on the device realized
within the process, this bottom cladding can be realized either by wet thermal
oxidation of the silicon substrate or by low-pressure chemical vapor deposition
(LPCVD). While the thermal oxidation results in a superior �lm quality, this
technique can be implemented only in test devices which will not need to integrate
the single-photon detectors on the same chip. Indeed, any existing electronic com-
ponents present in the silicon substrate would be destroyed by the oxidation of
the substrate itself. The LPCVD deposited cladding is based on tetraethoxysilane
(TEOS) gas precursor, and is realized with a typical thickness of(1600� 50) nm,
were the standard deviation indicates the uniformity on single wafer. The TEOS
cladding is then annealed in N2 environment at 800� C to improve its optical qual-
ity. Then, the �rst layer of 20 nm silicon nitride (Si3N4) is deposited in a second
LPCVD furnace at 770� C, using dichlorosilane (SiH2Cl2) and ammonia (NH3)
as gas precursors. On top of it, the silicon oxynitride (SiON) core material is
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Figure 2.5: Layout of a test chip design realized for the performance characteri-
zation of the SiON photonic platform. Di�erent devices are integrated on a single
10 mm� 10 mmchip, as described by the labelled box superimposed to the design.
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deposited via plasma-enhanced chemical vapor deposition (PECVD), using SiH4,
N2O and NH3 gas precursors at the low substrate temperature of300� C. Next,
the photonic device pattern is printed using i-line stepper lithography on our stan-
dard OIR-674 photoresist, spin-coated with a thickness of0:7µm. The pattern
is directly transferred from the photoresist to the SiON and Si3N4 �lms by reac-
tive ion etching (RIE). More detail on the RIE will be described in the successive
paragraph 2.2.4. At this point, the SiON waveguides are thermally treated for
1 h at high temperature (975� C) in a N2 atmosphere to allow the degassing of
residual H2 from the SiON �lm. Subsequently, the second Si3N4 layer of 20 nm
is deposited, followed by the realization of the top cladding. Di�erently from the
bottom cladding, the top cladding is realized with a doped version of the TEOS
based SiO2 �lm, obtained by adding phosphine (PH3) and trimethylborane (TMB
or B(CH3)3) gases in the furnace during the deposition. The resulting borophos-
phosilicate glass (BPSG) is characterized by a lower viscosity at high temperatures
compared to the pure TEOS glass. This property allows for the implementation of
the re�ow step, consisting of an additional annealing at925� C in N2 environment,
during which the softened glass smoothen its pro�le around the step pro�le of the
waveguides. Thanks to this step, the cladding pro�le around the waveguides cores
result more planar and facilitates the realization of additional structures on top of
it.

During the entire fabrication process, the quality of the photonic structures
is controlled by the use of optical microscope and scanning-electron-microscope
(SEM) inspection, as shown in Figure 2.7. An example of the result of the photonic
process is shown in Figure 2.8, both with top-view optical microscope photography
and cross-section SEM imaging.

2.2.1 Electric Components

At this point, it is possible to proceed with the realization of the electrical layer.
This layer was realized only on the wafers containing chips requiring for active
recon�guration. Instead, the steps presented in Figure 2.9 were skipped for the
wafer containing only chips with passive structures, realized for the performance
characterization of the photonic platform.

Starting from the processed wafer, having completed the realization of the
photonic devices together with their cladding, a metallic multi-layer is deposited
via magnetron sputtering over the planarized BPSG. In detail, the metallic �lm
proposed for our platform consist in four di�erent levels: a �rst20 nm layer of of
titanium (Ti), a central 150 nm layer of titanium nitride (TiN), a second 20 nm
layer of of titanium and a �nal layer of aluminum (Al) with a thickness varying
from 800 nmand 2000 nmdepending on the applications. Here, the TiN material
acts as resistive layer, the Al material as conductive layer and the two Ti are



2.2 Wafer Fabrication 33

Figure 2.6: Fabrication process work�ow for the realization of SiON photonic
devices. (1) Initial, blank silicon wafer substrate. (2) LPCVD deposition (TEOS)
or growth (wet oxidation) of the bottom SiO2 cladding of waveguides. (3) LPCVD
deposition of the Si3N4 bottom �lm. (4) PECVD deposition of the SiON �lm. (5)
De�nition of the waveguide's pattern on photoresist with i-line stepper lithography.
(6) Etching of the waveguides into the SiON �lm via RIE. (7) LPCVD deposition
of the Si3N4 top �lm. (8) LPCVD deposition of the top BPSG cladding. (9)
Re�ow-annealing of the cladding to planarise the surface.

added to improve the adhesion between di�erent materials. The thickness of the
resistive layer was set in order to achieve a �nal sheet resistance of approximately
RS � 5:0 
 =� . The thickness of the conductive layer were chosen depending
on the geometry of the metallic lines and on the required maximum parasitic
resistance, depending on the application. The electric device pattern is printed
using i-line stepper lithography on a standard OIR-305 photoresist, spin-coated
with a thickness of 2:1µm. Next, the pattern is directly transferred from the
photoresist to the metal multilayer by Inductively-Coupled-Plasma Reactive-Ion-
Etching (ICP-RIE), using hydrogen bromide (HBr) and chlorine (Cl2) gases. At
this point, the entire multilayer is removed outside the electric devices areas, and
the conductive aluminum layer is still present within all the same areas, realizing
only conductive components.

For our purposes, the metal layer can be used for two di�erent scopes: re-
sistive elements, to realize heaters working via Joule-e�ect, and conductive ele-
ments, to realize non-resistive connection between di�erent electrical components
on the chip. In order to di�erentiate the metal multilayer to carry out the two
di�erent tasks, we remove the aluminum conductive �lm where we need resistive
elements, and we leave the entire multilayer in the location of conductive ele-
ments. This selective etching is realized without a further lithography, thanks to
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a)

b)

Figure 2.7: SEM dimensions analysis implemented during the fabrication pro-
cess. The characterized structure have nominal dimensions of700 nmfor the thin
waveguide,1800 nmfor the wide waveguide and600 nm for the gap between the
two waveguides. a) Top view. b) Cross section.
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