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Chapter 1

Introduction

Quantum technologies are today emerging as a new class of devices capable of
harnessing quantum mechanics to improve the performance of the classical coun-
terparts, or to bring new functionalities. The possibility of processing, storing and
transmitting the information encoded in quantum mechanical systems promises to
bring exceptional advances in different scientiőc and technological areas, such as
computation [1], communication [2], metrology [3], sensing [4], and even lithography
[5]. Today, quantum technologies are considered a key element for the scientiőcally
and technological development: governments launched large research programs fo-
cused on quantum technologies [6], a relevant number of start-up companies offering
quantum solutions to speciőc markets arose, and also large global companies such
as Google, IBM, Intel, Microsoft and Toshiba are heavily investing in quantum
technologies [7].

1.1 Quantum computing

One of the most exciting and popular application of quantum information science
is quantum computing. The basic idea is to replace the use of the classical bit, whose
logical states are either 0 or 1, with the quantum information basic building block:
the qubit, which is deőned, in general, as a superposition of two orthogonal states,

|Ψ⟩ = α |0⟩+ β |1⟩ (1.1)

Thus, the qubit can be described by two complex values, α and β, whose squared
modulus are the probabilities to measure the qubit in the states, respectively, |0⟩
and |1⟩. The potentiality of the use of qubits is clear when dealing with states
composed by many of them. The state that describe a system with two qubits is
given, in general, by the superposition of four orthogonal states

|Ψ⟩ = α00 |00⟩+ α01 |01⟩+ α10 |10⟩+ α11 |11⟩ (1.2)

3



4 CHAPTER 1. INTRODUCTION

and, hence, it is speciőed by four complex values. Similarly a system with n qubits
is described by the superposition of 2n orthogonal states and, therefore, 2n complex
values are needed to deőne it. This means that if one would be able to build a state
with n = 300 qubits, then it would be impossible to store all the needed complex
quantities on a classical computer, since their number would be higher than the
estimated number of atoms in the Universe [1].
Therefore, it is clear that the development of a feasible technological platform on
which it is possible to implement the processing of quantum information has the
potential to efficiently solve hard computational tasks. However, it is important to
underline that the development of quantum computing has not the goal to replace
classical computation in all the őelds. We can compare the development of quan-
tum computers with the evolution of another class of devices based on quantum
mechanics: the lasers. These devices allowed people to use light in a different way,
exploiting its coherence, but they did not replace light bulbs for many applications.
Similarly, one can expect that quantum computers won’t be an improved version of
ordinary computers, but they will be used to solve speciőc classes of problems that
classical calculators cannot tackle [8], such as the implementation of Shor’s quantum
algorithm for factorizing large numbers [1], or the efficient simulation of quantum
systems1 [9].

Relevant improvements have been realized in the last two decades on the devel-
opement of superconducting quantum computers based on the fabrication of Joseph-
son junctions, which are used to design anharmonic oscillators whose two lowest-
energy level allows one to encode the qubits [10, 11]. This approach meets quite
well the őve criteria pointed out by DiVincenzo [12] to realize a feasible quantum
computer: in fact, superconductive qubits are scalable, since they are fabricated on
chip, their initialization and addressing is viable, the implementation of a universal
set of quantum gates is possible and, even if their decoherence time is not excep-
tionally long, thousands of gate operations have been demonstrated [11]. Several
companies (such as Google [13], IBM [14], and Rigetti [15]) and research institutes
(such as IMEC [16]) are investing a considerable amount of resources working on
this technology, developing architectures with several tens of qubits. Recently, these
efforts leaded to the demonstration of the supremacy of quantum computing over
classical computation [17].
The main drawbacks of this approach are the challenging connectivity among su-
perconductive qubits when the system is scaled up [18], and the complexity of the
instrumentation used to cool down the system (the operating temperature is within
10 and 100 mK) and to set and measure the qubits’ state. Obviously, these points
have an important impact on the cost of superconductive devices, which is estimated
to be around 10 000 $ per qubit [19].

1It’s famous the Richard Feynman’s quote “Nature isn’t classical, dammit, and if you want
to make a simulation of nature, you’d better make it quantum mechanical, and by golly it’s a
wonderful problem, because it doesn’t look so easy”
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Alternative solutions have been proposed so far, such as trapped ions [20, 21],
nuclear spins [22, 23], or quantum dots [24, 25] (more details can be found in the
review [8]). In addition, also photons have been investigated for the realization of a
quantum hardware [26]: in particular, the encoding of the qubit by using orthogonal
polarization states seemed appealing due to the low impact of decoherence. An uni-
versal set of quantum gates with which photonic qubits can be manipulated requires
simple linear optical components, such as phase-shifters and waveplates, but also a
strong nonlinear interaction of the photons, which is a demanding task. However,
the discovery of the KLM scheme in 2001 [27] opened the way towards the imple-
mentation of a universal set of quantum gates by using just linear components. This
leaded to the experimental proof-of-principle demonstrations of photonic quantum
gates with two [28, 29] or three [30] qubits, as well as small-scale quantum algo-
rithms [31, 32]. Even if in 2008 the őrst integrated photonic quantum logic gate was
demonstrated [33], promising to improve the scalability of the photonic approach
as described in Section 1.3, some problems limit the development of qubit-based
quantum optical computing. First, the KLM scheme is based on the realization
of a probabilistic gate, which is of little use since the probability of success of the
computation decreases exponentially with the number of gates [26]. In parallel, pho-
ton losses and limited detection efficiency lead to a relevant increase of the sources
needed to perform a computational task [34].

Other approaches have been proposed to improve the feasibility of optical quan-
tum computing; among them, the continuous variable approach gained a signiőcant
interest in the last few years. The basic idea is to replace the use of discrete systems
with continuous variables (CV) [35, 36] and encode the computational tasks by us-
ing a set of operators acting on the observables of a quantum state. In particular, it
can be shown that universal quantum computation can be realized by implement-
ing some gates involving linear effects (such as phase and amplitude modulation,
phase shift, and interference), second-order nonlinear effect (optical squeezing) and
third-order nonlinear effect (cubic phase shift) [37]. The implementation of the cu-
bic phase shift gate is still a demanding task. However, a subclass of CV quantum
computing, the Gaussian Boson Sampling [38, 39], found many applications, ranging
from the identiőcation of dense subgraph [40] to the simulation of vibronic spectra
of molecules [41]. In particular, the implementation of this technique allows one
to avoid the use of cubic phase gates. Recently, the advantage of quantum com-
putation using Gaussian Boson Sampling has been demonstrated [42]: a photonic
quantum computer with 50 indistinguishable single-mode squeezed states was used
to perform a computational task that state-of-the-art simulation strategies and su-
percomputers would realize in around 1 billion years, proving the relevant impact
that photonics can have on quantum computing.
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1.2 Quantum communication

Another very active őeld in which quantum technologies can provide important
beneőts is the communication. “Quantum communication is the art of transferring
a quantum state from one place to anotherž [2], and the processing of quantum
information allows tasks that classical methods could achieve far less efficiently. The
most promising application of quantum communication is quantum key distribution
(QKD), which consists in the sharing of encrypted keys between the transmitter
and the receiver such that the security is not accessible by classical communications
[43, 44]. The őrst protocol based on quantum cryptography is the famous BB84,
which was proposed in 1984 by Bennet and Brassard [45]. Without entering into
details, I will provide a brief description of BB84 to get the ŕavor of the topic. The
idea is to encode the information sent by the transmitter (usually called Alice) by
using two sets of bases of the Hilbert space |0⟩ , |1⟩ and |A⟩ , |B⟩ such that

|A⟩ = 1√
2
(|0⟩+ |1⟩)

|B⟩ = 1√
2
(|0⟩ − |1⟩)

(1.3)

Half of the sent bits are encoded using eigenstates the őrst basis (thus the qubits
will be in state |0⟩ or |1⟩), and the eigenstates of the second basis are used for the
remaining part (|A⟩ or |B⟩). Then, the receiver (Bob) has to choose the basis with
which he measures the qubits: if it corresponds to the basis used by Alice, he gets
the same value encoded by her. Once the transmission is performed, they publicly
state the used basis for each photon and they discard the data related to the ones
with which they used different bases. Now, the most important passage: they can
compare publicly Bob’s measures and Alice’s input states for a portion of the kept
data. If they őnd some inconsistencies, this means that an eavesdropper intercepted
some of the qubits: this leads to the discard of the message and to the repetition
of the procedure. In fact, the idea is based on a fundamental theorem of quantum
information, the non cloning theorem, which demonstrates the impossibility of copy-
ing an unknown quantum state. Thus, eavesdropping would cause the disruption
of the original qubit and the impossibility of emitting an identical photon. More
complex and sophisticated protocols have been proposed later. For instance, Ekert
described in 1991 a variation of BB84 in which entangled states could enhance the
security of communication [46].

If it is true that in principle one could use several systems to encode the quan-
tum information to be communicated, it is clear that photons are the natural can-
didates for this task [47]. First, modern communication technologies are based on
the use of infrared light propagating in optical őbers: thus, the implementation of
QKD protocols using infrared photons would automatically beneőts from the use
of already developed communication platforms and instrumentation. In addition,



1.3. INTEGRATED QUANTUM PHOTONICS 7

photons offers many possibility of encoding. Polarization has been widely used as
its manipulation is relatively simple by using waveplates and polarizers [34]. How-
ever, standard single-mode optical őbers lead to relatively short decoherence times
of polarization-encoded qubits, and this choice is not suitable for long-range com-
munication. Thus, other forms of encoding can be exploited, such as phase, time
and frequency.

Quantum communication, and in particular QKD, is already a feasible tech-
nology: őber-based QKD was proven to work over 300 km of optical őber [48],
satellite-based QKD was used, in combination with metropolitan őber networks, to
encrypt a full videoconference between Beijing and Vienna [49], and several medium-
sized enterprises (such as IDQuantique, Quintessence Labs, or MagiQ Technologies)
are already selling their devices to banks, governments, and other customers with
highest security requirements [7].

1.3 Integrated quantum photonics

Integrated photonics consists in the realization of thousands of optical devices on
millimetric chips that allows one to generate, manipulate and detect light, leading
to the realization of very complex circuits. Thus, it can offer many resources to
implement quantum technologies, with the possibility of integrate on chip sources of
single and entangled photons [50ś55], squeezed light [56, 57], and coherent radiation
[58, 59], as well as electro-optic phase modulators [60ś62], optical őlters [63ś65]
and even single-photon detectors [66ś68]. Different platforms can be adopted, such
as silicon-on-insulator (SOI) [51, 52, 69], silicon nitride [55ś57], silicon oxynitride
(SiON or hydex) [70, 71], lithium niobate (LN) [72], indium phosphide (InP) [73, 74],
gallium arsenide (GaAs) [75], silica-on-silicon [33, 76], and laser-writing on silica
[77, 78]. All the platforms have pros and cons, which make them more suitable
for the realization of one component or another. In addition, since the transmitter
and the receiver are not on the same chip, one can think about hybrid systems,
as it has been reported in 2017 where the őrst fully integrated chip-to-chip QKD
system was implemented with an InP transmitter chip and a SiON receiver chip
[73]. Among all the possible technologies, however, Silicon Photonics seems the
most appealing for industrial and commercial applications [44]. The continuous
growing of internet traffic [79] pushed and pushes the development of more efficient
and cost effective solutions to manipulate high data rates. Silicon Photonics is
recognized as a key technology in this őeld since it can exploit complementary metal-
oxide semiconductor (CMOS) fabrication processes, which are nowadays very well
developed and they allows for the commercialization of incredibly complex devices
at reasonable costs [80]. In addition, it naturally guarantees the integration with
CMOS circuits, with the possibility of building complex photonic circuits driven by
on-chip electronics [80, 81]. Finally, many efforts have been made to integrate other
photonic platforms, such as SiN [82, 83], and III-V semiconductors [58, 84, 85],
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demonstrating that the platform can be enriched by other materials still keeping
the advantages about scalability and feasibility of the fabrication.

The development of integrated quantum photonics brought already interesting
and exciting results: starting from the őrst realization of the Hong-Ou-Mandel [86]
experiment on chip in 2012 [87], state-of-the-art devices arrived to include more
than 650 optical components for the generation, manipulation and measurement of
multidimensional entangled states [88]. In addition, a photonic quantum computer
based on continuous variable, whose core is composed of integrated squeezers, has
been made available on the cloud by the Canadian company Xanadu2, proving the
relevance of integrated optics even in the computation őeld.

However, there are still some challenges that research institutes and industries
have to face up with. The main problem is the reduction of the losses in the system.
In fact, by simply analyzing the BB84 protocol brieŕy explained above, it is clear
that losing a photon means the disruption of the only carrier of the quantum infor-
mation. Hence, the losses in the system should be reduced to obtain higher ődelity
of the quantum state.
Another very relevant issue is represented by the full integration of all the compo-
nents. In fact, up to now fully integrated quantum chips with sources, circuits and
detectors have never been realized [44]. This is due to some technical issues, such as
the feasibility of integrated őlters with which suppress the bright light used to pump
the photon sources, as well as the integration of single-photon detectors (working
at cryogenic temperatures) with active components such as switches, phase shifters
and lasers. Finally, fabrication errors and imperfection of the components (imper-
fect cross-section or waveguide non-uniformity) affect the performance of quantum
operations based on interference and measurement. However, the continue improve-
ment of the quality of the fabrication and the possibility to realize programmable
photonic circuits [81, 89] to enable the feedback control of the quantum device [90]
push towards the feasibility of complex integrated quantum photonic circuits.

1.4 Organization of the manuscript

The work presented in this manuscript focused on the development of silicon
photonic integrated circuits (PICs) with different goals. First, I tried to tackle
the problem of the reduction of optical losses in integrated circuits. As discussed
above, this is very important for the manipulation of the nonclassical states, but
it is also fundamental to realize efficient and bright sources of entangled photon
pairs or heralded single photons by using high-quality-factor microring resonators.
Then, I realized several innovative photonic integrated PIC based on the use of ring
resonators: (i) linearly coupled resonators for the generation of W states and the
frequency conversion; (ii) nonlinearly coupled resonators to experimentally prove

2https://www.xanadu.ai/

https://www.xanadu.ai/
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the suppression of parasitic processes that affect the generation of squeezed light
in integrated circuits; (iii) devices for the efficient generation of frequency-encoded
entangled states; (iv) circuits to prove the efficacy of placing several sources in series
to improve their efficiency (in analogy with Dicke superradiance); (v) integrated
őlters based on Bragg scattering to attenuate the pump that allows one to generate
nonclassical state exploiting spontaneous four wave mixing.

In Chapter 2 the basic building blocks used for the realization of the circuits are
presented, as well as the calculations and őnite element simulations performed to
deőne their geometrical parameters. The third chapter collects the description of the
structures I designed, focusing on their goals and the details of the circuits. Chapter
4 resumes my activities at the CEA-Leti research center in Grenoble (France), where
I worked to follow the fabrication of the integrated circuits in a 200-mm CMOS pilot
foundry. In particular, I describe in detail the process ŕow developed to realize
low-losses silicon waveguides with high mode conőnement, which is based on the
thermal annealing of them. Since the huge number of the proposed experiments,
not all of them have been realized during my PhD course. The optical measures
I performed are presented in Chapters 5 and 6. The linear characterization of the
microring resonators is reported in Chapter 5: several devices are analyzed, showing
the impact of the annealing procedure on the devices. In addition, the limits of the
treatments are described. Finally, in Chapter 6 I describe the results related to the
use of nonlinear coupled resonators, which allowed me to demonstrate a strategy
to suppress parasitic noise in dual-pump spontaneous for-wave mixing that can be
extremely relevant for the realization of sources of squeezed light.
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Chapter 2

Building Blocks of Silicon

Photonic Integrated Circuits

The starting point in the realization of a photonic integrated circuit (PIC) is the
design and the simulation of its optical and electric components. In this chapter
the basic optical elements, such as optical waveguides, directional couplers, edge
couplers, and Bragg őlters, are described, with a speciőc focus on their optical
behavior (both linear and nonlinear). Their geometrical parameters are obtained
with őnite elements simulations, which are brieŕy detailed. In addition, the use
of thermal phase shifters to modify the spectral response of the optical elements
is illustrated. The described building blocks are then assembled to design different
devices, which are presented in Chapter 3.

2.1 Integrated optical waveguides

Photonic integrated circuits are based on the manipulation of light which prop-
agates within optical waveguides. The conőnement of the electromagnetic radiation
is usually obtained by exploiting the phenomenon of total internal reŕection (TIR)
at the interface of two dielectric materials with different refractive indexes (n1<n0),
which constrains the light in the medium with higher refractive index [91].
A very simple conőguration one can study is the symmetric slab waveguide, com-
posed of a dielectric layer with refractive index surrounded by another dielectric
material having a lower refractive index (see Figure 2.1). However, the building of
PICs requires the use of some optical wires, which can be obtained by exploiting TIR
also in the lateral dimension. The most straightforward structure one can imagine
is the strip (or rectangular) waveguide [92, 93], which is composed of a strip of a
material with higher refractive index (the core) embedded into a matrix made of a

11
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material with a lower refractive index (the cladding). Another solution that can be
adopted is the rib waveguide [94, 95], composed of a strip of higher index material
placed on top of a slab and surrounded by the cladding, as shown in Figure 2.1.
Other solutions can be exploited, such as slot waveguides [96, 97] or photonic crystal
waveguides [98, 99], which are adopted for speciőc applications and materials (see
[100] for more details).

This work is focused on the use of simple strip waveguides composed of sili-
con embedded in a silicon dioxide matrix. One can obtain this kind of waveguides
starting from a silicon-on-insulator (SOI) wafer composed of a silicon substrate, a
buried oxide layer (BOX) made of silica and un upper layer of silicon, which is
patterned by a lithographic and etching processes to create the wires with rectan-
gular cross-section. Then, a further layer of SiO2 is deposited to create the strip
waveguides (more details about the fabrication are given in Chapter 4). This tech-
nology is the basis of Silicon Photonics [101, 102], which is a very promising platform
for integrated photonics, since it allows to realize on-chip a huge range of devices,
from sources of coherent light to detectors. In addition, as already mentioned, the
nonlinear dielectric response of silicon can be exploited to generate photon pairs
and, thus, entangled or single-photon states of light through spontaneous four-wave
mixing [50, 103]. Therefore, the adoption of encapsulated SOI strip waveguides in
this work, which has the goal to realize sources of nonclassical states of light, is
motivated by the following points.

1. Nonlinear optics takes great advantage of the spatial conőnement attainable
in integrated waveguides [104, 105]. In fact, the smaller is the effective area of
the nonlinear interaction, the more intense is its strength. As one can expect,
the effective area in integrated waveguides is much smaller with respect to
bulk solutions involving crystals, allowing one to operate even with modest
pump power.

2. Silicon is a good material for nonlinear optics, since the high value of its third
order nonlinear susceptibility [106? ] which further increase the intensity of
the nonlinear processes.

3. The optical devices based on CMOS materials (such as silicon or silicon nitride)
can be realized in CMOS foundries with advanced processes and equipment
[107] which allows one to have high-quality chips at reasonable costs [80, 108].
This makes the platform already mature from a commercial point of view, as
it is conőrmed by the fact that several Silicon Photonics products are already
on the market [109].

4. The presence of the oxide cladding on top of the waveguides protects the
devices from the environment and allows one to add additional layers, such as
metals for thermal tuning of the effective index.
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Figure 2.1: Scheme of common optical waveguides. On the left a slab waveguide is
presented, where the light is conőned in the xz plane. On the right, the ridge and
the rib waveguides are shown, which are typically used to guide the light in PICs.

In the following sections the optical characteristics of the used waveguides are ana-
lyzed to detail these points.

2.1.1 Linear optical parameters

The study of optical modes in dielectric materials leads to the search of solutions
of Maxwell equations. If we assume that the medium does not absorb and that no
sources are present, they can be written in the form [91]:

∇×H = iωε0n
2E, ∇×E = −iωµH (2.1)

where n is the refractive index of the material, ω is the angular frequency, ε0 =
8.854 · 10−12F/m is the vacuum dielectric permittivity, and µ is the magnetic per-
meability of the material. Maxwell equations have well known analytical solutions
for slab waveguides, which correspond to optical modes that can be classiőed as TE
(transverse electric) or TM (transverse magnetic). In TE modes, only the compo-
nents Ey, Hx, and Hz are different than zero, and the electric őeld is perpendicular
to the dielectric layers (xz plane in Figure 2.1). On the other hand, TM modes have
only Hy, Ex, and Ez different than zero. If we assume ẑ to be the direction of prop-
agation, the electric őeld in the TE modes (and a similar expression is associated
to the magnetic őeld for TM modes) turns out to be:

E = Eyŷ = Em(x, y)ei(ωt−βmz)ŷ (2.2)

where ω is the angular frequency and Em(x, y) describe the mode distribution. The
propagation constant βm depends on the frequency, and it gives the information
about the dispersion of the optical modes. It can be expanded in a Taylor series
around a central frequency ω0 as:

β(ω)
.
= neff (ω)

ω

c
= β0 + β1(ω − ω0) +

1

2
β2(ω − ω0)

2 (2.3)
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where β0 is the wavevector at ω0, while β1 and β2 are related to the effective index
neff and its derivatives. β1 is the inverse of the group velocity

β1 =
∂β

∂ω
=

1

vg
=
ng

c
=

1

c

(

neff + ω
∂neff
∂ω

)

(2.4)

while β2 is the group velocity dispersion (GVD). The dispersion of the group velocity
is sometimes deőned through the dispersion parameter D

D =
∂β1
∂λ

= −2πc

λ2
· GVD (2.5)

which is usually given in units of
[

ps
nm·km

]

. The use of these units comes from the
őber optics community, since D gives the group delay difference (typically in the
order of ps) of two optical pulses propagating for 1 km and having their central
wavelengths separated by 1 nm [110].
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Figure 2.2: Proőles of the modes for silicon waveguides with height = 220 nm and
width equal to 400 nm, 500 nm, 600 nm, and 800 nm. The plot shows the normalized
intensity of the electric őeld.

Unfortunately, in the case of strip and rib waveguides is not possible to őnd
analytic solutions of the Maxwell equations. However, one can build an effective
slab waveguide that approximate the desired geometry (as in the effective index
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Figure 2.3: Effective and group index at λ = 1550 nm of strip waveguides having
different widths. The red circles show the properties of 300-nm thick waveguides,
while the black squares are associated with the 220-nm silicon layer.

method [91]) or it is possible to use numerical methods, such as the Finite Difference
Eigenmode (FDE) method [111]. The adoption of numerical analysis increases the
complexity of the calculation, but it gives more accurate results.

The optical characteristics of the silicon strip waveguides used in this work are
calculated with the FDE solver available with the commercial software Lumerical™
MODE. The simulation region (4x3 µm2) is divided into square cells having 10-nm
sides. First, the effective index and the group index of the waveguides have been
calculated by varying the width of the waveguides, while the height, given by the Si
layer, has been őxed equal to 220 nm or 300 nm (which ar the thickness used during
the fabrication). The results are shown in Figure 2.3: as one can see, the effective
index is between the refractive index of silicon (nSi ≈ 3.4757 [112, 113] at λ = 1.55
nm) and SiO2(nSiO2

≈ 1.4440 [113, 114] at λ = 1.55 nm), as one can expect. In
addition, the effective index of the 300-nm waveguides is higher with respect to the
220-nm ones, since the higher conőnement of the optical mode in the silicon region.
The same trend can be observed by increasing the width (and thus reducing the
őeld intensity in the oxide region, as shown in Figure 2.2).

Before starting the design, it’s needed to choose the width of the waveguides to
realize the lithographic mask (while the thickness can be changed by using different
wafers). In this work the width of the waveguide is chosen to be equal to 600 nm,
with an higher conőnement in the silicon region with respect to the standard single-
mode waveguides (with sections around 440×220 nm2 and 285×300 nm2 [115]). In
fact, this allows to reduce the optical intensity at the interface, which leads to lower
losses due to the roughness [116]. In addition, as it is shown in the next section
2.1.2, this choice allows one to maximize the strength of the nonlinear interaction.
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The dispersion of the silicon strip waveguides used in this work (cross-section
600×220 nm2 and 600×300 nm2) has been been calculated: in Figure 2.4 the es-
timated values of the effective index neff , the group index ng, and the dispersion
parameter D are shown. The values agrees with other simulations that can be found
in literature [117, 118]. The refractive indexes of silicon and silica are taken from
the őt of some measures from [113] in the spectral range from 1150 nm to 2000 nm;
however, more accurate results can be obtained using the real values of the wafers,
which can be determined through ellipsometric measures.

2.1.2 Nonlinear optical parameters

A material is deőned nonlinear when its dielectric response to an external electric
őeld, i.e. the induced electric polarization, is not linearly proportional to the external
őeld. Thus, if the őeld is sufficiently small, the polarization can be approximated as

Pi = ε0

[

χ
(1)
ij Ej + χ

(2)
ijkEjEk + χ

(3)
ijklEjEkEl + . . .

]

, (2.6)

where χ(1)
ij , χ(2)

ijk, and χ(3)
ijkl are, respectively, the őrst-order, second-order, and third-

order electric susceptibilities. In (2.6), the subscripts refer to the spatial compo-
nents of őelds: χ(1) is a second-rank tensor, χ(2) is a third-rank tensor, and so
on. Crystalline silicon has a diamond cubic crystal structure: this implies that the
second-order optical nonlinearity is negligible (χ(2)

ijk ≈ 0) [? ]. However, its third
order element is 100 times larger than that of silica glass in the telecommunication
band [106, 119ś121], permitting the observation of nonlinear interaction even at
low power levels in silicon waveguides [122]. This stimulated the investigation of
several nonlinear phenomena remarkable for their application in telecommunication
technologies, such as cross phase modulation (XPM) [123, 124], self phase modula-
tion (SPM) [125, 126], third harmonic generation (THG) [127, 128], and four-wave
mixing (FWM) [129ś131].

The third-order susceptibility is, in general, a complex tensor. If we consider
only the interaction between electrical őeld having the same polarization, we can
write the element of the tensor χ(3)

iiii as [121, 132]:

χ
(3)
iiii =

4ε0c
2n2

3ω

[

ω

c
n2 +

i

2
βT

]

. (2.7)

n2 is the Kerr coefficient, which describes the variation of the effective index with
an external electric őeld having an intensity I due to the nonlinear response (Kerr
effect [91? ]):

∆n = n2I (2.8)

while β is the coefficient related to the two-photon absorption (TPA). In fact, silicon
is a transparent material in the near infrared, since the energy of the electronic band
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Figure 2.4: Effective index neff , group index ng, and dispersion parameter D of
silicon waveguides with 600×220 nm2 and 600×300 nm2 cross-section with respect
to the wavelength.
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𝜔𝑃𝜔𝑆 𝜔𝐼

𝝌 𝟑

(a) Stimulated FWM.

𝝌 𝟑

𝜔𝑃𝜔𝑆 𝜔𝐼
(b) SFWM.

Figure 2.5: Schematics of FWM with a single pump at ωP = ω1 = ω2, which leads
to the generation of photons at ωS and ωI .

gap (1.1 eV) is higher than the energy of the photons (around 0.8 eV). However,
the simultaneous absorption of two photons, assisted by phonons because of the
indirect band gap [133, 134], can bring to a modiőcation of the power attenuation
coefficient (deőned in section 2.1.3) which results to be dependent on the intensity of
the optical mode. The presence of TPA is one of the most important disadvantage
in the use of silicon for nonlinear applications: in fact, it limits the optical power one
can couple to the waveguides. Thus, other materials with lower n2 but negligible
βT such as SiO2[135, 136], Si3N4 [137ś139], Hidex [140], and MgF2 [141] are used
for applications where high optical power is needed, such as generation of combs
[54, 142ś145] or squeezed light [56, 57].

Among the nonlinear processes one can observe in SOI waveguides, FWM is
the most interesting for quantum applications. In fact, it allows the generation of
nonclassical states of light, such as entangled photons [51ś53, 63, 70] or heralded
single photons [146, 147]. FWM consists in the conversion of two input photons at
frequencies ω1 and ω2 into two photons at frequencies ωS and ωI (called signal and
idler), such that energy and momentum are conserved:

ω1 + ω2 = ωS + ωI

ℏk1 + ℏk2 = ℏkS + ℏkI ,
(2.9)

This process occurs spontaneously when two lasers at ω1 and ω2 interact with a
χ(3) material, and in this case it is called Spontaneous Four Wave Mixing (SFWM).
Alternatively, it can be stimulated by coupling an additional laser at ωS or ωI .
In the following paragraphs stimulated FWM and SFWM are described, assuming
the conservation of energy and momentum (2.9), and the continuous wave (CW)
operation of the used lasers.
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Stimulated four-wave mixing The stimulated version of FWM can be described
through a classical approach [91, 121], which allows one to obtain the coupled
differential equation that describe the evolution of the őeld amplitudes in a χ(3)

material. Considering the degenerate case of FWM with a single pump őeld at
ωP = ω1 = ω2 (as depicted in Figure 2.5), the evolution of the őelds along the
direction of propagation ẑ is given by:

∂EP

∂z
=
(

iβP − αP

2

)

EP

∂ES

∂z
=
(

iβS − αS

2

)

ES + γE2
PE

∗

I

∂EI

∂z
=
(

iβI −
αI

2

)

EI + γE2
PE

∗

S

(2.10)

where EP , ES , and EI are, respectively, the amplitudes of the pump, signal, and
idler őelds (|EP | ≫ |ES |, |EI | is assumed). In equation (2.10) βP , βS , and βI are
the propagation constants of the őelds, αP , αS , and αI the power attenuation coef-
őcients (which will be described in section 2.1.3), and γ is the nonlinear coefficient
[148]:

γ =
3χ(3)ω

n2ε0c2Aeff
=

n2ω

cAeff
. (2.11)

where Aeff is the effective area of the nonlinear interaction. If we assume the
presence of a pump laser at ωP and a seed laser at ωS , the power of the generated
idler beam turns out to be

PI = (γL)2P 2
PPS (2.12)

where L is the length of the waveguide in which the őelds propagate, while PP

and PS are the optical power of, respectively, the pump and the signal. Stimulated
FWM can be enhanced by using resonators, as it will be shown in section 2.3.4.

Spontaneous four-wave mixing (SFWM) The spontaneous version of FWM
can be observed by coupling just one laser at ωP . Equations (2.12) cannot be used,
since they suggest that the absence of the őeld at ωS inhibits the process. However,
in this case it is possible to exploit the vacuum ŕuctuations of the electromagnetic
őeld to initiate the process, and the produced photon ŕux can be derived only in
the framework of the quantum theory of light.

The starting point is the Hamiltonian [149]:

Ĥ = ĤL + ĤNL (2.13)

where ĤL is the linear part which is given by

ĤL =

∫

dkℏωâ
†

kâk (2.14)
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and ĤNL is the nonlinear Hamiltonian that can be written as:

ĤNL = −
∫

dk1dk2dk3dk4S(k1, k2, k3, k4)â
†

k1
â

†

k2
âk3

âk4
+H.c. (2.15)

S(k1, k2, k3, k4) is the nonlinear coupling term, which includes the effect of the non-
linear parameter γ deőned in equation (2.11), while âi are the ladder operators
associated with the interacting őelds. By following the backward Heisenberg pic-
ture approach [150], it is possible to derive the average power of generated idler and
signal photons:

PI,S =
ℏωP

T
(γPPL)

2
, (2.16)

where L is the length of the waveguide, T is the generation bandwidth time which
takes into account the phase-matching conditions (2.9), and γ is the nonlinear pa-
rameter of the waveguide. The calculation that leads to the equation (2.16) are
extensively described in [149]: it is not the purpose of this manuscript going into
detail of the mathematical derivation.

Dual-pump SFWM (d-SFWM) Another version of FWM can be realized if two
pump lasers are coupled to the nonlinear waveguide [151]. In this case, two photons
at ωP1

and ωP2
can be converted into two photons at ωT such that 2ωT = ωP1

+ωP2
.

The average power turns out to be

PT = 4
ℏωT

T
(γL)

2
PP1

PP2
, (2.17)

where the factor 4 comes from the nonlinear Hamiltonian (2.15): in fact, with
single-pump SFMW the nonlinear coupling term S is non-zero for k3 = k4 = kP ,
while with d-SFWM we have to take into account both (k3 = kP1

, k4 = kP2
) and

(k3 = kP2
, k4 = kP1

). Thus, the integral in (2.15) is doubled, and the generated
power is quadrupled. It is worth to note that the process is only apparently more
efficient from an energetic point of view: in fact, if we suppose PP1

+PP2
= PP , the

product PP1
PP2

is maximum when PP1
= PP2

= PP /2, and (2.17) turns out to give
the same generated power as (2.16).

Nonlinear parameter Finally, we focus on the estimation of the nonlinear pa-
rameter of the waveguide and, in particular, on the effective area of the nonlinear
interaction, which appears in equation (2.11). Aeff is deőned as [149]1:

|Aeff | =
[

∫

dxdy
n4χ(3)(x, y) |d(x, y)|4

χ(3)ε20n
8(x, y)

]−1

(2.18)

1See equation (A2) in the appendix A.
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where n is the refractive index of the nonlinear material and it is assumed, for
simplicity, constant with respect to the frequency, while d(x, y) is the proőle of

the mode, which is given in
[
√

F
m3 =

√

C
V ·m3

]

since it follows the normalization

condition [150]2:
∫

dxdy
|d(x, y)|2
ε0n2(x, y)

vp(x, y)

vg(x, y)
= 1 (2.19)

Sometimes another deőnition of Aeff is used [138, 152, 153], which has been pro-
posed by Agrawal [148] to describe 3rd-order nonlinear effects in optical őbers:

Aeff =

(

∫

|E(x, y)|2 dxdy
)2

∫

|E(x, y)|4 dxdy
. (2.20)

However, equation (2.20) assumes that the őeld is entirely conőned in the nonlinear
material. This approximation works properly in optical őbers: in fact, both the core
and the cladding are made of silica, and their nonlinear response is very similar.
However, this is not the case for silicon integrated waveguides, where the nonlinear
response of the cladding is neglected (with χ

(3)
clad ≪ χ

(3)
core). Thus, (2.20) is not

accurate, since the fraction of the optical mode in the cladding material is not
negligible [154], and it can lead to an overestimation of the efficiency of the nonlinear
process. However, equation (2.20) can be corrected by limiting the integral in the
denominator only to the area of the core material [155, 156]:

Aeff =

(

∫

|E(x, y)|2 dxdy
)2

∫

core
|E(x, y)|4 dxdy

. (2.21)

Figure 2.6a shows the comparison between the results of the calculation of the
effective area by using equations (2.20) and (2.21) for a waveguide whose thickness
is őxed (220 nm) and the width varies between 400 nm and 900 nm. As can be
seen, the values for the smallest waveguides are quite different: this is due to the
lower conőnement in the core (as it can be seen in Figure 2.2), which makes the
denominator in (2.20) signiőcantly greater than in (2.21). Then, the underestima-
tion of the effective area leads to an overestimation of the nonlinear parameter, as
it is shown in Figure 2.6b. When the width is increased, the őeld is almost entirely
conőned in the core of the waveguide, and the two results are closer.

Finally, Figure 2.7 shows the effective area and the nonlinear parameters with
respect different values of the width of the waveguide for two values of the thickness
(220 nm and 300 nm). As one can expect, the maximum value of the nonlinear
parameter is a trade-off between having a small modal area (i.e. high intensity of
the electromagnetic radiation) and keeping a good conőnement in the core (which is

2See equation (8).
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Figure 2.6: Effective area and nonlinear parameter at λ = 1550 nm with the thick-
ness of the silicon layer equal to 220 nm. The green triangles show the results
calculated with equation (2.20), while the black squares show the results obtained
with equation (2.21).

the region with the highest nonlinear response). The maximum effective strength of
the interaction is in waveguides having 550-600 nm of width, with γ ≈ 110 W−1m−1.

2.1.3 Losses in integrated waveguides

A key aspect that allows the use of integrated waveguides in practical appli-
cations is the reduction of propagation losses. Optical losses can be divided into
two classes: the linear losses, which are independent on the optical power, and the
nonlinear losses, which increases with the mounting of the optical intensity.

In principle, one could expect that the linear losses in silicon waveguides are
negligible, since silicon is transparent in the near infrared. However, in practice
there are two main sources of linear losses in silicon waveguides: the scattering
caused by the roughness of their sidewalls and the absorption due to impurities that
can deposit on them.

Scattering of light can be reduced by adopting proper strategies. For example,
it is possible to use larger waveguides to reduce the fraction of the mode around
the edges; however this approach is not a great solution for nonlinear applications,
since the enlargement of the waveguide implies the reduction of the effective area, as
can be seen in Figure 2.7. In addition, the increase of the cross-section could make
the waveguide multimode, which is detrimental for several devices in which single-
mode operation is fundamental, such as modulators, őlters, and couplers. Another
possibility is described in [116], where a H2-annealing treatment is used after the
etching to smoothen the sidewalls of the waveguides. This technique, applied in this
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Figure 2.7: Effective area and nonlinear parameter at λ = 1550 nm. The results are
obtained with equation (2.21).

work and described in Chapter 4, effectively reduce the roughness, and allows one
to obtain state-of-the-art propagation losses [82].

The presence of impurities where the őeld is conőned provides intra-gap energy
levels, which leads to linear absorption even if the bandgap of silicon is larger than
the energy of the photons in the near infrared. In general, this effect is more severe
with silicon structures not embedded in a silica matrix, since external particles
can deposit on the sidewalls [157], while it is possible to mitigate this problem
with encapsulated device by properly monitoring the contamination of the machines
used during the fabrication. Naturally, this effect can be useful sometimes, as one
can realize silicon-based photodetectors via selective ion implantation [158, 159].
Another source of absorption is due to the generation of surface states between the
silicon and the silica, as it is detailed in [160]. This effect is hard to eliminate, and
it can be exploited as well to realize detectors based on the generation of current
[161, 162] or on the variation of the local capacitance of the sample [160].

If we neglect the nonlinear losses, the optical power at the end of a waveguide
with length L is given by [91]:

P (L) = P (0)e−αL (2.22)

where α is the power attenuation coefficient which quantiőes the losses per unit of
length [m−1]. However, α is typically expressed in [dB/cm], and the conversion
factor can be derived by considering that the transmission, expressed in decibel, is
given by:

10 · log
(

P (L)

P (0)

)

= −αdB/m · L (2.23)
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Thus, by using equation (2.22) we obtain:

10 ·
(

−α1/mL
)

· log(e) = −αdB/m · L (2.24)

and we őnally get the conversion factor

α1/m =
1

10 · log(e)αdB/m ≈ 0.23 · αdB/m = 23 · αdB/cm (2.25)

The state of the art for single-mode rectangular waveguides is α lower than 0.5
dB/cm [82, 115].

The nonlinear losses depend on the optical power circulates in the waveguide.
Thus, they can be neglected at low power, but they can be extremely signiőcant for
higher intensity of the electromagnetic őeld. The main process that is involved in
silicon waveguides is TPA, which simultaneously promotes two electrons from the
valence to the conduction band, as we discussed in the previous section. In addition,
another process is very effective: the free-carrier absorption (FCA). It consists in
the absorption of photons by electrons in the conduction band: in fact, their are not
linked to speciőc energetic levels, and they can easily increase their energy [121].
Normally, the average number of photons in the silicon conduction band is negligible;
however, linear absorption and TPA can populate it [163], inducing FCA. As can
be seen in [157], the role of FCA is extremely severe in silicon structures with high
optical power, causing a degrading of the optical response of the devices (especially
the optical resonators).

2.2 Fundamental building blocks

In this section, the basic building blocks used in the mask are detailed. They are
exploited to realize more complex devices, and the comprehension of their optical
behavior is fundamental to understand the structures described in the following
sections.

2.2.1 Edge couplers

Integrated photonic platforms offer the possibility to place on-chip a huge range
of devices, from lasers to detectors. However, typically one needs to couple the light
from an external system to the chip or vice versa. This tasks turns out to be quite
demanding. In fact, the principal problem is related to the big mismatch between
the modal area of an integrated silicon waveguide, which is around 0.1 µm2, and of
the telecom single-mode őbers, which have a mode őeld diameter around 10 µm.

The capability of efficiently coupling light in and out of silicon PICs is a key issue
of Silicon Photonics. In fact, the costs of packaging dominate the overall cost of
products based on integrated photonic circuits [80], and many different solutions are
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investigated to develop fast, reliable, high-yield, and low-cost packaging techniques
[164]. For quantum applications in particular, keeping the coupling losses as low as
possible is crucial, since they degrade the purity of the generated nonclassical state.
Moreover, their effect is detrimental if the state is composed of two or more photons
and the measures involve coincidence counts between two or more detectors.

A very practical approach to tackle the problem of coupling is the use of grating
couplers. They are periodic structures that diffract light from the waveguide to
free-space, enabling the alignment of a őber on top of the chip. Obviously, they are
assisted by a direct taper, which enlarge the waveguide before reaching the grating
region, as can be seen in Figure 2.8a. The main advantage of this solution is rep-
resented by the possibility to couple to waveguides placed anywhere on the chip,
enabling wafer-scale automated testing [117]. However, it is difficult to reach ex-
tremely low values of the coupling losses over a large spectral band: most devices
exhibits around 3 dB of coupling loss and few tens of nanometers of bandwidth
[165, 166]. In addition, simple designs are typically polarization sensitive. Sev-
eral approaches have been proposed to overcome these limits, which require more
complex design strategies or fabrication processes, such as multi-etch grating with
bottom reŕectors [167ś169], the use of photonic crystal structures [170], or subwave-
length grating tapers [171, 172].

An alternative solution is the edge (or butt) coupling, which consists in placing a
őber close to the side of the chip and to enlarge the optical mode in the waveguide.
Typically, an inverse taper can be used to gently reduces the dimension of the waveg-
uide and let the mode to expand [173]. This kind of structures typically exhibits less
than 1 dB of coupling loss with a 3-dB bandwidth of hundreds of nanometer and
an almost polarization insensitive behavior [174]. Even in this case, more complex
structures can be adopted to increase the coupling efficiency, such as suspended ta-
pers [175], multilayer patterned overlay structures [176] or subwavelength gratings
[171]. As one can understand, the main drawback in the use of edge couplers is that
all the input and output waveguides must be connected to the edges of the sample.
In addition, it is mandatory to properly cleave the wafer to test the optical struc-
tures, making this approach unpractical for wafer-level testing. More details about
the different strategies adopted by academic and industrial groups are provided in
[164].

The approach adopted for the realization of the mask is the edge coupling
through simple inverse tapers. In fact, a recent work [174] shows that 100-µm
long tapers which bring single-mode waveguides to 250×160 nm2 wide tips (see
Figure 2.8b) exhibits low coupling losses (≈ 0.7 dB) over a large band. Instead of
deőning the facet of the chip at the end point of the taper, an oxide gap is added
and this allows one to reduce the roughness of the interface and, thus, the coupling
losses. In addition, a tilted facet is designed to reduce back-reŕections, and 1 µm
of oxide gap is left between the tip and the facet (enough to compensate eventual
misalignment of the lithographic mask). The length of the taper is őxed equal to
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(a) Schematic of a grating coupler (from
[177])

(b) Schematic of the taper presented in [174].

Figure 2.8

100 µm to obtain an adiabatic transition.

2.2.2 Directional couplers

The directional coupler (DC) is a very common component to split and combine
light [117], which is used in integrated optical circuits, as well as in őber components
[178]. The basic idea is to use two parallel waveguides close enough to let the optical
power to be coupled from one waveguide to the other. DCs can be modelled by using
the Eignemode Expansion Method (EME) which decompose the local őeld into
multiple modes (called supermodes) [117]. The local őeld is given by the sum of the
supermodes, which are propagated by simply taking into account their propagation
constants. In a DC composed of single-modes waveguides, two supermodes can
be found, with a small difference in the effective index ∆n = n1 − n2: one mode is
symmetric and the other is asymmetric (as shown in Figure 2.12). If we consider
that at z = 0 the őeld is conőned in one waveguide of the directional coupler (labeled
“Až in Figure 2.11), we can őnd a distance (cross-over length, Lz) at which a π phase
shift difference between the modes leads to the conőnement of the local őeld in the
other waveguide (B), as depicted in Figure 2.11. This occurs with [117]:

β1Lz − β2Lz =
2π

λ
(n1 − n2)Lz = π, (2.26)

and Lz turns out to be

Lz =
λ

2∆n
(2.27)

Form this picture it is possible to őnd that in the device shown in Figure 2.10 the
fraction of power coupled from the port IN1 (IN2) to the port OUT2 (OUT1) is
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Si waveguide
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(a) Image of the inverse taper on the design.
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(b) Zoom of the tip near the facet.
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Figure 2.10: Scheme of the directional coupler.

given by

K2 =
POUT2

PIN1

=
POUT1

PIN2

= sin2(κ · LDC) (2.28)
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Figure 2.11: Sketch of the propagation of the electromagnetic őeld in a directional
coupler.

where LDC is the length of the directional coupler, and κ is the coupling coefficient
deőned as

κ =
π∆n

λ
=

π

2Lz
(2.29)

Similar results can be found by using the Coupled Mode Theory (CMT) [91, 179], in
which the coupling of the waveguides is considered as a perturbation of the effective
index. However, EME gives more accurate results in case of strong coupling and for
high index contrast waveguides [117].

In equation (2.28) the contribution of the bends is neglected, since the coupling
is assumed equal to zero with LDC = 0. To take into account also the small coupling
in the bending area, we can introduce an effective length zb, and equation (2.28)
becomes

K2 = sin2(κ · (LDC + zb)) (2.30)

Finally, if the two waveguides have a different effective index (∆n0 = nA−nB ̸=
0), equation (2.30) should be corrected into

K2 =
κ2

κ2 + s2
sin2

(

[

κ2 + s2
]0.5 · (LDC + zb)

)

(2.31)

where s = 2π∆n0/λ is the phase mismatch term [180].
As can be seen from equation (2.29), the value of κ can be found by the estimation

of the effective indexes of the supermodes. Then, some simulations using the FDE
mode solver by Lumerical have been run, and the results are shown in Figure 2.13.
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(a) Main component of the electric field (Ex)
in the symmetric supermode.
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(b) Main component of the electric field (Ex)
in the asymmetric supermode.

Figure 2.12: Mode distribution of the supermodes in the directional coupler. The
cross-section of the waveguide is 600×220 nm2, and the gap is equal to 150 nm.

The coupling parameter κ turns out to have an exponential dependence on the
gap between the two waveguides (see Figure 2.13a): this is reasonable, since it
is related to the overlap between the single-waveguide optical modes, which have
spatial proőles that decay exponentially out of the core.

Frequency dependence A very important aspect in the use of the directional
couplers is the dependence of the coupling parameter on the frequency, as shown in
Figure 2.13b. From equation 2.29 one could expect that the coupling is inversely
proportional to the wavelength. However, even ∆n is frequency dependent: in fact,
the mode is less conőned with higher values of the wavelength, and this leads to an
increase of the coupling.

This behavior has, naturally, a relevant impact on the optical response of the
device, and it is not desirable for applications where broadband components are
requested. In Figure 2.14 is shown the power coupled to the second waveguide K2

with a gap equal to 150 nm calculated from equation 2.31 by assuming s = 0 and
by neglecting the contribution of the bent waveguides (zb = 0). The length of the
three curves are chosen to obtain a coupling equal to 0 % (κL = π), 50 %, and
10 %. As can be seen, the greater is LDC , the more relevant is the dependence
on the frequency. A simple solution to this problem is to use a Mach-Zehnder
interferometer [181], which has, however, a larger footprint. Alternatively, other
approaches have been proposed to design compact and broadband devices, such as
the use of plasmonic DCs [182], asymmetric DCs with phase control [183], or DCs
composed of bent waveguides [184].

Bent contribution Finally, the value of zb can be estimated by running Finite
Difference Time Domain (FDTD) simulations of a DC with LDC = 0, similarly to
what is done to estimate the coupling of the ring resonators with adjacent waveg-
uides (see section 2.3). However, the simulation of such a device is much more
demanding that the microring’s point coupler, since the simulation area is bigger.
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Figure 2.13: Estimation of the coupling parameter κ in equation (2.31) at λ = 1550
nm. The simualted directional coupler is composed of two ridge silicon waveguides
with 600×220 nm2 cross-section.



2.2. FUNDAMENTAL BUILDING BLOCKS 31

1500 1520 1540 1560 1580 1600

0.0

0.2

0.4

0.6

  

 95 µm

 24 µm

 10 µm

Wavelength (nm)

𝐾2

Figure 2.14: Coupled power of DCs with 600×220 nm2 cross-section waveguides
with 150 nm of gap. The black, red, and blue points shows the coupling at different
wavelength of DC with LDC equal to, respectively, 95 µm, 24 µm, and 10 µm, which
makes the coupling equal to 0%, 10%, and 50% at 1550 nm.

In fact, the FDTD solver by Lumerical does not allow to place monitors of the őeld
perpendicular to bent waveguides. Thus, we can use as a őrst approximation the
results shown in Figure 2.24 and apply the following formula:

zb =
sin−1

(

√

K2
0

)

κ
≈

sin−1
(√

K2
pc

)

κ
(2.32)

where K2
0 is the coupling of a directional coupler with LDC = 0 and K2

pc is the
coupling of a bent waveguide and a straight one (larger than K2

0 ). In Figure 2.15 it
is possible to observe that zb is almost constant (3.9 ± 0.3 µm) with respect to the
gap, where the point coupler is calculated with a radius of curvature equal to 30
µm. This is not surprising: with bigger gaps, K2

pc is reduced, and the same effect
occurs with κ. In the directional couplers used in the design, it has been assumed
zb = 3± 1 µm, which is smaller with respect to the estimation presented in Figure
2.15: in fact, in a directional coupler there are two approaching bent waveguides,
while the simulation of the point coupler in a ring resonator includes a straight
waveguide close to a bent one, leading to an overestimation of zb.

2.2.3 Mach-Zehnder Interferometers

Mach-Zehnder interferometers (MZIs) are widely adopted in silicon photonics,
especially for őltering [181, 185, 186], multiplexing [187ś189], and the realization of
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Figure 2.15: Estimation of zb from equation (2.32). The value of the coupling due
to the point coupler (K2

pc) are calculated by FDTD simulations. The radius of
curvature taken into account is 30 µm.

modulators [61, 62, 190]. The basic mechanism is the following: the input power
is divided into two different waveguides and then recombined; thus, the output
depends on the interference between the őelds in the two paths. In addition, phase
shifters can be placed on the two arms to manipulate the optical response.

BS
1

BS
2

Phase Shifter

L
1

L
2

Figure 2.16: Scheme of a MZI where two directional couplers are used as beam
splitters (BS).

A simple realization of a MZI in silicon PICs is shown in Figure 2.16, where
two DCs are used as beam splitters: this conőguration is very common, since it is
straightforward to design and realize. The optical response of the device can be
obtained by building its transfer matrix, and applying it to the electric őelds at the
input:
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(

Eout
1

Eout
2

)

=UMZI

(

Ein
1

Ein
2

)

= UBS2
ULUBS1

(

Ein
1

Ein
2

)

=

(

t2 iσ2
iσ2 t2

)(

eik1L1 0
0 eik2L2

)(

t1 iσ1
iσ1 t1

)(

Ein
1

Ein
2

) (2.33)

where t and σ are the coefficients expressing the transmission and coupling of
the electric őeld in the directional couplers, which are related to K2 in equation
(2.31) through the relations

σ =
√
K2 t =

√

1− σ2 =
√

1−K2 (2.34)

while Li and ki are, respectively, the length of the two waveguides and the wavevec-
tors which take into account their different effective indexes.

2.2.4 Thermal phase shifters

The spectral response of the optical structures is related to the effective index
of the waveguides, which is dependent on their geometrical dimensions, as can be
seen in Figure 2.3a, and on other physical quantities, such as the effective optical
characteristics of the materials and the temperature. Thus, if the device involves
many resonant structures, the adoption of strategies that can control independently
their optical response is fundamental. The simplest method is to locally change the
temperature of the chip through a thermal phase shifter (TPS): this can be realized
with a piece of metal which is placed on top of the waveguide and acts as a resistor:
if an external voltage is applied, the metal dissipates thermal power following the
Ohm’s law Pth = V · i, and this allows the tuning of the optical properties of the
waveguide.

A very important parameter for the design of the TPS is the thickness (hc in
Figure 2.18) of the oxide layer used to encapsulate the silicon waveguides. In fact,
if the layer is too thick, the heating is not efficient, and the spectral tuning would
be possible only with high electrical powers, which lead to the unwanted heating of
adjacent structures (thermal cross-talk). On the other hand, if the metallic strip is
too close to the waveguide, the mode can experience additional losses due to the
absorption of the metal. Thus, the FDE mode solver is used to study the effect of
the TPS: in Figure 2.17 one can observe that if the thickness is higher than 700 nm,
the impact on the optical mode is negligible (the estimated propagation losses are
lower than 0.1 dB/cm). Hence, the target thickness for the SiO2layer is set equal
to 800 nm.

Among the uses of TPSs, it is worth to mention the possibility of tuning the
coupling of the directional couplers [180]. In fact, if a TPS is placed asymmetri-
cally with respect to the waveguides of the directional coupler (see Figure 2.18), an
asymmetric variation of the effective indexes of the two waveguides is induced [i.e.
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Figure 2.17: Results of the FDE simulation of a 600×220 nm2 silicon waveguide
with a 800×110 nm2 titanium heater on top and an oxide interleaving layer with
thickness hc (as shown in Figure 2.18).
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Figure 2.18: Schematic to show the positioning of the heater to tune the directional
coupler.

s ̸= 0 in equation (2.31)].
An optimal position of the heater can be found, as pointed out in [180]. In fact, if
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Figure 2.19: Results of FDE simulation to estimate the impact of the heating of a
phase shifter placed asymmetrically with respect to a directional coupler.

the TPS is too close to the center of the DC, it would heat both the waveguides,
and this would lead to s ̸= 0. On the other hand, if it is too far from the center,
its effect would be negligible. Thus, the Lumerical’s heat transport solver (HEAT)
is used to calculate the temperature proőle of the cross-section when the TPS is
switched on. Then, the heat map is imported in MODE: the indexes of the two
modes are calculated and the phase mismatch s is estimated for different values of
the position of the heater.
The values of ∆n0 are strictly dependent on the thermal power dissipated by the
heater: a more accurate simulation is needed to properly model the material used
for the phase shifter. However, it is possible to estimate the optimal value for d0,
which is 1.2 µm, and this value does not change with small variation of the gap
between the two waveguides, as can be observed in Figure 2.19b. Furthermore, it
is possible to observe that the bigger is the gap, the greater is s: in fact, a larger
separation of the waveguides leads to a greater difference of their effective indexes.

2.3 Microring resonators

Microring resonators are simple structures composed of a bent waveguide closed
to itself: in this way it is possible to create an optical cavity which forces the
light to circulate in a closed path. They have been widely investigated in the last
three decades [191], since they are suitable for a variety of applications, ranging
from optical őlters [64, 192] and multiplexers [193, 194], to modulators [60, 190,
195], passing through delay lines [196, 197]. In addition, the capability to conőne
the light enhances the interaction of the radiation with matter: this can be very
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Figure 2.20

useful, for example, for the realization of optical sensors [198ś200]. In addition,
the nonlinear interaction of light with matter can be enhanced as well [201, 202].
This can be exploited for many applications, such as wavelength conversion [202ś
204], generation of non-classical states of light for quantum communication such
as heralded single-photons [71, 205ś208], and entangled photons [51ś53, 208, 209]),
generation of squeezed light for optical quantum computation [56, 57], and soliton
comb formation for metrology and telecommunications [142, 144, 210ś212], but also
to access to novel nonlinear phenomena and dynamics [213].

2.3.1 Linear behavior

The electromagnetic radiation is resonant only if the optical length of the ring
is a multiple of the wavelength. In fact, if this happens, after a round-trip the light
interferes constructively. The resonant condition is, thus,

kL =
2π

λ0
neff · 2πR = 2πm

L = 2πR =
λ0
neff

m
(2.35)

where L = 2πR is the length of the circular ring resonator, λ0 is the vacuum
wavelength, neff is the effective index of the waveguide, and m is an integer number.

The simplest way to couple the light to a microring is to place a waveguide close
to the resonator, as shown in the sketch in Figure 2.20. To calculate the transmission
of the device, which is related to the ratio between the electric őeld Ein at the input
port and the electric őeld Eout at the through port, we can assume that the point
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coupler is lossless and can be described through the unitary matrix [86, 91]:

Upc =

(

t iσ
iσ t

)

(2.36)

where t is the transmission coefficient, σ is given by the coupling and they are linked
through the equation t2 + σ2 = 1. Hence, the electric őelds shown in Figure 2.20
are given by:

Eout = tEin + iσE2

E1 = tE2 + iσEin

E2 = aeiφE1

(2.37)

where a express the reduction of the amplitude of the electric őeld due to the losses
and φ is the phase collected through the round-trip (φ = k · L). Then, it is easy to
obtain the ratio between Eout and Ein:

Eout

Ein
=

t− aeiφ

1− taeiφ
(2.38)

and the power transmission is given by

T =

⏐

⏐

⏐

⏐

Eout

Ein

⏐

⏐

⏐

⏐

2

=
t2 + a2 − 2at cosφ

1 + a2t2 − 2at cosφ

(2.35)−−−−→ (a− t)
2

(1− at)
2 (2.39)

where the last passage is valid if equation (2.35) is satisőed (i.e. if the radiation is on
resonance). Equation (2.39) can be written as a function of the propagation losses
coefficient [α in equation (2.22)] and the coupling between the waveguide and the
ring K2. In fact,

a =

√

P (2πR)

P (0)
=

√
e−α2πR = e−απR ≈ 1− απR = 1− αL

2

t =
√

1−K2 ≈ 1− K2

2

(2.40)

where we assume αL and K2 to be much lower than 1. Thus (2.39) becomes

T
(2.35)−−−−→ (a− t)

2

(1− at)
2 ≈

⏐

⏐

⏐

⏐

K2 − αL

K2 + αL

⏐

⏐

⏐

⏐

2

(2.41)

The minimum of the transmission corresponds with the resonant condition. It can
be equal to zero if the losses in the ring are equal to the coupling: this condition
is called critical coupling, and it gives the maximum intensity of the őeld in the
microring, as is proved below. If the losses are lower than the coupling (i.e. a > t),
then the resonator is overcoupled : in fact, at each turn is injected more power with
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respect to what is lost due to the losses. On the other hand, if the coupling is weak
(i.e. a < t), the system is in the undercoupling condition. Finally, the maximum of
the transmission occurs when φ = (2m+ 1)π, and (2.39) becomes

T (φ = π) =
(a+ t)

2

(1 + at)
2 ≈ 1 (2.42)

FSR
FWHM

(a) Full spectrum over 20-nm spectral band.

(b) Variation of the spectrum with respect to the coupling
condition. The red line shows the resonance in the critical
coupling condition (K2 = αL), while the blue dotted and
the dashed green lines represent the spectrum of the same
ring with, respectively, K2 = αL/2 (undercoupling), and
K2 = 2αL (overcoupling).

Figure 2.21: Calculated spectrum of a silicon ring resonator with radius equal to 30
µm.

Microring resonators can be used with more than one coupled waveguides. This
is the case of the add-drop conőguration, which is shown in Figure 2.20b. The main
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difference is that it’s possible to collect the light on resonance from the drop port. In
fact, when the transmission is zero (Ethr = 0), the light is conőned in the resonator
and it can leave it from the second waveguide coupled to the ring.

Regarding the condition of the coupling, the mechanism is similar to what we
described in the previous case. The system is critically coupled if the coupling is
equal to the losses, which are given by the sum of the round-trip losses αL and the
coupling to the second waveguide |σ′|2. Typically, the add-drop is symmetric (i.e.
t ≈ t′): thus, the critical coupling condition is obtained if the losses are negligible
with respect to the couplings. A more detailed description can be found for example
in [191, 214].

2.3.2 Figures of merit

Ring resonators are characterized by some key őgures of merit, which are summa-
rized in this section. They can be estimated from the optical spectrum of the device,
and they allow to estimate their performances with respect to the applications in
which they are used.

Free Spectral Range The spectral distance between two resonant modes of a
resonator is the free spectral range (FSR). It can be calculated by combining equa-
tions (2.3) and (2.35). In fact, we can express the difference between the wavevectors
associated with the mode of order m and m+ 1:

(km+1 − km) =
2π

L
≈ ng

c
2π (νm+1 − νm) (2.43)

and we obtain
FSRν = (νm+1 − νm) =

c

ngL
=

c

ng2πR
. (2.44)

Finally, we can express the FSR in wavelength by applying the transformation
∆λ/λ = ∆ν/ν:

FSRλ =
λ2

ng2πR
. (2.45)

Quality factor The quality factor, or Q-factor, is a dimensionless quantity which
quantiőes the temporal conőnement of light in the resonator. In fact, the more
the light remains in the resonator, the higher is the value of the quality factor. It
is deőned as the ratio between the total energy stored in the resonator and the
fraction of the energy that is lost in the following optical cycle, multiplied by 2π.
Alternatively, the quality factor can be deőned as 2π multiplied by the number of
oscillations of the őeld in the resonator before the circulating energy is depleted to
1/e of the initial energy:

Q = 2π
τ

T
= ωτ (2.46)
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where τ is the dwelling time (or the time constant) of the resonator, since the
intensity of resonant őeld decays as e−t/τ . It can be shown that these deőnitions
are equivalent to a third one, which is more useful from a practical point of view.
Since the transmission spectra of the ring exhibits a lorentzian shape (Figure 2.21),
it is easy to measure the full-width at half maximum (FWHM) of the resonances.
Then, it can be shown that the quality factor is given by:

Q =
ν

∆ν
=

λ

∆λ
(2.47)

where ∆ν and ∆λ are, respectively, the FWHM in frequency and wavelength. We
can now derive the dependence of the quality factor with respect to the losses
associated with the resonator. Let’s consider a simple ring without any coupled
waveguide. The intensity of the electric őeld after a single roundtrip will be given
by

I = I0e
−tRT /τ = I0e

−αL (2.48)

where tRT is the round-trip time given by L/vg. Thus, by using equations (2.46)
and (2.48), the Q-factor of a resonator without the effect of coupled waveguides can
be expressed as

Qi = ω
tRT

αL
=

2πng
αλ

(2.49)

where αL is almost equal to the round-trip losses, since 1 − e−αL ≈ αL. Qi is the
intrinsic quality factor, since it quantiőes the effect of the losses of the material
without taking into account the geometry of the device.

If a waveguide is coupled, we can generalize equation (2.49). In fact, if the
coupling is equal to K2, the roundtrip losses are given by αL +K2, and equation
(2.49) becomes

QL = ω
tRT

(αL+K2)
=

2πngL

(αL+K2)λ
=

(

1

Qi
+

1

Qc

)−1

(2.50)

where QL is called loaded quality factor and Qc is the quality factor associated to
the coupling. As can be seen, if the resonator is in the critical coupling condition,
Qi = 2QL. If the coupling is higher than the losses (K2 > αL), the light is
less conőned in the resonator with respect to the critical coupling condition: thus,
the quality factor decreases (while the FWHM increases, as it is shown with the
green dashed line in Figure 2.21b). On the other hand, a reduction of the coupling
increases the dwelling time: hence, the quality factor increases and the resonance is
narrower (see the blue dotted line in Figure 2.21b).

Finesse and Intensity Enhancement Another very important parameter re-
lated to the ring resonators is the finesse, which is a dimensionless quantity deőned
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as the ratio between the FSR and the FWHM. Thus, it is given by:

F =
FSRν

∆ν
=
Q · FSRν

ν
=

Q · c
νngL

=
2π

(αL+K2)
(2.51)

The őnesse is obviously very important when the resonator is used as a őlter. In
fact, it quantiőes the ratio between the part of the optical spectrum which is on
resonance with respect to the non-resonant part.

In addition, it can be shown that it is related to the intensity enhancement within
the cavity. As one can expect, the resonant modes exploit an enhancement of their
intensity inside the resonator. This can be calculated from the ratio between E1

and Ein in Figure 2.20a, which gives:
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The maximum intensity enhancement occurs on resonance, and it turns out to be
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⏐

⏐

⏐
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When the ring is in critical coupling, the intensity enhancement is simply given by
the őnesse divided by π. Finally, one can observe from (2.53) that the intensity
enhancement is proportional to QL (1−QL/Qi). Thus, it assumes the maximum
value (with Qi őxed) for QL = Qi/2, which is the critical coupling condition.

Visibility The simplest way to evaluate the coupling condition of a microring
resonator is to determine how deep are its resonances, i.e. their visibility. This
quantity is deőned from the ratio between the maximum and the minimum of the
transmission (2.39):

V = 1− T (φ = 2π)

T (φ = π)
≈ 1−

⏐

⏐

⏐

⏐

K2 − αL

K2 + αL

⏐

⏐

⏐

⏐

2

(2.54)

where the approximation is obtained by using equations (2.40), (2.41), and (2.42).
The relation between the visibility and the quality factor is shown in Figure 2.22.
If the resonator is in the critical coupling condition, the visibility is equal to 1. If
the visibility is lower, it is impossible to estimate if the coupling is higher or lower
than the losses. However, the characterization of another identical microring with
a different coupling provides a second point in the plot in Figure 2.22, enabling the
recognition of the coupling condition.
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Figure 2.22: Visibility with respect to loaded quality factor of a silicon microring
resonator. The green dashed, the continuous red, and the blue dotted lines show
the result of the variation of the coupling with α equal to, respectively, 2 dB/cm, 1
dB/cm, and 0.5 dB/cm.

Finally, it is interesting to note that equations (2.49), (2.50), and (2.54) can be
used to derive the dependence of the visibility on the loaded and intrinsic quality
factors (QL, and Qi):

V ≈ 1−
⏐

⏐

⏐

⏐

1/Qc − 1/Qi

1/QL

⏐

⏐

⏐

⏐

2
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⏐

⏐

⏐

⏐

1− 2QL

Qi

⏐

⏐

⏐

⏐

2

=
4QL

Qi
·
(

1− QL

Qi

)

(2.55)

This relation can be used, ideally, to derive the intrinsic quality factor (useful to
estimate the losses of the waveguides) from two quantities (QL and V ) that can be
directly derived from the optical spectrum. In fact, we get

Qi =
2QL

1±
√
1− V

(2.56)

where the plus is associated with the undercoupling condition. However, as discussed
in [215], the non ideality of the coupling can lead to an overestimation of the losses,
since parasitic coupling processes take place.

2.3.3 Simulation of coupling parameter

A fundamental parameter to determine the behavior of the microring resonator is
the coupling between the ring and the waveguide. It depends on different geometrical
elements, such as the cross-section of the waveguide, since the more the őeld is
conőned, the lower is the coupling. In addition, it is exponentially decaying with
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Source Monitor

(a) R = 10 µm

Source Monitor

(b) R = 50 µm

Figure 2.23: The FDTD are (orange) includes the point coupler, the source of the
mode, and the monitor of the őeld.

the gap, which plays the most important role. Finally, also the radius of curvature
is signiőcant, since higher radii increase the coupling.

A typical method to estimate the coupling is to run some Finite Difference
Time Domain (FDTD) simulations. This method consists in the division of the
space into small cells (with sides lower than λ0/10n, where n is the refractive index
of the material) and to solve the discretized time-dependent Maxwell equations
[216, 217]. As it has been already discussed, the main drawback of the method is
that the simulations can be quite long and require a lot of memory. Thus, it is worth
to mention that the coupling parameter can be estimated also with a generalized
version of the coupled mode theory [218] or the super modes method [219], which
allow one to obtain faster results with a discrete accuracy.

The FDTD software by Lumerical™ has been used to simulate the coupling with
three different bent waveguides (with radii of curvature equal to 10 µm, 30 µm, and
50 µm). The basic idea is to place a source of the mode coupled to the straight
waveguide far enough from the point coupler to consider negligible the coupling
with the ring. Then, a őeld monitor is positioned on the waveguide after the point
coupler at the same distance used for the source (see Figure 2.23): the detected
power allows one to estimate the coupled őeld. The results of the simulations are
presented in Figure 2.24. As can be seen, the coupling parameter Kpc depends
exponentially on the gap, and the decaying constants are similar (54.8 ± 0.9 nm−1,
49.2 ± 1.0 nm−1, and 50.5 ± 1.7 nm−1 for, respectively, 50 µm, 30 µm, and 10 µm).

Finally, from the results shown in Figure 2.25 we can obtain the information
needed to design the ring resonators: the coupling coefficients are divided by the
round-trip length of the resonator, and this allows the calculation of a sort of cou-
pling per length, which can be directly compared with the propagation losses of the
waveguide. The simulations with the different radii give very similar results, and
from the exponential őts it is possible to estimate directly the required gap to obtain
a resonator in critical coupling. For example, if we suppose that the propagation
losses are between 0.5 dB/cm and 1.5 dB/cm, we would design gaps between 200
nm and 260 nm.
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Figure 2.24: Results of FDTD simulations of a point coupler, i.e. a straight waveg-
uide coupled to a bend. Each point corresponds to a different simulation. The
black squares shows the results of the simulations with a radius of curvature equal
to 50 µm, while the red circles and the blue triangles are associated, respectively,
to 30 µm and 10 µm. The sets of point are őt with a decaying exponential function
y0 +Ae−x/Γ.

2.3.4 FWM in microring resonators

As we saw in the previous section, the electromagnetic őeld experiences an en-
hancement in resonant structures. This effect is extremely powerful in the framework
of nonlinear optics. In fact, since the nonlinear phenomena involve the interaction of
several őelds, their enhancement leads to a tremendous ampliőcation of the process.
We will focus on the description of FWM in microring resonators, and in particular
we will derive the analogous of the equations (2.12), (2.16), and (2.17) to quantify
the generated power through, respectively, stFMW, SFWM, and d-SFWM.

Stimulated FWM The observation of the enhancement of stimulated FWM in
integrated microring resonators has been realized for the őrst time by Absil and
colleagues in 2000 [202]. As presented in their work, if we suppose to have a pump
laser at ωP and a signal laser at ωS both resonant with the microring, the generated
power within a third resonance at ωI = 2ωP − ωS is given by:

PI = (γL)
2
(IEP )

2
(IES) (IEI)P

2
PPS ≈ (γL)

2
(IEP )

4
P 2
PPS (2.57)

where L is the length of the resonator, γ is the nonlinear parameter, IEj and Pi

are, respectively, the intensity enhancement and the optical power in the coupled
waveguide of the őeld at ωj . By comparing the generated power in the resonator
(2.57) with the case of a simple waveguide (2.12), we can note that the process is
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Figure 2.25: Effective coupling per length calculated from the ratio of the coupling
coefficients shown in in Figure 2.24 and the length of the correspondent resonators
(L = 2πR).

enhanced by the fourth power of the intensity enhancement. If we consider resonator
in critical coupling and we assume that the intensity enhancement of the resonances
at ωI , ωP , and ωS is the same, we can write (2.57) as a function of the optical and
the geometrical parameters of the structures [131]:

PI = γ2
(

Q · c
πνng

)4
1

L2
P 2
PPS (2.58)

SFWM Spontaneous four-wave mixing takes advantage, as well, of the őeld en-
hancement in the resonator. Again, the theory used for stimulated FWM developed
in the framework of classical electromagnetism is not sufficient to describe this
process. Therefore, we consider the Hamiltonian of the system composed of the
resonator and a waveguide coupled to it [103, 149]:

Ĥ = Ĥwg + ĤR + Ĥc (2.59)

Ĥwg =
∑

µ

ℏωµ

∫

dz ŵ
†

µ(z)ŵµ(z)+

+
i

2
ℏvgµ

∫

dz

(

∂ŵ
†

µ(z)

∂z
ŵµ(z)−H.c.

) (2.60)
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ĤR =
∑

µ

ℏωµb̂
†

µb̂µ −
∑

µ1,µ2,µ3,µ4

Sµ1,µ2,µ3,µ4
b̂
†

µ1
b̂
†

µ2
b̂µ3

b̂µ4
(2.61)

Ĥcp =
√
2πℏ

∑

µ

∑

µ

[

cµb̂
†

µŵµ(0) +H.c.
]

(2.62)

where Ĥwg, ĤR, Ĥc are the Hamiltonians that describe, respectively, the waveguide,
the ring resonator and their coupling; the indexes µi denotes the modes of the
microring, ŵ is the channel őeld operator, b̂ is the ring őeld operator, c is the
waveguide-resonator coupling constant, and S in the nonlinear operator analogous
to what has been used in (2.15). Following the calculation described in detail in
[103], we obtain the generated power through SFWM in microring resonators:

PI = PS =(γL)2(IEP )
2
√

IES · IEI
ℏωc

2ngL
P 2
P ≈

≈(γL)2
(

Q · c
πνngL

)3
ℏωc

2ngL
P 2
P

(2.63)

where the approximation is valid if the resonator is in the critical coupling condition
and all the őelds experience the same intensity enhancement. As can be observed,
the ratio between the generated power through stimulated FWM and SFWM can
be written in the form [131]:

PI,sp

PI,st
=

1

4Q

ℏω2

PS
(2.64)

Note that, similarly to equation (2.58), Pj are the optical powers in the coupled
waveguide. This is particularly relevant if we want to calculate the generation rate
of photons at ωI and ωS , or the generation rate of photon pairs. In fact, the rate of
signal and idler photons that are coupled to the waveguide can be simply calculated
by taking equation (2.63) and dividing by the photon energy ℏω, thus getting:

Rwg = (γL)2(IEP )
2
√

IES · IEI
c

2ngL
P 2
P (2.65)

To estimate the internal generation rate, i.e. the rate of generated photons in the
resonator, we have to take into account its different output channels. In fact, a
photon generated in the ring can be coupled to the waveguide with a probability
K2/(αL+K2), and it can be lost (due to scattering or absorption) with probability
αL/(αL+K2). Thus, the internal generation rate is given by:

Rr
I = Rr

S = Rr = Rwg · αL+K2

K2

c.c.
= 2 ·Rwg (2.66)

which is twice the rate in equation (2.65) in the critical coupling condition.
The generation rate of photon pairs in the resonator is obviously equal to Rr,

since the process occurs in the microring. However, since the fraction of photons
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that are coupled to the waveguide is K2/(αL+K2), the rate of photon pairs in the
waveguide turns out to be:

Rwg
pairs = Rr

[

K2

αL+K2

]2
c.c.
=

Rr

4
=
Rwg

2
(2.67)

d-SFWM Naturally, also d-SFWM can be observed in microring resonator [56,
57, 220]. If we consider two lasers at ωP1

and ωP2
resonant with the ring and if

there is a third resonance at ωT such that 2ωT = ωP1
+ ωP2

, the generated power
turns out to be

PT =4(γL)2(IET )
2
√

IEP1
· IEP2

ℏωc

2ngL
PP1

PP2
≈

≈4(γL)2
(

Q · c
πνngL

)3
ℏωc

2ngL
PP1

PP2

(2.68)

where PP1
and PP2

are the power of the lasers at ωP1
and ωP2

.
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Chapter 3

Devices for Integrated

Quantum Photonics

In this chapter I describe the devices realized during the fabrication run I fol-
lowed. In fact, a signiőcant part of my work consisted in the design of integrated
optical structures with different goals in the framework of integrated quantum pho-
tonics. In the following sections, the underlying motivation and the theory of the
devices is brieŕy discussed, as well as the choice of their components. In addi-
tion, their position on the fabricated 22×22 mm2 die is highlighted, and additional
information about the designed lithographic masks are provided.

The devices are realized by exploiting őve different lithographic steps, which
correspond to őve optical masks and, thus őve different design layers. A scheme of
the cross-section of the devices is shown in Figure 4.31.

• The őrst layer (named waveguide) is used to deőne the silicon ridge optical
waveguides. The associated mask has a minimum critical dimension (CD min),
which is the smallest value that can be patterned of the silicon elements or of
the gaps between them, equal to 120 nm. The associated mask is characterized
by a very large opening area (i.e. the portion of the total area that is etched
after the lithography), which is around 98.7% of the chip.

• The second layer (heater) is used to pattern the TiTiN metallic layer exploited
to realize the tunable phase shifter. The CD min is bigger (800 nm), which is
equal to the width of the TPSs. The opening area is equal to 97 %.

• The third layer (vias) is meant to pattern the holes in the silica used to connect
the heater level with the pads level, which is described below. It has a CD
min equal to 10 µm, which is equal to the dimension of the holes to etch in
the silica, and the smallest opening area of the sets of masks: 0.3%.

49
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Layer Name Description Color CD min
1 Waveguide Silicon optical circuits Red 120 nm
2 Heater Thermal phase shifter Yellow 800 nm

3 Vias
Electrical connection

of layers 2 and 4
White 10 µm

4 Pads Pads for external electrical contact Green 10 µm
5 Deep Etch Trenches for the edge coupling Blue 10 µm

Table 3.1: The őve layers used for the realization of the devices.

• The fourth layer (pads) is used to pattern the upper metallic level, which is
used to electrically connect external voltage sources to the TPSs. The contact
is realized through multi-contact wedges, which lean on top of metallic pads.
The CD min is 10 µm, and the opening are is equal to 23%.

• Finally, the őfth layer (deep etch) allows to deőne the trenches needed to
realize the facets of the edge couplers, as discussed in section 2.2.1. CD min
is equal to 10 µm and opening area is 16%. This layer divide the chip into 35
subdies, which are labeled as shown in Figure 3.1b.

Within the following sections, several schemes of the devices are displayed. They
are taken from the database which collects all the patterns used to deőne the struc-
tures. I will refer to the database with the information of the patterns as “gdsž,
which is the extension of the database őle, typically encoded in the GDSII format1.
These database can be opened (and eventually edited) by using speciőc software,
such as KLayout2.

The full gds of my project is shown in Figure 3.1a, where the layers are displayed
with different colors, as indicated in Table 3.1. It has been designed by using the
open source Nazca design™ framework3, which includes several Python libraries
developed to realize gds őles with integrated optical circuits.

3.1 Microring resonators as sources of nonclassical

states of light

The majority of the devices designed and fabricated in this work are based on the
use of microring resonators. In fact, among all their uses in the őeld of integrated
photonics, they are widely exploited for the generation of nonclassical states of light
through the nonlinear interaction of their modes [50, 221].

1It is worth to mention that recently an alternative format has been developed (OASIS format,
extension .oas) which allows one to deal with files having smaller sizes.

2https://www.klayout.de/
3https://nazca-design.org/
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(a) Image of the gds with all the layers.

(1,1)   (2,1)   (3,1)   (4,1)   (5,1)   (6,1)   (7,1)    (8,1)      (9,1)

(1,2)   (2,2)   (3,2)   (4,2)   (5,2)   (6,2)   (7,2)    (8,2)      (9,2)

(1,3)   (2,3)   (3,3)   (4,3)   (5,3)   (6,3)   (7,3)    (8,3)      (9,3)

(1,4)   (2,4)   (3,4)   (4,4)   (5,4)   (6,4)   (7,4)    (8,4)

(b) Image of the layer 5, which defines the external trenches. The
labels define the subdies and will be used in the text to determine
the location of the devices.

Figure 3.1: Images taken from the gds. The chip (22×22 mm2) is divided into 35
subdies to increase the number of edge couplers that can be placed.
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As discussed in the previous chapter, SFWM occurring in a microring resonator
is characterized by the Hamiltonian (2.59). If it is applied on an initial coherent
vacuum state, the resulting output state is a two-mode squeezed vacuum state [103,
122]:

|Ψ⟩ = eβC
†

II−h.c. |0⟩s |0⟩i (3.1)

where C
†

II is the creation operator of the pair deőned as

C
†

II =
1√
2

∫

dωsdωiφ(ωs, ωi)a
†

ωs
a

†

ωi
(3.2)

and φ(ωs, ωi) is the bi-photon wavefunction, which is assumed to be normalized
and it satisőes |φ(ωs, ωi)|2 = δ(ωs + ωi − 2ωp) in the continuous wave pump case.
Typically, |β| ≪ 1, and thus (3.1) becomes

|Ψ⟩ ≈ |0⟩s |0⟩i + β |1⟩s |1⟩i +
β2

2
|2⟩s |2⟩i (3.3)

where |β|2 and |β|4 /4 are the probability of generating two and four photons, re-
spectively. Since the experiments typically are based on the detection of at least
one photon and the probability to generate multiple pairs is negligible, the state in
(3.3) can be written as

|Ψ⟩ ≈ β√
2

∫

dωsdωiφ(ωs, ωi)a
†

ωs
a

†

ωi
|0⟩s |0⟩i (3.4)

where the dependence on the bi-photon wavefunction is restored.
The bi-photon wavefunction is fundamental to describe the generated state, and

it is a fundamental element to understand if the generated photons are entangled.
Two object are deőned entangled when they are characterized by a certain degree of
correlation that cannot be explained by deterministic theories. They are described
by a single quantum-mechanical state, and the single-object state can’t be described
independently of the state of the other. This is exactly the case of the state generated
through SFWM by using a continuous-wave pump laser at frequency ωp, where the
total energy of the two photons is known to be equal to 2ℏωp, but the values of the
individual frequencies is undetermined. The generation of time-energy entangled
photons has been proposed for the őrst time by Franson in 1989 [222], as well as
an experiment based on two interferometers to quantify the degree of entanglement
[223]. This technique is now a routine experiment in the őeld of quantum optics
[51, 55, 208, 224, 225] which allows one to prove the possibility of generating time-
energy entangled photons in microring resonators.

An example of the realization of the Franson experiment is presented in a work
I took part [209], in which a silicon microring resonator is inserted in a őber laser
cavity enabling the generation of entangled photons without the use of an external
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laser. The experimental set-up is shown in Figure 3.2a: a laser cavity is built by
using a boosted optical ampliőer (BOA) and a microring resonator in the add-
drop conőguration. Additional band-pass őlters are used to make the cavity to
lase around one resonance of the microring and to reduce the noise coming from
the ampliőed spontaneous emission of the BOA. Finally, a tunable Fabry-Perot is
placed to select one mode of the external cavity, whose FSR is much smaller than
the resonance linewidth. An unbalanced MZI is then used to realize the Franson
experiment: the unbalance between the arms leads to the presence of three peaks
on the coincidence histogram (Figure 3.2b). In particular, the central one depends
on the phase φ applied to one arm of the interferometer, since the peak is the result
of the interference between the manipulated quantum states, and the visibility of
the fringes is related to the degree of entanglement.

An interesting property of the generated two-photon state is the possibility of
changing the degree of entanglement by playing with the coherence of the pump.
In fact, as suggested in [103], the use of a pulsed laser leads to the generation of
nearly uncorrelated pairs in integrated resonators. In particular, the correlation
between the generated photons is minimum when the bandwidth of the pulsed laser
is broader than the linewidth of the resonance. This can be understood by noticing
that the pump frequency is not precisely deőned, due to the bandwidth of the
pulses. Thus, the total energy of the generated two photons is not deőned anymore,
and the frequency of the idler photons is no longer dependent on the frequency of
signal ones. This effect has been observed [226] by measuring the square modulus of
the bi-photon wavefunction (named joint spectral density) of the two-photon states
generated by a CW and a pulsed laser, which proves the reduction of the degree of
correlation of the pairs generated when using the pulsed laser.
The possibility of generating uncorrelated photons is particularly relevant for the
realization of single-photon sources. The generated pairs can by routed on different
paths: signal photons on path A and idler photons on path B. Then, the detection
of a photon on path A heralds the presence of a photon in the path B, and this
allows one to use microring resonators as sources of heralded single photons. The
use of pulsed lasers is fundamental for this kind of applications, since it allows one
to generate identical single photons, i.e. photons having the same state. In fact,
if the pairs are uncorrelated, the bi-photon wavefunction turns out to be separable
(φ(ωs, ωi) = φs(ωs)φi(ωi)), and the state in (3.4) becomes:

|Ψ⟩ ≈ |Ψ⟩s |Ψ⟩i =
β√
2

∫

dωsφs(ωs)a
†

ωs
|0⟩s

∫

dωiφi(ωi)a
†

ωi
|0⟩i (3.5)

and it is clear that any operation of one photon doesn’t not modify the state of the
other.
A signiőcant quantity that can be deőned to quantify the degree of entanglement is
the Schmidt number, which is derived from the Schmidt decomposition technique
[227]. It consists in the decomposition of the bi-photon wavefunction as a superpo-
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(a) Experimental set-up used to generate entangled photon-pairs through SFWM in silicon mi-
croring resonator in a self-pumping scheme [209].

(b) Coincidence peaks between signal and
idler photons as function of relative time de-
lay and interferometer phase delay (φ)

(c) Left scale, Franson interference fringe on
the coincidences under the FWHM of the
central peak. The dashed line is a sinusoidal
fit. Black arrows indicate the experimental
points corresponding to the four panels in
Figure 3.2b. Right scale, total photon rates
at detectors SSPD A and B, during the same
acquisition windows.

Figure 3.2: Images from [209].

sition of modes forming orthonormal basis of the Hilbert spaces associated to the
two photons:

φ(ωs, ωi) =

∞
∑

n=0

λnun(ωs)vn(ωi) (3.6)

Then, the Schmidt number is deőned as

K =
1

∑

n λ
2
n

(3.7)
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If the generated state is separable, then the Schmidt number is equal to 1. On the
other hand, a non-separable state correspond to high values of K and, thus, stronger
degree of entanglement.

Finally, it is important to mention a relevant aspect about the generation of
heralded single-photons with microring resonators. The generated state operating
with conventional resonators is not completely separable, and the Schmidt number
can’t be lower than 1.09 [103, 226]. This is due to the shape of the resonances, which
is Lorentzian. However, it has been shown [207, 228] that the use of interferometric
couplers allows one to increase the purity of the generated states.

3.2 Efficient generation of entangled frequency bins

Albeit typical systems to process and manipulate quantum information are based
on two-level quantum states (qubits), high-dimensional entangled states turn out to
be very appealing towards the realization of practical and powerful systems for
quantum computation [53]. In fact, increasing the number of entangled photons
and/or their dimensionality leads to a simpliőcation the complexity of quantum
circuits [27, 229], and to enhance their robustness and immunity to noise [230, 231].

As already pointed out in the manuscript, integrated nonlinear circuits offer the
opportunity to mimic the approach adopted in bulk systems in which parametric
down conversion allows one to use energy and frequency to encode the information
[232, 233]. In fact, the efficient process of SFWM in micrometric resonators can be
exploited to generate many photons pairs which are symmetrically distributed with
respect to the frequency of the pump [54, 224], with the generated state that can
be written as

|Ψ⟩ =
∑

m

αm |m⟩S |m⟩I (3.8)

where |m⟩S(I) is the state associated to the signal (idler) photon generated in the
resonance at m (-m) FSRs from the resonance of the pump. Then modulators, őlters
and phase shifters can be used to manipulate and control the generated nonclassical
states [53, 70, 234]. In particular, it is fundamental for quantum communication
application to test the entanglement of the generated photons. This can be realized
by a phase modulator, as it is described in [53]: in fact, a two frequency-bin input
state is projected on three different states |1⟩,|2⟩,|S⟩, as shown in Figure 3.3a where
|S⟩ is given by the superposition of the two other states:

|S⟩ = 1√
2

(

|1⟩+ eiφ |2⟩
)

, (3.9)

being φ the relative phase between the input states. If this procedure is applied
to both signal and idler photons (Figure 3.3b), then the coincidences between the
photons in the superposition states depend on the phase φ. This veriőcation scheme
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is similar to what is performed using a Franson-like experiment with time-energy
entangled photons [51, 209, 222]. In addition, the projection of different output
states allows one to perform the tomography of the quantum state, as shown in [53].

(a)

(b)

Figure 3.3: Scheme for the validation of the entanglement of a two frequency-bin
input state, which is projected on three output different states, including a super-
position state |S⟩. The frequency splitter is a phase modulator. Images from [53].

The main drawback in the use of conventional microring resonators for the gener-
ation of these frequency bins is the relation between the efficiency of the modulation
and the strength of the nonlinear interaction leading to the generation of pairs. In
fact, a proper and complete control of the generated states requires the possibility of
efficiently modulating at frequencies in the order of the FSR of the resonator (i.e. the
frequency separation of the bins). However, commercial electro-optical modulators
have their fundamental frequency in the order of few tens of GHz, and this imposes
the reduction of the FSR (i.e. the use of large rings), which leads to decrease the
őnesse (2.51) and the intensity enhancement (2.53) of the resonators.

Recently, Liscidini and Sipe proposed a scheme [235] that enables the generation
of frequency-bin encoded qudit states by using small resonators (with high őnesse)
and allowing the possibility of working with almost arbitrary small modulating
frequencies. The device is shown in Figure 3.4: a beam splitter divides the input
laser into two waveguides, and two rings with different radii are pumped. Then, if we
focus on the photons generated in the m-th resonances, we can write the associated
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Figure 3.4: Generation of frequency encoded qubits through the coherent pumping
of two rings having different FSRs (Figure from [235]).

state as [235]:

|Ψ⟩ = 1
√

|βm
1 |2 + |βm

2 |2
[

βm
1 |1⟩mI |1⟩mS + βm

2 e
iϕ |2⟩mI |2⟩mS

]

, (3.10)

where βm
i is the generation efficiency of the i-th resonator at them-th resonance, and

|1⟩mI(S) is the idler (signal) photon generated in the i-th resonator. As can be seen,
the generation efficiency can be controlled by acting on the MZI (i.e. by changing
the ratio of the coupling to the output waveguides), and the phase ϕ allows one to
build different states, as discussed in [235]. The main point is that the frequencies
of the bins differs from a multiple of the difference of the rings’ FSRs, which can
be arbitrary small (being limited only by the linewidth of the resonances), and this
choice does not affect the generation efficiency, as detailed in [235].

As one can observed, the state in (3.10) is still a qubit, since only two pairs of
resonances are involved. However, the idea can be generalized allowing the gener-
ation of a qudit, as shown in Figure 3.5: the input laser is splitted in d paths to
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Figure 3.5: Generation of frequency encoded qudits through the coherent pumping
of d rings having different FSRs (Figure from [235]).

pump d different rings, whose FSRs are deőned as

FSRn = FSR1 + (n− 1)∆f n = 1, ..., d (3.11)

and the generated state is the generalized version of (3.10)

|Ψ⟩ = 1
√

∑d
n=1 |βm

n |2

d
∑

n=1

βm
n |n⟩mI |n⟩mS . (3.12)

Five subdies of the chip are dedicated to the realization of such a circuit. In
particular, the goal is the generation of a qudit with d = 4 bu using the device
shown in Figure 3.6. Three MZIs are used to split the pump in four paths: the
length of the directional couplers in the MZIs is 17.5 µm, while each arm is 275-µm
long. The gap in the directional coupler is equal to 120 nm: this value guarantees
the 50:50 splitting for the 600×300 nm2 at 1550 nm, but not for the 600×220 nm2,
as shown in Figure 3.22a. However, a different operating wavelength can be used,
and, in addition, the MZI works properly even if the splitting ratio of the DCs is
not exactly 50:50.
Then, four additional small rings in the add-drop conőguration are used to control
the coupling to the main rings. Their radius is 11 µm or 22 µm, while the gaps
are equal to 120 nm, 150 nm, or 180 nm. The main rings are bigger: the radius
of the őrst ring in the row is equal to 29.3 µm, while the others have the radius
increased by 0.1 µm, 0.3 µm, or 0.5 µm. The gaps of the main rings are identical
within the device, and assume values from 120 nm to 240 nm with 20-nm span.
Finally, the subdie (7,1) has devices with the width of the waveguide equal to 500
nm, to overcome eventual problems due to the multimode nature of the 600-nm
waveguides.
In the end, as for the devices to perform the frequency conversion, the waveguide
layer is too dense to place electric pads for all the devices. Then, two different masks
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for the vias and for the pads level have been used, as detailed in Table 4.3: thus,
not all the device are connected on all the subdies. A full list of the devices with
their characteristics is available at [236].

3.3 Resonators in series: the superradiance

The collective action of several emitters has been studied by Dicke in 1954 [237].
In this work, he pointed out that spontaneous emission of a gas of atoms can exploit
an enhancement due to the coherent nature of their action: the superradiance. In
fact, the presence of N emitters leads to constructive interference of the emitted
radiation, whose intensity results to scale as N2.

Recently, Onodera and colleagues proposed a scheme involving ring resonators
that can exploit the same concept [238]. N identical rings are placed in series
(Figure 3.7a), and as long as their distance is lower than the coherence length of
the pump, the total generation rate scales with the second power of the number of
the resonators.

To prove that, the scheme proposed in [238] (Figure 3.7a) should be modiőed. In
fact, the remaining pump in the coupled waveguide is attenuated by the resonators,
which act as őlters. However, we can use add-drop resonators, as displayed in Figure
3.7b: őve identical rings with radius equal to 29.3 µm are designed in the add-drop
conőguration, such that the drop port of the i-th ring is connected to the input port
of the i+1-th resonator. In addition, several TPS are placed to control the spectral
alignment of the rings, and to make the emitted radiation to interfere constructively
by controlling the phase between the sources. Six structures are designed, where
the only different parameter is the gap between the resonators and the coupled
waveguides, which assumes values between 120 nm and 195 nm at 15-nm steps.
The structures are placed in the subdie (6,1).

3.4 Linearly coupled resonators

Ring resonators can be used also as a component of a more complex structure.
In fact, coupling of microrings allows one to explore innovative conőgurations useful
for different applications, such as spectral őltering and multiplexing [65, 239, 240]
and slow light delay lines [241ś243]. In addition, it can brings relevant beneőts also
for the applications involving nonlinear optics, since the possibility to enhance the
nonlinear interaction [244, 245], and to engineer the dispersion of the waveguide
[246] to suppress unwanted nonlinear phenomena [56, 247] or to individually control
the enhancement of the őelds involved in the nonlinear interaction [248]. Among all
the possible geometries, we focus on the devices depicted in Figure 3.8.

The physical mechanism of the device presented in Figure 3.8a consists in the
splitting of the optical modes of the őrst resonator R1 when they have the same
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(a) Left part of the device #29.

(b) Right part of the device #29.

(c) Location of the devices on the chip.

Figure 3.6: Device on the chip for the generation of entangled frequency bins.



3.4. LINEARLY COUPLED RESONATORS 61

…1 2 N-1 N

(a) Scheme proposed in [238] to realize the constructive interefence of radiation
emitted by N identical rings.

(b) Frame from the gds with the designed device, where 5 add-drop filters are used is series.

Figure 3.7: Device for the implementation of Dicke’s superradiance by using inte-
grated ring resonators.

𝜏1
𝜏1 𝑖𝜎1𝑖𝜎1𝐸𝑖𝑛 𝐸𝑜𝑢𝑡𝐸1

𝐸1,𝑖𝐸1,𝑜
𝐸2

𝐸2,𝑖𝐸2,𝑜
𝑅1
𝑅2

𝜏2
𝜏2 𝑖𝜎2𝑖𝜎2

(a) One resonator coupled to a main micror-
ing.

𝑅1
𝑅2𝑅3

(b) Two resonators coupled to a main mi-
croring.

Figure 3.8: Devices with linearly coupled rings.
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energy of the modes of the second resonator R2. This effect can be effectively
described with two different models, as discussed in [247]: the coupled-mode model
(CMM) and the frequency domain model (FDM). These approaches can be applied
also to other similar devices, such as the one shown in Figure 3.8b where two rings
are coupled to a main bigger resonator.

CMM is a quantum description of the system, which is particularly useful to
evaluate its dynamics: the method consists in the construction of the Hamiltonian
of the device, which is composed of a linear part (including the coupling between
the modes), and a nonlinear part4. On the other hand, FDM involves a transfer-
matrices approach, which allows one to easily determine the spectral response of the
device. In fact, the őelds displayed in Figure 3.8a are connected through equations
similar to the ones used for the simple ring in (2.37). Thus, the spectrum of the
device is given by the equations [247]:

t12 =
E1,o

E1,i
= τ2 −

σ2
2e

iφ2−αL2

1− τ2eiφ2−αL2

⏐

⏐

⏐

⏐

Eout

Ein

⏐

⏐

⏐

⏐

2

=

⏐

⏐

⏐

⏐

τ1 −
t12σ

2
1e

iφ1−αL1

1− t12τ1eiφ1−αL1

⏐

⏐

⏐

⏐

2 (3.13)

where the coefficients τ1, σ1, and τ2, σ2 quantify, respectively, the coupling of R1

with the waveguide and of the two bent waveguides composing the resonators, as
shown in Figure 3.8a; the phase terms φi = kiLi are due to the propagation of
the light with wavevector ki in the resonator Ri, whose length is Li, and α is the
propagation losses coefficient.
In Figure 3.9 the spectrum of the device composed of two circular resonators (with
radii 30 µm and 10 µm) is displayed, with σ1 = 0.15 and α= 1 dB/cm. As can
be seen, one resonance every three is splitted, since the ratio of the radii is equal
to three. In addition, the bigger is the coupling σ2 between the bent waveguides
composing the resonators, the bigger are the coupling and the splitting of the modes.
In the following paragraphs, two applications of such structures are detailed.

3.4.1 W states

Entangled state can be composed of more than two system: multipartite entagled
states can be realized, with correlations that cannot be interpreted as a generaliza-
tion of bipartite entanglement. Among them, tripartite entangled states are subject
of study, since their interesting characteristics.
Tripartite states are divided into two classes [249]: Greenberger-Horne-Zeilinger
(GHZ) states and W states. The former have been exploited for the implementation
of quantum communication protocols involving teleportation [250] and super-dense

4See section A1 of Appendix A in [247] for further details.
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(a) Full spectrum of the device with σ2 =
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(b) Zoom on the splitting region. The red,
blue dotted, and green dashed lines are cal-
culated with, respectively, σ2 = 0.2, σ2 =

0.3, σ2 = 0.1.

Figure 3.9: Calculated optical response of the device in Figure 3.8a by using equation
(3.13). L1 and L2 are assumed to be 30 µm and 10 µm, respectively. The optical
parameters used are neff = 2.566, ng = 4.05, σ1 = 0.15, and α = 1 dB/cm, while
each curve has a different value for σ2.

coding [251, 252], while the latter are promising for the realization of several quan-
tum protocols [253, 254], since they are even more robust with respect to losses
[255].

The general form of the W state is the following:

|W ⟩ = 1√
3
(|AAB⟩+ |ABA⟩+ |BAA⟩) (3.14)

where |A⟩ and |B⟩ are two orthogonal states representing the system. In principle,
one could encode the W state by using a single particle, and the states |A⟩ and |B⟩
can be the ground (|0⟩) and the excited state (|1⟩) of the system. Nevertheless, for
many protocols three different particles are needed.
Typically, polarization entanglement is exploited: the W states are encoded through
the linear manipulation of photons generated via spontaneous parametric down
conversion (SPDC) [253]. However, it has been shown that energy entanglement
can be exploited as well to generate W states in an integrated optics platform [256]:
this brings several advantages, such as the scalability and efficiency of the generation
process, but also a higher robustness for the transmission in long-range optical őbers
[54, 257ś259].

The scheme proposed in [256] relies on the preparation of the W state in the
form

|W ⟩ = 1√
3
(|ω1ω1ω2⟩+ |ω1ω2ω1⟩+ |ω2ω1ω1⟩) (3.15)
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Figure 3.10: Scheme for the generation of W state presented in [256].

where ω1 and ω2 represent two different frequencies of the photons, which are gener-
ated through SFWM. One can use single-pump SFWM to generate those photons,
as described in [256]. In fact, the state produced can be expressed as:

|ψ⟩ =
(

1− β2

2

)

|vac⟩+ βĈ
†

II |vac⟩+ 1

2
[βĈ

†

II ]
2 |vac⟩+ ... (3.16)

where β is the generation probability and Ĉ
†

II is the creation operator for a photon
pair. As can be seen, it is possible to generate two photon pairs, each composed
of an idler and a signal photon. Then, three beam splitters in series can be used
to generate the W state (see Figure 3.10): one photon at ω2 is detected after the
output port 1 and it heralds the presence of the other three photons in the port
1’. If the coupling power ratio of the three BSs is properly chosen (25%, 33%, and
50%), it is possible to show [256] that the output state is the desired one.

A simple way to verify the nature of the generated state is to measure the
threefold coincidence probabilities on channels 2, 3, and 4, which are deőned as
[253]

pjjj =
cjjj

∑

x,y,z cxyz
j, x, y, z = ω1, ω2 (3.17)

where cxyz is the number of recorded xyz events. The measure of these probabilities
would give pω1ω1ω2

= pω1ω2ω1
= pω2ω1ω1

= 1/3 and p = 0 for the other cases.
However, this result can be obtained also with other nonclassical states [253, 260].
Thus, it is possible to measure the threefold detection probabilities on a different
basis:

|C⟩ = 1√
2
(|A⟩+ i |B⟩)

|D⟩ = 1√
2
(|A⟩ − i |B⟩)

(3.18)
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which allows to exclude the possibility that the generated state is not a W state
[253].

For polarization encoded entanglement, the use of half-wave plates enables the
measures on different basis (horizontal |H⟩ and vertical |V ⟩ or left |L⟩ and right |R⟩
circular polarizations). In the energy entanglement, the same transformations can
be obtained by the use of modulators [53, 70] and modulating at (ω1 − ω2)/2:

|+⟩ = 1√
2
(|ω1⟩+ i |ω2⟩)

|−⟩ = 1√
2
(|ω1⟩ − i |ω2⟩)

(3.19)

where the two states can be obtained by applying a π phase shift to the photon
at ω2. The main problem with this approach is that commercial modulators have
low efficiency when operate at frequencies higher than 50 GHz, forcing to work
with very big rings with a small FSR [235]. This limit can be overcome by using
a structure composed of two coupled resonators (Figure 3.11): two lasers can be
placed on resonance with the main resonator at ωP1

and ωP2
to generate photons

through dual-pump spontaneous four-wave mixing (d-SFWM) such that

ωP1
+ ωP2

= ω1 + ω2 (3.20)

where ω1 and ω1 are the frequencies of two splitted modes of the structure. Then,
their difference in frequency could be in the order of tens of GHz, since it is given
by the coupling of the two resonators.

The designed device is presented in Figure 3.12. Three MZIs are used as beam
splitters, since they have a broader bandwidth with respect to the directional cou-
plers, and are easier to tune Then, two coupled-rings structures are placed at each
input waveguide of the őrst MZI: this allows to increase the number of devices that
can be placed on the mask to őnd the perfect coupling (between the rings and with
the waveguide). In each device the four structures with the coupled rings are labeled
from 1 to 4 (see Figure 3.12c). The radii of the four main rings are R1 = 30 µm,
R2 = 30.3 µm, R3 = 30.6 µm, and R4 = 30.9 µm. The coupled rings in the up-
per part of the subdies have radii ri = 2Ri/3 (i.e. 20 µm, 20.2 µm, 20.4 µm, and
20.6 µm), while in the lower part ri = Ri/3 (i.e. 10 µm, 10.1 µm, 10.2 µm, and
10.3 µm). Different gaps are used to investigate the different regimes of coupling
to the waveguide and between the rings: additional information about the speciőc
parameters used for each device are available here [236]. Finally, these structures
are characterized by four output edge couplers; thus, the optical experiment will
require the positioning and alignment of őve őbers.

3.4.2 Frequency conversion

The coupled resonators in Figure 3.8a have been proposed by Heuck and col-
leagues with the aim to perform frequency conversion at single-photon level, which
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𝜔1 𝜔2
Figure 3.11: Scheme for the generation of W state using coupled resonators.

is particularly interesting for quantum applications. In fact, it allows one to match
speciőc spectral channels for multiplexing, as well as to use high-performance de-
tectors in a different spectral region [156]. The idea is to exploit Bragg Scattering
FWM (BS-FWM), which involves two laser at frequencies ωP1

and ωP2
and leads

to the conversion of one photon at ωS into an other photon at ωI+ [261, 262]. The
phenomenon leads to the suppression of photons at ωS and ωP1

, and the generation
of photons at ωI+ and ωP2

, such that

ℏωS + ℏωP1
= ℏωI+ + ℏωP2

(3.21)

This process has been used to obtain efficient and low-noise frequency conversion
at single-photon level in a Si3N4 resonator [156], with different kind of conversions:
intraband conversion (with ωI+ , ωS ≫ ωP1

, ωP2
), interband downconversion (ωI+ ≪

ωS) or interband upconversion (ωI+ ≫ ωS). As one can expect, in the case of
intraband conversion (Figure 3.13), single-frequency conversion efficiency is limited
by the presence of two possible idler resonances (I+ and I−) which satisfy equation
(3.21): thus, the maximum efficiency is equal to 50% (while 25% is measured in
[156] with 16 mW power per pump). This problem can be tackled by suppressing
the conversion at the frequency of one idler resonance, which can be done by properly
designing the dispersion of the waveguide such that only one resonance is phase-
matched, and this effect is larger if the spectral distance between the two pumps
is wider. On the other hand, the solution proposed by Heuck and colleagues [247]
involves the adoption of an additional resonator which can split one of the two output
resonances, enabling an increase of the efficiency of the process (Figure [247]). The
splitting of the resonance at ωI− inhibits the competing BS-FWM process which
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(a) Poisition in the subdies of the devices for the generation
of W states.

(b) Device for the generation of W states.

(c) Device for the generation of W states. Detail of the layer 1 with the silicon waveguides. In
each device the four structures with the coupled rings are labeled from 1 to 4.

Figure 3.12: Images of the gds with the devices for the generation of W states.
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Figure 3.13: Scheme of the intraband conversion efficiency (from [156]).

involves the suppression of photons at ωP2
and at ωS and the creation of photons

at ωP1
and at ωI− .

However, there are other nonlinear processes that can occur in such a system
and could generate photons at ωI+ : in fact, the two lasers at ωP1

and ωP2
could

pump SFWM-processes following the energy conservation equations:

ℏωP1
+ ℏωP1

→ ℏωI+ + ℏωS1

ℏωP2
+ ℏωP2

→ ℏωI+ + ℏωS2

(3.22)

These processes do not reduce the efficiency of the frequency conversion, but can
generate photons with the same frequency of the converted ones, increasing the noise
of the output state. As can be shown, the process pumped by the laser at ωP2

is
automatically suppressed due to the splitting of the resonance at ωS2

given by the
second resonator. However, no splitting occurs at ωS1

.
Both the works described above [156, 247] rely on the fact that the BS-FWM pumps
are far in frequency from ωI+ . For example, in [156] λP1

≈ λP2
≈ 1550 nm, while

λI ≈ λS ≈ 980 nm. Therefore, it is extremely hard to satisfy the energy-conservation
condition for a SFWM process pumped by a 1550-nm laser and generating photons
at 980 nm (and at 3700 nm). However, if all the photons are within the same
spectral band, one has to carefully control the dispersion of the waveguide not to
generate photons at ωI+ due to SFWM.
A possible solution is to exploit the device shown in Figure 3.8b. In fact, the presence
of a third resonator allows the splitting of additional resonances. In Figures 3.14b
and 3.14c are displayed the schemes for the device with three coupled resonators:
as can be observed, the splitting of the resonance at ωS2

allows the suppression of
all the SFWM processes pumped by the lasers at ωP1

and ωP1
.

Regarding the efficiency, we can consider BS-FWM process as a sort of st-FWM,
where the pumps are the laser at ωP1

and the input photon at ωS , while the second
laser at ωP2

acts as the seed. Thus, we can use an equation similar to (2.57) to
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𝜔𝐼+ 𝜔𝑆 𝜔𝐼− 𝜔𝑃1 𝜔𝑃2 𝜔𝑆1 𝜔𝑆2
(a) Scheme proposed in [247], with all the photons in the same spectral region.

𝜔𝐼+𝜔𝑆𝜔𝐼− 𝜔𝑃1 𝜔𝑃2 𝜔𝑆1 𝜔𝑆2
(b) Scheme proposed in this thesis with three coupled rings having radii R1, R2 = R1/3 and R3,
where R1 and R3 are incommensurable. The splitting due to the third resonator is highlighted in
red.

𝜔𝐼+𝜔𝑆𝜔𝐼− 𝜔𝑃1𝜔𝑃2 𝜔𝑆1 𝜔𝑆2
(c) Scheme proposed in this thesis with three coupled rings having radii R1, R2 = 2/3 R1 and R3,
where R1 and R3 are incommensurable. The splitting due to the third resonator is highlighted in
red.

Figure 3.14: Schemes of the processes leading to frequency conversion by using lin-
early coupled resonators. The dotted lines shows the frequency conversion processes
through BS-FWM, while the dashed lines highlight SFWM processes.
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Figure 3.15: Plot of the conversion efficiency through BS-FWM in a critically-
coupled ring resonator calculated from equation 3.23 as a function of the propagation
losses, with ng = 4.05, γ = 112 m−1W−1, and Pp = 0.1 mW

evaluate the efficiency [156]:

η = (2γPpL)
2 IE2

P IESIEI (3.23)

where the additional factor of 2 comes from the use of two non-degenerate pumps.
It is important to underline that both equations (2.57) and (3.23) hold with the
assumption that the intensity of the pumps does not decrease signiőcantly (unde-
pleted pump approximation), which implies η ≪ 1 in (3.23). In addition, the upper
bound limit for η is related to the ratio between the loaded and the intrinsic quality
factor. In fact, not all the converted photons are coupled to the waveguide, and the
maximum conversion efficiency is given by [156]:

ηmax =
1

1 +QL/Qi

c.c.
=

2

3
(3.24)

In Figure 3.15 equation (3.23) is plotted for different resonators, assuming ng =
4.05, γ = 112 m−1W−1, and Pp = 0.1 mW. The resonator is considered in critical
coupling, with the intensity enhancement deőned from the losses and the length of
the ring. We can observe that accessing to low propagation losses leads to a higher
efficiency region, where (3.23) is not accurate enough. However, it will be shown
in Chapter 5 that reaching such high values for the intensity enhancement is not
easy in silicon ring resonators, even with high quality waveguides. In addition, TPA
limits the maximum power one can couple to the ring.
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In this work, three subdies [(6,3), (6,4), and (7,4) as shown in Figure 3.16a]
have been used to investigate the properties of the structure with three coupled
rings. The device is presented in Figure 3.16b: on the right the structure with three
coupled rings, while on the left two rings are placed to generate the input photons.
The idea is to pump one of the two initial rings (radii Ra and Rb) with a third
laser at ωP3

and generating photons at ωS and ωH . Then, the photon at ωI is
converted and two single-photon detectors can be used to measure the coincidence
rate of photons at ωH and ωI . Naturally, is crucial that the three-rings structure is
resonant at ωS and not at ωH : this can be realized by choosing incommensurable
values for Ra, Rb, and R1. In addition, the relative position of the resonances can
be controlled through őve thermal phase shifters.

Different values of the radii and the gaps are used to explore different coupling
conditions and to have a versatile mask that can be adapted to different values of
the propagation losses. The subdie (6,4) has the three coupled rings with radii R1

= 30 µm, R2 = 10 µm, and R3 = 11.3 µm. The gap of the main resonator is
spanned over a wide range: from 120 nm to 300 nm with 15-nm steps; the same
thing holds for the gap between the three resonators, whose values are equal. Ra

and Rb are chosen equal to 29.3 µm and 28 µm, respectively, with gaps equal to
120 nm, 150 nm, and 180 nm for the former resonator, while 210 nm, 240 nm, and
270 nm separate the latter from the waveguide. The other subdies have the same
values, with the following exceptions: in (7,4) R2 = 20 µm and R3 = 22.6 µm while
in (6,3) R1 = 39 µm, R2 = 13 µm, and R3 = 14.6 µm. Regarding the waveguide
width, it is 600 nm for the subdies (6,4) and (7,4), while it is 500 nm for the subdie
(6,3).
Finally, the waveguide layer is too dense to place electric pads for all the devices.
Then, two different masks for the vias and for the pads level have been used, as
detailed in Table 4.3: thus, not all the device are connected on all the subdies. A
full list of the parameters of the devices can be found here [236].

3.5 Linearly uncoupled resonators

In section 3.4 the optical behavior of linearly coupled resonators has been de-
scribed. The linear coupling leads to the formation of a photonic molecule, with
optical modes extended over the entire structure, and it has been shown [57, 246ś
248] this can lead to interesting advantages in the framework of nonlinear optics.

An alternative concept has been proposed by Menotti and colleagues [263] in
which two resonators are coupled only through a nonlinear interaction, although
their linear uncoupling. In other words, the system supports only optical modes
conőned in one resonator or the other, but it is possible to make them interact
through the nonlinear interaction. Hence, two independent sets of modes can be
obtained, and their relative position can be tuned independently by simple phase
shifters.
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(a) Location on the mask with the devices for the frequency
conversion.

(b) Device for frequency conversion.

Figure 3.16: Images of the gds with the devices for the conversion in frequency
through BS-FWM.
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Figure 3.17: Schematic of the structure with the nonlinearly coupled resonators
(adapted from FIG. 1 in [263]).

This structure exhibits several advantages with respect to simple resonators.
First, it is possible to selectively enhance and suppress the nonlinear processes oc-
curring in the device by changing the spectral alignment of the modes, and this can
be exploited to reduce the noise of the generated signal. Furthermore, the dispersion
engineering is not critical, since the sets of modes can be tuned independently to
compensate fabrication errors as well as spectral shifts dependent on the circulating
optical power. Finally, the pump beams can be tuned on resonance with one res-
onator and generate photons through the nonlinear interaction in the other: thus,
an additional rejection of the pump takes place. However, the main drawback is the
reduced interaction strength, since the nonlinear interaction takes place in a smaller
portion of the resonators, and the overlap of the őelds is not maximum.

In the next sections, the mechanism on which is based the device presented
in [263] is discussed. Then, alternative structures based on the same concept are
described, with the aim to enhance the efficiency of the nonlinear interaction. Some
of these structures are tested experimentally: the results are shown in Chapter 6,
where some key applications of the devices are detailed.

3.5.1 Directional coupler isolation

The device proposed in [263] (Figure 3.17) is based on two racetracks with dif-
ferent lengths which are located side-by-side forming a directional coupler of length
LDC . As it is displayed, the optical modes are conőned in just one resonator: in
fact, the directional coupler isolates the two racetracks. This is possible by choosing
a proper length LDC : if we suppose that the involved waveguides are identical, from
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equation 2.31 we get:

LDC =
mπ

κ
− zb, (3.25)

which guarantees K2 = 0 and, thus, the linear uncoupling. The directional coupler
is also very important for the nonlinear coupling. In fact, it is the only region
where the nonlinear interaction takes place: the modes of the two racetracks both
propagate in the DC and their overlap integral is thus different than zero.

To calculate the generation efficiency of the nonlinear processes, we have to
estimate the overlap integral J(ω1, ω2, ω3, ω4) of the nonlinear interaction [149].
First, we focus on SFWM: we consider a pump laser at ωP on resonance with one
resonator of the structure (Resonator P), and two modes, idler and signal, of the
other racetrack (Resonator S) having frequencies ωS and ωI such that conservation
of energy and momentum are preserved (Figure 3.18). Thus, we can write [263]:

J(ωS , ωI , ωP , ωP ) =

∫

drΓijkl
3 (r)[Di,w1(r, ωP )D

j,w1(r, ωP )

Dk,w2(r, ωS)D
l,w2(r, ωI)],

(3.26)

where w1 and w2 indicate the waveguides that are coupled to, respectively, Res-
onator 1 and Resonator 2, while Dwi(r, ω) is the properly normalized asymptotic
őeld at ω entering in the structure from the waveguide wi [264]. The generated
power through SFWM in linearly uncoupled resonators, which is proportional to
the second power of the overlap integral, is given by (the full calculations are de-
tailed in [263]):
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From equation (3.27) is clear that one has to őnd a trade-off between LDC and
the resonators’ length. In fact, the longer is the directional coupler, the greater is
the interaction length; however, this also increases LS and LP , with a reduction
of the őnesse and the intensity enhancement of the racetracks (2.51). Hence, the
optimal values turn out to be LS ≈ LP = 2(LDC + πR) and LDC = πR, where R
is the radius of curvature of the bent waveguides in the racetracks. Thus, assuming
QP ≈ QS , equation (3.27) becomes

PI = PS
c.c.≈ 1

256
(γL)2

(

Q · c
πνngL

)3
ℏωc

2ngL
P 2
P (3.28)

where L ≈ LS ≈ LP . One can observe, by comparing (3.28) and (2.63), that the
process is less efficient with respect to what occurs in a conventional resonator with
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𝜔𝑃 𝜔𝐼𝜔𝑆
Figure 3.18: Scheme of SFWM with nonlinearly coupled resonators. The grey solid
and the black dashed lines show the resonances of, respectively, Resonator S and
Resonator P.

length L by a factor 256. From a physical point of view, this is due to the reduction
of the interaction length (L→ L/4) and the decreased overlap between the őelds in
the directional coupler. In fact, as it is shown in Figures 2.11 and 3.17, the őelds
pass from a waveguide to the other in the DC. Thus, since at z = 0 the őelds are
located in different waveguides, when the pump őeld is maximum in one waveguide,
idler and signal őelds are minimum and vice-versa. Then, it is possible to őnd that
the overlap integral of the őelds is equal to 0.25 [263] (while it is 1 when the őelds
propagate in the same waveguide) and the strength of the interaction is reduced by
a factor (1/4)2.

Finally, it is clear that also the nonlinear coupled resonators allows one to gener-
ate pairs of identical photons at ωT through d-SFMW. In this case, we can consider
two lasers resonant with Resonator 1 at ωP1

and ωP2
generating photons within

one resonance of Resonator 2 at ωT = (ωP1
+ωP1

)/2, with the generation efficiency
given by:
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where LP and LT are, respectively, the length of Resonator 1 and Resonator 2.
In this work, linearly uncoupled resonators through a directional coupler have

been investigated. The design started from the recognition of the bending radius
of the racetrack: since the goal of the fabrication process is to minimize the losses
and maximize the quality factor, a radius equal to 30 µm has been chosen. This
allows one not to be affected by bending losses (which are negligible for radii greater
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(b) Variation of the coupling with respect
to the wavelength for different cross-sections
and gaps. The black, blue, and green
solid lines show the estimation of κ for
the 600×220 nm2 waveguide with 120 nm,
135, and 150 nm gaps. The red, orange,
and magenta dashed lines are realted to the
600×300 nm2 waveguide with 120 nm, 135,
and 150 nm gaps.

Figure 3.19: Estimation through the EME method of the coupling with different
values of the cross-section, the gap, and the wavelength.

than 5-10 µm [265]), but also to fabricate more gentle curves, on which post-etching
treatments should work more efficiently.
Then, the value of LDC which maximize the generation efficiency is around 94 µm,
and the value of κ that guarantees the linear uncoupling is around 0.033 µm−1.
The coupling with different gaps and wavelengths has been evaluated through the
EME method described in section 2.2.2, and the results are shown in Figure 3.19.
At λ = 1550 nm, the 600×300 nm2 waveguide needs a gap around 120 nm, while
600×220 nm2 has the right coupling with 150-nm gap. Therefore, three different
gaps have been designed: 120 nm, 135 nm, and 150 nm. From Figure 3.19b it can be
observed that κ is in the range [0.029, 0.038] µm−1. Thus, considering zb between
2 µm and 4 µm, three values of LDC have been chosen: 82 µm, 92 µm, and 102
µm. It is important to take into account that the available experimental set-up and
instruments, such as lasers, őlters and detectors, allow to choose almost arbitrarily
from 1500 nm to 1600 nm, and variation on the coupling can be compensated by
slightly changing the portion of the spectral region.
The device is shown in Figure 3.20. The upper racetrack (Resonator 1) has the radius
of curvature equal to 30 µm, while the lower (Resonator 2) has a smaller radius (29
µm) to guarantees different FSRs, which is crucial for the experiment described
in detail in Chapter 6. One waveguide is coupled to Resonator 2, which can be
considered as an all-pass ring with losses given by the coupling with Resonator
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1 and the propagation losses. Hence, to guarantee the realization of the critical
coupling condition, several values of the gap between the resonator and the coupled
waveguide are used (120 nm, 150 nm, 180 nm, 210 nm, 240 nm, and 270 nm).
On the other hand, Resonator 1 has two coupled waveguides, as in the add-drop
őlter conőguration. Thus, critical coupling is obtained if the round-trip losses can
be neglected with respect to the resonator-waveguides coupling, and two values of
the gaps are chosen (120 nm and 160 nm). Finally, some TPSs are placed on the
structure: two of them are used to change independently the effective index of
the resonators, while two are placed asymmetrically with respect to the directional
coupler, allowing a further solution to tune the structure and working with the
maximum uncoupling (as explained in section 2.2.4 and shown in Figure 2.18). The
distance between the centre of the waveguide in the directional coupler and the
centre of the TPS is 0.8 µm, which correspond to d0 ≈ 1.2 µm (following the results
of the simulations shown in Figure 2.19). The full list of all the devices with the
precise geometrical parameters can be found at [236].

3.5.2 Mach-Zehnder interferometer isolation

The use of the directional coupler is not the only solution to uncouple resonators
while keeping the nonlinear coupling. An alternative approach consists in the adop-
tion of a Mach-Zehnder interferometer (described in section 2.2.3). The device is
shown if Figure 3.21: the resonators form a MZI which permits their linear un-
coupling. Thus, two independent sets of modes can be found, and their spectral
position can be controlled independently by some TPSs placed on them (TPS1 and
TPS2 in Figure 3.21a). In addition, also the coupling between the resonators can
be adjusted with an additional phase-shifter (TPSMZI) on one arm of the MZI.

This structure has three advantages with respect to the device with the DC.
First, the spectral band in which the resonator are uncoupled is larger. Then, the
use of a simple phase shifter on one arm of the MZI allows to control the isolation
and to compensate fabrication imperfection. Finally, the generation efficiency turns
out to be 4 times bigger.

The optical isolation of the two resonators can be obtained if the cross-coupling
power is equal to zero. The simplest way to do that is to use 50:50 beam splitters
and to make the radiation entering in the upper input arm of the MZI to interfere
destructively in the lower output arm. In this work two DCs are used as beam
splitters, as shown in Figure 2.16. Thus, a π phase shift between the two arms
of the MZI has to be set, and this can be done by designing the two arms having
different lengths, or operating on the phase shifter. From Figure 3.22b is possible to
see the different performance of the DC and the MZI: the optical response of the MZI
is ŕatter, allowing the operations over a larger band. This can be easily explained
from the power coupling ratios plot in Figure 2.2.2: if the length of the DC is such
that the coupling is around 50% (κ · LDC ≈ π/4), the optical response is almost
ŕat. However, with larger values of LDC , the frequency dependence of κ leads to
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(a) Location on the mask with the devices
with the DC-linearly-uncoupled resonators.

(b) Location on the mask with the devices
with the MZI-linearly-uncoupled resonators.

(c) Device with the DC-linearly-uncoupled resonators.

(d) Device with the MZI-linearly-uncoupled resonators.

Figure 3.20: Images of the gds with the devices with the linearly uncoupled res-
onators.
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(a) Scheme of the device. TPS1 and TPS2

are used to change the spectral position of
the modes of the resonators, while TPSMZI

enables the control of the coupling between
them.
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(b) Skecth of the distribution of the modes
resonant with Resonator 1.
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(c) Skecth of the distribution of the modes
resonant with Resonator 2.
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(d) Distribution of the modes resonant with
the structure: they overlap in the MZI, en-
abling the nonlinear interaction.

Figure 3.21: Sketches of linearly uncoupled resonators through a MZI.
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Figure 3.22: Dependence of the coupling of a directional coupler and a Mach-
Zehnder interferometer as a function of the operating wavelength.

relevant variation of the coupling with respect to the frequency. Other strategies
can be adopted to reduce the dependence on the optical frequency of the isolating
device, such as directional coupler with asymmetric-waveguide based phase control
sections [183], or curved waveguides [184]. However, the MZI is simpler to design,
its optical response can be adjusted more easily in case of fabrication imperfections,
and it allows an increase of the efficiency of the nonlinear interaction.

Finally, we can analyze the efficiency of the generation of photons through
SFWM. In the previous section it is shown that SFWM can be realized in DC-
isolated racetracks, but its efficiency is reduced by a factor 256 with respect to a con-
ventional ring resonator having the same length. In fact, the nonlinear interaction
occurs in a quarter of the length of the resonators (L2 → L2

DC = (L/4)2 = L2/16),
and the interacting őelds are not perfectly overlapped (γ2 → (γ/4)2 = γ/16). In the
device with the MZI, the őelds overlap and the nonlinear interaction occurs in the
arms of the interferometers, as shown in Figure 3.21d. The generation length which
maximize the interaction is still a quarter of the total length of the resonators, but
the overlap of the őelds is maximum. However, there is still a penalty: in fact, the
50:50 beam splitters reduce the őelds in each arm of the MZI by a factor 1/

√
2.
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Thus, the overlap integral in equation (3.5.1) becomes
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where the factor two before the őrst integral takes into account that the genera-
tion occurs on both the arms of the MZI. Since the strength of the interaction is
proportional to the overlap integral to the second power, the process turns out to
be 64 times less efficient with respect to conventional resonator, but 4 times more
efficient with respect to DC-uncoupled resonators.

The designed devices are placed in six subdies, as shown in Figure 3.20b. The
radii are chosen equal to 30 µm for Resonator 1 and 29 µm for Resonator 2. Res-
onator 1 has two coupled waveguides (as can be observed in Figure 3.20d) to guar-
antee the critical coupling condition. The length of the DCs acting as beam splitters
is chosen equal to 17.5 µm, while the gap can be 120 nm, 135 nm, or 150 nm. The
arms of the MZIs have a 100-µm (or 200-µm) long straight part, and their length
is around 194 µm (or 294-µm); in addition, a small difference of length dl is added
to guarantee the isolation even without acting on the phase shifter. Thus, the total
length of the resonators is around 635 µm (or around 835 µm). Finally, the gaps
between Resonator 1 and the coupled waveguides are 120 nm or 160 nm, while the
waveguide coupled to Resonator 2 is placed at a distance equal to 120 nm, 140
nm, 160 nm, 180 nm, 200 nm, or 220 nm. A full list of the devices with their
characteristics is available at [236].

3.5.3 Pump recycling

Another strategy can be embraced to realize a device based on the nonlinear
coupling of linearly uncoupled modes which has a higher generation efficiency. In the
previous sections, it is shown that both the DC and the MZI versions are affected by
a reduction of the efficiency since the nonlinear interaction occurs in approximately a
quarter of the length of the resonators. However, we could think about the addition
of a third resonator placed on the other side of Resonator 2. The devices are shown in
Figures 3.23c and 3.23d: one of the waveguides coupled to Resonator 1 is coupled to
a third resonator (Resonator 3). Since Resonator 1 is in the Add-Drop conőguration,
the pump laser(s) resonant with it passes to the output waveguide and the light can
be recycled and injected to another identical resonator. In this way, it is possible
to exploit also the other side of the Resonator 2, and the generation efficiency is
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improved by a factor of 4, since we have two identical regions (the directional coupler
and the Mach-Zehnder interferometer) in series that generate photon pairs through
SFWM. In fact, it can be shown that if the coherence length of the laser is long
enough, the power generated through SFWM by PI sources in series is equal to
N2PI , where PI is the power generated in the single element [238]. Naturally, the
phase difference of the pump in the two regions where the nonlinear interaction
takes place has to be carefully controlled: then, an additional phase shifter is placed
on the waveguide connecting Resonators 1 and 3.

In Figure 3.23a the regions of the chip with the DC-linealry-uncoupled devices
with pump recycling are highlighted. Naturally, Resonator 3 is identical to Res-
onator 1, since the aim is to replicate the same nonlinear interaction with Resonator
2. As for the simpler version, the radii are chosen equal to 30 µm for Resonator 1
(and 3) and 29.3 µm for Resonator 2. The gaps between Resonator 1 (and 3) and
the coupled waveguides are chosen to őnd the critical coupling condition: 120 nm,
150 nm, and 180 nm. The gaps between Resonator 2 and the coupled waveguide
are 120 nm, 140 nm, 160 nm, 180 nm, 200 nm, 220 nm, 240 nm, and 260 nm: in
fact, different coupling conditions can be investigated and used depending on the
applications. The gap of the directional coupler is equal to 120 nm or 150 nm, while
its length can be 82 µm, 92 µm, or 102 µm.

On the other hand, the MZI-based devices with pump-recycling are placed as
shown in Figure 3.23b. The radii are 30 µm for Resonator 1 and 3, and 29 µm for
Resonator 2. The gaps between Resonator 1 (and 3) and coupled waveguides are
120 nm, 140 nm, 160 nm, with the aim of reaching the critical coupling, while the
waveguide coupled to Resonator 2 is spaced by 120 nm, 140 nm, 160 nm, 180 nm,
200 nm, or 220 nm. The length of the DCs acting as beam splitters is chosen equal
to 17.5 µm, while the gap can be 120 nm, 135 nm, and 150 nm. The arms of the
MZIs have a 100-µm (or 200-µm) long straight part, and their length is around 100
µm (or 200-µm); in addition, a small difference of length dl is added to guarantee
the isolation even without acting on the phase shifter. Thus, the total length of the
resonators is around 635 µm (or around 835 µm). A full list of the devices with
their characteristics is available at [236].

3.6 Integrated bragg filters

The őnal goal of the research conducted in academic and industrial institutions
about integrated optical sources of nonclassical states of light is, as one can expect,
the realization of a fully integrated device which allows to generate photon-states
that can be processed on the chip or coupled to őber networks. A clear advantage of
working with silicon-based integrated quantum photonics is the possibility of exploit
the results of more than twenty years of research on the fabrication process, and
on the development of devices, initially developed for telecommunications systems
[80], with which photons can be generated and manipulated, such as integrated
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(a) Location on the mask with the devices
with the DC-linearly-uncoupled resonators
with pump recyclying.

(b) Location on the mask with the devices
with the MZI-linearly-uncoupled resonators
with pump recyclying.

(c) Device with the DC-linearly-uncoupled resonators with pump re-
cyclying.

(d) Device with the MZI-linearly-uncoupled resonators with pump
recyclying.

Figure 3.23: Images of the gds with the devices with the linearly uncoupled res-
onators.
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lasers [59, 266], resonant structures [131, 243], optical őlters [191, 267], multiplexers
[268, 269], modulators [62, 190] and detectors [270, 271]. However, there are two
key components that can’t be found on the shelf, since are very speciőc of quan-
tum photonics: integrated single-photon detectors [66ś68] and high-extinction-ratio
optical őlters.

Since the generation of photons based on nonlinear optical process involves the
presence of a (usually) intense pump lasers, it is crucial to suppress the input beam
not to destroy the quality of the generated nonclassical states with spurious photons.
Typically, lasers with power from 100 µW to 10 mW are used, which lead to the
generation of photon ŕuxes with power from 1 pW to 1 nW, as one can observe from
(2.16) and (2.63). Thus, őlters with around 90-100 dB of extinction ratio (ER) are
needed to effectively suppress the pump [50].

Among the investigated approaches, three of them allowed the reach of high level
of extinction.
In 2013, Ong and colleagues proposed a device based on several coupled resonators
[272] that allows one to increase the ER on resonance. The coupling of őve devices
allowed them to demonstrate 50 dB of attenuation, while 100 dB of őltering were
obtained by connecting two devices in series. This approach has been recently used
in [240], where the authors used two different chips with a reduced number of cou-
pled rings (4+4), obtaining around 110 dB of ER. The proposed method, however,
was demonstrated to work only with the use of two separate chips. In addition, it
requires relevant efforts in the spectral tuning of the microring resonators: this can
be realized and could be even managed by programmable circuits [81], but it adds
some complexity to the circuit.
An alternative method was proposed later by Piekarek and colleagues [186], in which
they used several Mach-Zehnder interferometers in series. In particular, they mea-
sured around 100 dB of ER by using two chips (with 6 and 4 cascaded Mach-
Zehnder). This approach has the same problems that use of microrings: on-chip
total suppression was not demonstrated and the phase on the MZIs’ arms must be
controlled very precisely.
A third solution is represented by Bragg gratings, in which the effective index of
the waveguide is periodically changed leading to the formation of a photonic band-
gap. Typically, the variation is induced by the modulation of the sidewalls of the
waveguides: the idea is to induce a gentle perturbation not to increase the scattering
losses. However, since the variation of the index is very weak, these structures must
be very long (some millimetres), and their behavior is based on the regularity of the
structure, which is hard to maintain for such long paths. With this approach, 65 dB
of őltering on single chip and >100 dB with two chips have been demonstrated [63].
Recently, an innovative approach proved that short cascaded Bragg gratings can be
designed: in fact, conventional gratings cannot be placed in series, since they would
create Fabry-Perot cavities due to the back-reŕection of the resonant radiation, and
their phase control is essential. However, the device proposed in [273] leads to the
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Device Stages ER Chips Cladding
CROW [272] 5+5 100 2 No
Bragg [63] 1+1 >100 2 No
MZI [186] 6+4 100 2 Yes

CROW [240] 4+4 110 2 Yes
Incoherent
Bragg [225]

9 >80 1 No

Table 3.2: Comparison between the integrated high-ER őlters presented in litera-
ture to realize the suppression of the pump used to generate photon-pairs through
SFWM.

coupling of the resonant light to higher order modes, which are not supported by
the waveguides before and after the őlters. At least 80 dB of ER were proven, and
this allowed them to detect photon-pairs generated through SFWM by adding two
band-pass őlter (20 dB of ER) tuned on the resonances within photons are gener-
ated [225]. This system is promising, since the external őlters can be easily replaced
by on-chip de-multiplexers. However, they proved a very high ER without the use
of the cladding, which is very important for the realization of a reliable device.

In this work, some Bragg gratings are designed. They are based on the use of
lateral pillars [274], as shown in Figure 3.24: the variation of the effective index is
not due to a change of the width of the waveguide, but small structures are placed
near the main waveguide, inducing a small variation of the effective index. This
approach has been proposed in the framework of narrow-line integrated lasers [59],
since it allows to fabricate integrated narrow mirrors (which require extinction ratios
around 30 dB).
The advantage with respect to the sidewall modulation is that the perturbation
is realized by bigger features, which are less sensitive to fabrication imperfections.
This approach is also compatible with post-etching treatments, such as hydrogen
annealing, which smoothen the sidewalls of the waveguides [116]; in addition, pillars
should be more regular after the annealing [82].

The transmission, the bandwidth, and the resonant frequency of the device in
Figure 3.24 can be roughly estimated through the multilayer model [91]. If we
consider a variation ∆n of the effective index of the waveguide n0, we can determine
the length of the period by the λ/4 condition

Λ ≈ λ

4n0
(3.31)

where λ is the resonant frequency. Thus, the attenuation with N periods is given
by

T = 4

(

n0
n0 +∆n

)2N

≈ 4

(

1− ∆n

n0

)2N

(3.32)
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Figure 3.24: Scheme of the Bragg grating based on the presence of pillars near the
waveguide.
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Figure 3.25: FDE simulations of the waveguide with pillars.

and the bandwidth is given by
∆λ

λ
≈ 2

π

∆n

n0
(3.33)

where ∆n is supposed much lower than n0.
To evaluate the variation of the index ∆n, several FDE simulations have been

performed with different values of the gap and of the width of the pillars, where a
cross-section equal to 500×220 nm2 has been considered. The results are shown in
Figure 3.25: as can be seen, the effective index depends on the gap g between the
pillars and the waveguide with an exponential relation:

neff = Ae−g/Γ + n0 (3.34)

In Figure 3.25b the bandwidth (3.33) and the needed length to reach around 100



3.6. INTEGRATED BRAGG FILTERS 87

Bragg

Figure 3.26: Area on the mask with bragg gratings and rings coupled to the same
waveguide.

dB of attenuation are estimated. In fact, from (3.31) and (3.32) we get

T ≈ 10−10 ⇒ L100 = N100 · Λ ≈ log(4) + 10

2 log(1 + ∆n/n0)

λ

4n0
(3.35)

The Bragg gratings are designed in the subdies (9,1), (9,2), and (9,3). Different
values of gratings’ parameters have been used: in fact, the goal is to test the impact
of the used fabrication technology on the őltering performance.
The subdie (9,1) includes structures with N = 800 (L ≈ 0.25mm) and N = 6400
(L ≈ 2mm). The period Λ is set equal to 153 nm, 158 nm, and 163 nm. The widths
of the pillars are equal to 150 nm, 200 nm, 250 nm, 350 nm, 400 nm, and 450 nm,
while the gaps are equal to 120 nm, 140 nm, 160 nm, 180 nm, 210 nm, 240 nm, and
270 nm.
The subdies (9,2) and (9,3) have Bragg gratings with the same values for gaps
and widths of the (9,1): structures with N = 1600 (L ≈ 0.5mm) and N = 3200
(L ≈ 1mm) are placed on the (9,2), while the subdie (9,3) includes gratings with
N = 9600 (L ≈ 3mm), N = 3200 (L ≈ 4mm), and N ≈ 30000 (L ≈ 9mm).
Before the őlters, three rings are placed (one add-drop and two single-pass, as shown
in Figure 3.26) to generate photons and test the performance of the gratings. Their
radii are 28 upmu, 29 upmu, and 30 upmu with gaps between 120 nm and 270 nm.
A full list of the devices with their characteristics is available here [236].
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3.7 Additional test structures

In this őnal section, I will brieŕy describe additional structures designed and
realized on the chip that are meant to test the performances of the basic building
blocks of the fabricated devices.

3.7.1 Microring resonators

As can be observed, microring resonators have a fundamental role in this work,
since many devices are based on them. In addition, as discussed in section 2.3, their
optical response allows one to estimate some parameters of the optical waveguide.
Thus, several simple microring resonators are included in the chip in the subdie (6,2),
and are divided into 8 groups. Each group includes rings with the same radius, and
the gap is changed to investigate the different regimes of coupling, following the
results on the simulations described in the Section 2.3.3.

The őrst group, starting from the top, is composed of rings having 117.2 µm of
radius, which is chosen to obtain a FSR around 100 GHz, while the gaps are 120
nm, 150 nm, 180 nm, 210 nm, 240 nm.

Then, the other three groups comprehend rings with radii equal to 58.6 µm,
39.1 µm, and 29.3 µm to get FSR around 200 GHz, 300 GHz, and 400 GHz. The
number of device per group is higher, since for each value of the radius the gap
spans from 120 nm to 300 nm, with 20-nm steps. On top of each group there are
two additional rings with equal gap (180 nm) placed to test the capability of the
fabrication process to realize identical resonators at short distance. Thus, there are
twelve rings per radius.

Moreover, other 4 groups have been places, with radii equal to 20 µm, 15 µm,
10 µm, and 5 µm to test the properties of smaller devices. The gaps span from 120
nm to 300 nm, with 20-nm steps.

Finally, two other kinds of resonators (Figure 3.27b) are included in the subdie
(7,2). They have a total length approximately equal to 3.66 mm and 6.28 mm
(effective radii 0.58 mm and 1 mm). As can be seen, they are mainly composed
of straight waveguides, while the bent parts have a radius of curvature equal to 30
µm: the goal is to minimize the bends to see if the annealing is more effective on
these devices with respect to conventional full-bent ring resonators. The device are
coupled to two waveguides by using tunable DCs and MZs, which allows one to
control the coupled power.

3.7.2 Edge Couplers

Some test structures have been placed on the mask (see Figure 3.28). The őrst
test is focused on the distance between adjacent edge couplers, which is set to be
equal to 20 µm in all the structures. Six pairs of straight waveguides are placed with
different values of the distance (5 µm, 10 µm, 15 µm, 20 µm, 25 µm, and 30 µm).
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(a) Ring resonators on the mask.

(b) Longer resonators with tunable couplers.

Figure 3.27: Images of the gds with the devices with the microring resonators.
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Figure 3.28: Structures on the mask to test different versions of edge couplers.

The second test is to evaluate the impact of the tilted faced: thus, two waveguides
are placed in front of a perpendicular facet (with 1 µm of oxide gap). Finally, two
other groups of waveguides are designed to test the impact of the oxide gap. One
group is realized with the tilted facet (gaps 1 µm, 3 µm, 5 µm, and 7 µm) and
another one with the perpendicular facet (gaps 0.5 µm, 1 µm, 3 µm, 5 µm, and 7
µm).



Chapter 4

Fabrication of Silicon Photonic

Integrated Circuits

In this chapter, the fabrication process followed for the production of silicon in-
tegrated optical circuits is detailed. The fabrication was realized in the CEA-Leti’s
cleanroom at MINATEC Micro-nano technologies innovation center (Grenoble) dur-
ing my visiting period there of six months there. I was in charge of the supervision
of the fabrication run as process integration engineer, including the deőnition and
the organization of the technological steps to be performed. I followed the real-
ization of all the steps, and I performed morphological tests (e.g. inspections with
optical and electronic microscopes), as well as characterization of devices, to test
the functionality of the chips. 22 wafers have been used to try different conditions
in the fabrication steps (resumed in Table 4.3 at the end of the chapter).

4.1 Silicon Optical Waveguides

The main part of the fabrication process is the patterning and encapsulation
of silicon waveguides used to build the Photonic Integrated Circuits (PIC). In this
section the main steps used to produce silicon waveguides with low edge roughness
are described: in fact, the roughness of the lateral sidewalls of the waveguides is
the main source of losses in integrated waveguides, as discussed in section 2.1.3.
After the etching of the waveguides, an annealing treatment is realized to reduce
the roughness and, therefore, the losses due to the scattering [116]. The main steps
are represented in Figure 4.16.

The starting point is a 200-mm (8 inches) Silicon On Insulator (SOI) wafer.
This kind of wafer is composed by a substrate of crystalline silicon, a layer of silica
(Buried Oxide Layer BOX) and a second thin layer of crystalline silicon, which is
patterned to obtain the optical circuits. There are several methods to fabricate SOI

91
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Figure 4.1: Principle of the Smart-Cut process. Image from [276].

wafers, which can be divided into three categories (more details can be found in the
review [275]):

• ion implantation, which consists in the implantation of oxide and annealing
to create the buried SiO2 layer;

• wafer bonding, which implies the bondage of two externally-oxidized silicon
wafers;

• seed methods, where silicon is grown on the surface.

One of the most used method is the SmartCutTM, a SOITEC bonding and cutting
proprietary technology. A crystalline silicon wafer (produced with Czochralski crys-
tal growth) is treated with a thermal oxidation process to create the BOX (wafer A
in Figure 4.1), and it is bonded with another silicon wafer (wafer B). Then, H2 im-
plantation is performed to create a layer of defects in the wafer B, which allows one
to cut it by applying thermal or mechanical stress. Then, a Chemical Mechanical
Polishing (CMP) touch is performed to smoothen the surface. SOI wafers produced
with this method have a high degree of thickness uniformity, a good crystal quality,
and a precise control of the SiO2 and upper Si layer [276].

Since the designed mask includes optical structures for both 220-nm and 300-nm
thick Si waveguides, we used two different kinds of wafers. The former is a 200-mm
SOI prime wafer with 220 nm of crystalline silicon (100) and 2000 nm, while the
latter has a 340-nm silicon layer. To obtain 300-nm thick Si, we performed a thermal
oxidation of 40 nm of Si with a mixture of O2 and HCl at 1050°C (35 minutes). The
use of HCl speeds up the process and guarantees a lower contamination of the
wafers, since metal impurities form volatile compounds with chlorine [277]. The
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(a) 300-nm: RMS = 0.157 nm. (b) 220-nm: RMS = 0.162 nm.

Figure 4.2: AFM scan of 300-nm and 220-nm silicon surface.

target thickness of the oxidized layer can be calculated from the ratio of the atomic
and molecular density of Si and SiO2 [278]:

TSiO2
=

ρSi

ρSi02

TSi =
5.0 · 1022 cm−3

2.35 · 1022 cm−3
· 40 nm ≈ 2.12 · 40 nm ≈ 85 nm (4.1)

Ellipsometric measures have been performed on the wafer to control the thickness of
SiO2 and they gave 85.0±0.2 nm. Then, a wet etching (HF solution) was performed
to remove the oxide layer. Atomic Force Microscopy (AFM) measures have been
performed on both 220-nm and 300-nm wafers to estimate the roughness of the
surface: Root Mean Square (RMS) is equal to 0.157 nm for the latter, while for the
former RMS is equal to 0.162 nm (Figure 4.2).

4.1.1 Optical Lithography

The lithographic patterning of the structures is probably the most important
step in semiconductor technology, since it allows one to transfer the design of the
PICs to the wafer. Basically, it consists in the impression of a resist layer deposited
on the wafer to transfer the structures of the design. In fact, a successive etching
process is performed on the wafer, and only those parts that are protected by the
resist are not removed.
The patterning of the resist is performed by irradiating the wafer with a source of
electromagnetic radiation (UV, extreme UV or X-ray) or a beam of electrons. If the
resist is “positivež, only the portions to be removed are exposed, since the irradiation
softens the resist and allows one to remove it with a solvent (called “developerž). On
the other hand, a “negativež resist is hardened by the exposition. In our process, we
used UV lithography with positive resist and quartz-chrome masks with the pattern
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(a) Positive resist deposition. (b) Alignment of the mask.

(c) Impression with UV light. (d) Removal of exposed parts with the
developer.

Figure 4.3: Representation of the lithographic process for the silicon layer.

on it (see őgure 4.3). The masks have been realized starting from the designed
gds (described in the previous chapter), whose layers have been treated: in fact,
the structures must be fragmented to obtain simple shapes (squares and triangles)
that can be exposed by the electron beam used to fabricate the lithographic masks
[279, 280].

The choice of the lithographic process depends on the characteristics of the
device and the őnal applications. They can be described through the following four
parameters [277].

• Resolution, i.e. the minimum feature size that can be impressed on the resist.
It depends on the wavelength of the source, on the exposition technique and
on the resist. Rayleigh’s criterion can be used to express the limit of the
resolution:

Wmin ≈ k1 ·
λ

NA
(4.2)

where k1 depends on the capability of the resist to distinguish between small
changes in intensity, while λ and NA are the wavelength and the numerical
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(-2,3) (-1,3) (0,3) (1,3) (2,3)

(-3,2) (-2,2) (-1,2) (0,2) (1,2) (2,2) (3,2)

(-3,1) (-2,1) (-1,1) (0,1) (1,1) (2,1) (3,1)

(-3,0) (-2,0) (-1,0) (0,0) (1,0) (2,0) (3,0)

(-3,-1) (-2,-1) (-1,-1) (0,-1) (1,-1) (2,-1) (3,-1)

(-3,-2) (-2,-2) (-1,-2) (0,-2) (1,-2) (2,-2) (3,-2)

(-2,-3) (-1,-3) (0,-3) (1,-3) (2,-3)

Figure 4.4: Wafer division into 45 dies, since we chose not to expose the borders of
the wafer. In addition, the grey area are not expose, because of the presence of the
PM markers (őgure 4.5).
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aperture of the projective system. It’s worth to mention that the simplest
lithographic methods involving a single chromium mask and a single layer of
resist do not allow one to obtain a value of k1 lower than 0.75. However, the
use of resolution enhancement techniques lower k1, which is today close to the
theoretical limit of 0.25 [281].

• Accuracy, i.e. the correspondence between designed and patterned features,
which can be adjusted by varying lithographic parameters such as the focus
of the beam and its optical intensity.

• Alignment between different layers of the fabrication process.

• Productivity, i.e. the number of wafers that can be realized in a őxed amount
of time.

The lithographic process used to pattern the silicon layer is a 193-nm deep ultraviolet
(DUV) lithography (ArF laser source). This system is one of the most used in
semiconductor technology, since it allows to have a good resolution (up to 120
nm), and a reasonable productivity and cost. The resolution can be increased by
using immersion lithography (which increases the NA), or Extreme UV (EUV)
lithography (which reduces the wavelength); however, the equipment and the masks
for these approaches are 10-100 times more expensive.

The lithographic process started with the deposition, on top of the thin silicon
layer of the wafers, of a 82-nm thick bottom anti-reŕective coating (BARC). The use
of the BARC is important to reduce the formation of standing waves in the resist
layer, which are detrimental for the deőnition of the pattern. Then we deposited
400 nm of a positive-tone resist for 193-nm lithography (JSR 1682), whose thickness
is chosen by taking into account the selectivity of the etching with respect to the
resist (i.e. the ratio between the etching rate of the material to be patterned and of
the resist), which is typically between 1 and 2. Thus, we put a 100-nm thicker resist
with respect to the thickest silicon layer in order to be sure we had enough resist
budget. The exposure was realized with an ASM1100 stepper from ASML and using
a quartz-chrome photomask produced by Toppan. The typical resolution with this
kind of system is around 100 nm. In fact, the numerical aperture of the stepper
is around 0.75, while k1 in (4.2) is around 0.4. We set the process such that only
complete dies (22×22 mm2) were exposed (see the scheme in Figure 4.4). Then,
45 full dies were realized on the 200-mm wafer. However, some dies were truncated
because of the positioning of the primary marks (PM, őgure 4.5). These marks are
patterned before all the other lithographic steps, since the stepper must use them
to realize a general alignment [282], whose tolerance is ± 125 nm (3σ) [283].

A very important part of the lithographic step is the deőnition of the optical
parameters, such as the dose and the focus. We decided to őx the focus equal to
zero and we tried a different dose on several wafers. Then, we analyzed the patterns
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Figure 4.5: The alignment marks are diffraction gratings with a different periodicity
to increase the capture range. One way to measure the markers is shown at the right,
where both őrst orders are imaged on a reference grating and their interference is
detected by a sensor. This conőguration allows one to align the mask with an error
lower than ± 125 nm (3σ). (Image from [282])

and the critical dimensions through a scanning electron microscope (CD-SEM anal-
ysis) to establish which dose to use. In fact, the right value of the dose can change
depending on the opening area of the mask (i.e. how much space is not protected by
the mask) and the dimensions of the structures we want to fabricate. In our case,
the most critical parameter is the gap of 120 nm between waveguides in directional
couplers and microring resonators coupled to waveguides. In the Table 4.1 there are
the values we measured for different doses: there are several observations that can
be done.
First of all, we were able to target the right dose. In fact, doses lower than 25
mJ/cm2 are too weak to open the gaps of the directional couplers (DCs), and in
particular 26.5 mJ/cm2 allowed us to get closest values with respect to the design.
In addition, it is clear that the design of the directional couplers should be corrected
by a bias, in order to get the same width on DCs and on isolated waveguides. This
is due to the fact that the two coupled waveguides protect themselves, and the ef-
fective dose that acts on them is lower than in the case of an isolated structure (and
this effect is as stronger as smaller is the gap).
Regarding the different gaps, it seems clear that it is difficult to open properly gaps
lower than 150 nm. In a new version of the mask, one should use only bigger gaps
(for example 150 nm) and change the length of the coupling instead that the dis-
tance between coupled waveguides.
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Dose DC 120 nm DC 135 nm DC 150 nm Isol. WG
mJ/cm2 Width Gap Width Gap Width Gap Width
Nominal 600 120 600 135 600 150 600

22,5 closed 633 77 623 116 609
23,5 closed 631 75 632 114 608
24,5 closed 625 100 618 133 606
25,5 634 72 616 110 610 143 597
26,5 616 93 604 127 596 158 589
26,5 619 85 604 123 596 152 587
26,5 625 87 612 119 604 150 596

Table 4.1: Table with the measures of widths and gaps of directional couplers in the
die (0,-1) for different doses (wafers). All the values are expressed in nm and the
error on all the measures is ± 10 nm.

Dose DC 120 nm DC 135 nm DC 150 nm Isol. WG
mJ/cm2 Width Gap Width Gap Width Gap Width
Nominal 600 120 600 135 600 150 600

22,5 closed 634 76 630 117 612
23,5 closed 628 94 625 125 607
24,5 632 66 621 107 614 137 602
25,5 630 73 617 110 608 142 594
26,5 620 85 604 123 598 154 589
26,5 622 80 608 120 597 156 589
26,5 620 87 607 124 600 153 588

Table 4.2: Table with the measures of widths and gaps of directional couplers in the
die (-3,-2) for different doses (wafers). All the values are expressed in nm and the
error on all the measures is ± 10 nm.

Finally, one can see how the measures on wafers with the same dose are similar, as
well as the the uniformity within the wafer, as it is possible to see by comparing
Table 4.1 and Table 4.2.
After the SEM analysis, we recycled the wafers with the wrong dose and we per-
formed a second lithography varying the dose between 25.5 mJ/cm2 and 27.5 mJ/cm2

(as detailed in Table 4.3).
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(a) Dose 22.5 mJ/cm2, closed gap. (b) Dose 23.5 mJ/cm2, closed gap.

(c) Dose 24.5 mJ/cm2, closed gap. (d) Dose 25.5 mJ/cm2, gap = 72 nm.

(e) Dose 26.5 mJ/cm2, gap = 93 nm. (f) Dose 26.5 mJ/cm2, gap = 87 nm.

Figure 4.6: SEM images (300 V, 10 pA, őeld size 675×675 nm2) of the resist of the
directional couplers’ gaps for different doses. The nominal value is 120 nm.
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(a) Width = 625 nm (600 nm). (b) Gap = 87 nm (120 nm).

(c) Width = 612 nm (600 nm). (d) Gap = 119 nm (135 nm).

(e) Width = 604 nm (600 nm). (f) Gap = 150 nm (150 nm).

Figure 4.7: SEM images (300 V, 10 pA) of the resist of the directional couplers’
widths (őeld size 900×900 nm2) and gaps (675×675 nm2) with 26.5 mJ/cm2. Nom-
inal values in brackets.



4.1. SILICON OPTICAL WAVEGUIDES 101

4.1.2 Etching

The following step is the etching of silicon to create the waveguides, which was
realized in collaboration with LTM (Laboratoire des technologies de la microélec-
tronique). As already anticipated, the etching consists in the use of chemical and/or
physical removal of layers from the wafer, which attack only those portions that are
not covered by the resist. Etching processes can be isotropic or anisotropic depend-
ing on the ratio of the etching rates in the different directions [277].
The etching of silicon waveguides has been realized with an inductively coupled
plasma (ICP), which allows one to realize anisotropic etching. It was performed in
a ICP source reactor (Centura 5200 by Applied Materials), which is equipped with
2 RF generators (working at 13.56 MHz). A simpliőed scheme can be seen in Figure
4.8.

Figure 4.8: Scheme of the ICP reactor (Image [284]).

1. The “sourcež generator is coupled to an antenna located at the top of the
chamber, which creates an electromagnetic őeld that accelerates the free elec-
trons presents in the chamber. These currents of electrons interact with the
gas molecules, leading to the formation of ions, radicals, UV radiation and
all the species contained in a plasma. Therefore, the plasma is inductively
coupled to the source generator, whose electrical power can drive ionization
and dissociation processes.

2. The second generator (“biasž) is connected to a bottom electrode on which
the substrate lies (“Electrostatic Chuckž (ESC) in őgure 4.8). The plasma is
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capacitively coupled to the bias, which drives the ions energy by accelerating
them.

The speciőcity of a ICP reactor, compared to Capacitively Coupled Plasma (CCP)
which has only one capacitative generator, is the possibility to control the ion energy
thanks to the bias power independently from the ion ŕux (driven by the source
power).

The etching procedure is composed by several passages. First, we cleaned the
chamber: a SiO2 wafer is etched with SF6 and O2 to create a covering layer on the
walls of the reactor. This allows to protect the SOI wafers from impurities that
could be present inside the chamber.
Then, we placed the SOI wafer and we etched the BARC with a plasma formed
by a mixture of argon, chlorine and oxygen. In fact, the development of the resist
does not remove the BARC from the areas that must be etched. Since the opening
area is very high (98.7%), it is possible to monitor the process by using Optical
Emission Spectroscopy (OES) or Interferometric Endpoint (IEP) detection systems
[285] [286]. In fact, the composition of the plasma changes during the etching, and it
is possible to detect the different compounds by analysing the emitted electromag-
netic radiation through a spectrometer (OES) or by measuring the interferometric
pattern made by a laser beam passing through the chamber (IEP).
The typical etching time of the BARC was 22 s (including the main etching and
additional two or three seconds of overetch). At this point, however, the silicon
layer is not exposed yet: in fact, it is very well known that silicon surfaces exposed
to oxygen leads to the formation of a native oxide layer (around 2 nm). Then, it
is important to remove this layer (breakthrough step), and this is done with a CF4

plasma etching for 4 seconds.
Once the silicon is uncovered, the main etch can start. We used a plasma com-

posed by HBr, Cl2 (the reactive gases), He and O2. This kind of plasma is widely
used in semiconductor technologies, and there are many physical phenomena in-
volved during the etching of silicon [284] and the interaction between plasma and
resist [287], which depend on gas ŕuxes, pressure of the chamber and voltages of
source and bias generators.
The horizontal surfaces are bombarded by radicals and ions generated by Cl and Br,
which are accelerated by the bias. Chlorine is very reactive with silicon, which leads
to high etching rates and, consequently, a lower impact on the sidewalls and higher
productivity. However, a too fast etching does not give very smooth sidewalls; in
addition, chlorine’s selectivity on siO2is not very high, which can lead to a partial
etching of the BOX. Hence, bromine is added, since it is less reactive with Si and
more selective on SiO2, and the etching mechanisms depend on the synergy of the
chemical species produced by both the gases.
When the plasma starts to etch the silicon layer, it is possible to observe the gen-
eration of a lot of volatile products [284], like SiCl4 and SiBR4, and less volatile
products, like SiClx and SiBrx, which are ejected in the plasma gas phase and play
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a important role in the etching of vertical surfaces. In fact, the sidewalls of resist and
silicon waveguides can react with plasma due to the presence of isotropic radicals
that can etch or deposit depending on their chemical reactivity; in particular, Cl and
Br radicals are very reactive with these surfaces and they can lead to a lateral etch-
ing. SiClx and SiBRx products redeposit on the surfaces and create a passivation
layer, which is however not enough resistant to protect the sidewalls against Cl and
Br radicals. Thus, O2 is added to the gas to oxides the deposited products and form
a passivation SiOxCLyBrz layer on the sidewalls of silicon and resist. Nevertheless,
if the thickness of this layer (strictly related on O2 concentration) is too high, it can
created big slopes in the Si patterned proőles. Thus, we used a mixture of He (3.4
sccm) and O2 (1.7 sccm) in order to have a stable gas ŕow (possible with at least 5
sccm) and a low concentration of oxygen. More details can be found in [288], [289],
and [290].
The etching time was around 102± 2 s for the 220-nm wafers, while it was 141± 1
s for the 300-nm wafers. These values are calculated from the etching times of the
22 wafers measured through the IEP method.

The stripping (i.e. the removal of the resist and etching residuals), was made
with O2 plasma, which removes the resist on top of the waveguides. This step is
mainly isotropic, but the presence of oxygen leads to the formation of a nanometric
layer of SiO2 around the waveguides, and the selectivity of the etching of the resist
with respect to silicon dioxide is very high. After the O2 stripping, we performed
a wet etching using HF (1% diluited for 10 s) to remove all the polymeric residuals
that can be generated during the plasma etching (as shown in Figure 4.9).

Figure 4.9: SEM image of the etched waveguide in which the traces after the etching
and the O2 stripping are visible.
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4.1.3 H2 Annealing

Once the waveguides are deőned, we decided to apply an hydrogen annealing
process, since it was recently showed it reduces the roughness of the waveguides
and, thus, the scattering optical losses [116].
The annealing is preceded by a cleaning treatment (RCA clean) to remove the
impurities that can be present on the wafer [291]. It starts with the immersion in a
solution of water, ammonia (NH3) and hydrogen peroxide (H2O2), which removes
organic particles and creates a thin oxide layer. Then, oxide is removed by a wet
etching in HF solution (1% for 15 s), and őnally the wafer is immersed in an aqueous
solution of hydrochloric acid (HCl) and H2O2 to remove metallic contaminants.

The annealing is realized in a in a high-density plasma reactor (Centura 5200
reactor by Applied Materials), and we performed two different treatments:

• 5 minutes at 40 Torr (0.053 atm) at 850°C;

• 1 minute at 20 Torr (0.026 atm) at 850°C.

These conditions were the most promising on the basis of morphological tests real-
ized on previous fabrication runs. Without entering into the details of the process,
the basic idea is to reach a crystalline re-organization of the atoms on the surface
of the waveguides, and this is possible only if the plasma’s conditions guarantees a
signiőcant mobility of the atoms. Regarding the temperature, it must be below the
melting temperature of silicon (around 1200°C), but high enough to activate the
process. The pressure must be calibrated with respect to the process time: in fact,
higher pressure decreases the mobility of the atoms, and thus more time is needed
to have a signiőcant effect.

4.1.4 Line Edge Roughness analysis

After the annealing, we observed the waveguides using the SEM (Hitachi CG4000)
and we were able to evaluate the Line Edge Roughness (LER) through the method
described in [292]. 80 images per waveguide have been taken (see Figure 4.10), and
performing the analysis in [292] allowed us to obtain the results shown in Figure
4.11. As can be seen, the annealing has a signiőcant impact on the LER; in par-
ticular, LER is reduced by a factor of two by applying the 40 Torr plasma for 5
minutes.

Then, AFM is exploited to obtain the proőle of the silicon waveguides, as shown
in Figure 4.12a. As can be seen, the etched waveguides have a rectangular shape and
the roughness is clearly visible. On the other hand, annealed ones have smoother
sidewalls and rounded edges. The LER can be evaluated by these proőles, as dis-
cussed in [293], and the results are shown in Figure 4.12b: the etched waveguides
have a higher value of the LER except than near the bottom (where is present the
interface between silicon and the BOX). However, since the mode is less intense in
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the four corners (as shown in Figure 2.2), it is likely that the defects at the bottom
of the annealed waveguides are not signiőcant for the scattering. Finally, we see
that the data in Figure 4.11 and Figure 4.12b are in good agreement (it must be
considered that only some waveguides on different wafers have been tested).

4.1.5 Encapsulation

Once the waveguides have been patterned and annealed, we were able to realize
the SiO2 encapsulation. First, we performed a thermal oxidation of around 2 nm
of silicon to create a 5-nm layer of SiO2 (4.1). This allows one to have a smoother
contact surface between the waveguides and the cladding, in order to further reduce
the scattering losses.

Finally, we deposited 1.1 µm of SiO2 through High-Density Plasma (HDP)
chemical-vapor deposition at 400°C, by using silane (SiH4) as precursor. HDP de-
position is excellent to create a very compact encapsulation layer on top of the
waveguides. In addition, the surface is almost planar, even on top of the waveg-
uides (see őgure 4.14). However, the high density of the plasma used during the
deposition can create some defects on the waveguides: to avoid this effect, 20 nm
of SiO2 were deposited through a Low Rate (LR) deposition by Plasma Enhanced
Chemical Vapour Deposition (PECVD) at 400°C, by using Tetraethyl orthosilicate
[TEOS, Si(OC2H5)4] as precursor. In fact, this process is softer and it creates a
protective layer which can be bombarded by HDP deposition without ruining the
surface of the waveguides.
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(a) Lithography. (b) Etching.

(c) Annealing 20 Torr, 1 min. (d) Annealing 40 Torr, 5 min.

Figure 4.10: Images of the silicon waveguides taken by the Hitachi CG4000 CDSEM
after different steps of the fabrication process. The őeld size is 0.68×2.76 µm2

(1024×1024 pixels) with different condition of the electron beam for the images.
With resist (4.10a), an accelerating voltage 300 V has been used and 8 frames have
been taken not to ruin it, while with the harder silicon waveguides 16 frames with
800 V have been captured.
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Figure 4.11: Results of the analysis of the LER by using CDSEM images (Figure
4.10 and by applying the method described in [292]). As can be observed, the best
annealing condition is the 40 Torr for 5 minutes, which reduces by a factor of 2 the
LER with respect to the etched waveguide.

4.2 Electrical circuits

After the fabrication of the PIC, we had to create the electrical circuits to tune
the optical response of the structures. The őrst critical point is the deőnition of
the thickness of the oxide layer between silicon waveguides and heaters. In fact,
it is important that the distance between them is big enough to guarantee the
absence of absorption due to the presence of the metal layer, but also close enough
to obtain an efficient heating process. Thus, we performed some simulations to
understand the SiO2thickness to target (as discussed in section 2.2.4), and we found
out that the oxide layer deposited during the encapsulation (900 nm on top of
220-nm waveguides and 820 nm on top of 300-nm waveguides) is thick enough to
prevent metal absorption and thin enough to heat up the waveguides and to change
efficiently the effective index of the mode. Thus, we were able to go on with metal
deposition without changing the oxide thickness (and, then, avoiding any removal
of dioxide or further deposition).
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(b) Analysis of the waveguides profile to determine the LER, as de-
tailed in [293]. The plot show the average of the LER on six scans of
the sidewall’s profile. The annealed waveguides turns out to be more
rough at the bottom, as can be seen also in Figure 4.12a, but they
show a lower value of LER in the upper part of the waveguide. This
results are in agreement with the CD-SEM estimation (see Figure
4.11)

Figure 4.12
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(a) Straight waveguide with no annealing.

(b) Straight waveguide annealed at 850 °C, 40 Torr for 5 minutes.

Figure 4.13: SEM pictures of two waveguides from two different wafers. The sample
in (b) has been annealed at 850 °C, 40 Torr for 5 minutes, while the one in (a) has
not been treated.
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(a) Waveguide. (b) Directional coupler.

Figure 4.14: SEM cross section of a waveguide and a directional coupler after the
HDP deposition.

4.2.1 Heaters

The heater structure is realized by using a 800×110 nm2 Titanium Nitride (TiN)
wire. This material has been extensively used in CMOS fabrication, since it guaran-
tees high resistivity, excellent reliability in the deposition and it is compatible with
CMOS production [294]. TiN layer is deposited through a Physical Vapor Deposi-
tion (PVD) in a EnduraTM 5500 by Applied Materials. The deposition is realized at
350°C and it is preceded by a Titanium deposition (10 nm) to improve the adhesion
with the oxide layer.
The expected resistivity of the TiN layer is around 5 · 10−7 Ω m. Usually, the de-
signers deal with an alternative quantity: the resistivity per square (ρ□). In fact,
they can control only the deőnition of the patterns, while the thickness and the
material of the layer are őxed. Thus, if the target width of the electric wire is w
and its length is L, its resistance turns out to be

R = ρ
L

w ·∆z =
ρ

∆z
· L
w

= ρ□ ·N□ (4.3)

where N□ is the number of squares with sides equal to w. In our case, the resistivity
per square around 5 Ω/□.

Then, we moved to the pattering of the heaters. This is realized with a second
mask (ZING-B02-R), which must be aligned with the Silicon level by using the PM
markers (see őgure 4.5); thus, we had to remove the Ti/TiN layer on top of the PM.
After that, we deposited 49 nm of BARC (DUV30) and 820 nm of a positive-tone
resist (M78Y) for 248-nm lithography, which was realized on an ASM200 stepper
by ASML. The error in the alignment was checked to be less than 100 nm in the
X direction and less than 75 nm in the Y direction, which is good enough for our
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(a) After the encapsulation.

(b) After Ti/TiN deposition. (c) After Ti/TiN/AlCu/Ti/TiN deposition.

Figure 4.15: Pictures of the wafers at different fabrication steps.
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(a) Starting 340-nm SOI wafer. (b) Oxidation of 40 nm of Si.

(c) Wet etching of SiO2. (d) BARC deposition (82 nm).

(e) Resist deposition (400 nm). (f) Lithograpic (193 nm) patterning.

(g) Breakthrough. (h) Etching of silicon.

(i) Stripping. (j) Annealing.

(k) SiO2deposition (1125 nm).

Figure 4.16: Fabrication steps to obtain encapsulated 300-nm thick silicon optical
waveguides. In the process started from the 220-nm SOI wafers we skipped steps in
őgures 4.16b and 4.16c.
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Figure 4.17: SEM images of a cross section of a 300-nm thick waveguide with a
heater.

purposes. In addition, the width of the structure was checked, and the right value
(800 nm) was found with a dose equal to 20 mJ/cm2.

The etching was realized with a Cl2/HBr plasma etching with the detection of the
endpoint by using OES: in fact, the high opening rate of the mask (97%) guarantees
a strong signal due to the high concentration of etching products in the chamber.
The etching time was around 35 s for the BARC, 10 s for the breakthrough and 35
s for the Ti/TiN layer. Then, the resist was stripped by using a O2N2 plasma and
a wet etching with DuPont™ PlasmaSolv® EKC265™ post-etch residue remover.

Then, we deposited another oxide layer by using the same method adopted for
the encapsulation of silicon waveguides: 25 nm of SiO2 deposited through TEOS
PECVD, and 700 nm of SiO2 HDP PECVD.

4.2.2 Pads

In order to have electrical contacts by using external metallic tips, we had to
pattern a second metallic layer by which electrical pads can be created. Obviously,
these circuits must be in contact with the Ti/TiN layer, and this is possible by
opening some holes (called “viasž) through the oxide layer we deposited.

Since the layer with optical waveguides is very dense, we had to őnd a strategy
to place all the pads on the die. In fact, the pads must be big enough to permit the
alignment with electrical tips, and they shouldn’t be placed on top of the optical
waveguides, to avoid any damage during the alignment. Then, we had to order
two different versions of the mask for the pads’ level (ZING-B04-R and ZING-B04-
S), and, consequently, also for the vias’ level (ZING-B03-R and ZING-B03-S). We
selected some wafers on which we patterned the R versions, and we used the S
versions for the others.

The lithography of the vias was realized with a ASM200 stepper by ASML. We
deposited 1500 nm of a 248-nm positive-tone resist (TDUR), and we checked the
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alignment: we found an error less than 75 nm in the X direction and less than 50 nm
in the Y direction, which is good enough for our purposes. It is possible to observe
that these values are less than those found in the previous step. The reason is that
this mask is aligned on a layer (heater) realized with the same stepper.
Since the minimum feature’s size is 10 µm and the tolerance is around 1 µm, we
didn’t have to check for the right dose (variation is in the order of tens of nanome-
ters). For the same reason, we did not deposit any BARC, since reŕection effects
are not relevant with this level of resolution.

Then, we realized the etching of the SiO2 by using a C4F8/O2/CO/Ar plasma.
Since the opening rate of the mask is very low (0.3 %), we were not able to use
OES or IEP for the endpoint detection. Thus, we performed two tests by changing
the etching time (150 s and 210 s), and we validated the process with an electrical
test: we aligned two metallic tips on two big vias (40×40 µm2) and we measured
the resistance of the heater. We found out that 150 s were not sufficient to open
properly the areas (no electrical contact was reached). On the other wafer, we were
able to measure the resistance of the heater in the center, but we had to apply some
pressure to do the same on the border. Then, we decided to increase the etching
time: we set different times (240 s, 260 s, 280 s, and 300 s) to be absolutely sure to
open the vias. Since the selectivity of the etching of Ti/TiN with respect to SiO2

is more than 13, we were able to make some calculation to check how much Ti/TiN
we would have etched in the more unfavorable case. Let’s suppose that the time
needed to etch the 725 nm of SiO2 is 150 s (even if the test was negative), and let’s
see how much Ti/TiN we would etch if we set a the total etching time equal to 300 s.
The etching rates are 290 nm/min for SiO2 and lower than 22 nm/min for Ti/TiN.
In 150 s we would reach the Ti/TiN surface, and in the remaining 150 s we would
etch less than 55 nm of Ti/TiN (out of the 110 nm deposited). Hence, we were sure
that the planned overetching wouldn’t have been detrimental for our structures.
After the etching, we stripped the resist with O2N2 plasma and EKC265™ post-etch
residue remover.

Finally, we went on with the deposition of the metal for the pads’ level, and
we chose to use aluminium copper (AlCu), which is characterized by a very low
resistivity. We deposited a thick layer of AlCu (1.4 µm), which is embedded into
two layers of Ti/TiN (30/60 nm) to improve the adhesion on the oxide and to
protect the metal from oxidation and corrosion on top [295]. The deposition of
Ti/TiN/AlCu/Ti/TiN (in the following parts of the text it will be indicated as
“AlCuž) was realized in the PVD EnduraTM 5500 (350° for Ti/TiN and 450° for
AlCu). The advantage of using the EnduraTM 5500 is that we were able to realize
the three deposition in the same machine without exposing the wafer to the external
environment, since there are four chambers linked to the same transfer chamber.
Then, we repeated the same steps we performed with the heaters: we etched the

area where PM markers are located and we used the masks for the pads’ layer (ZING-
B04) aligned on them. The lithography was realized with the ASM200 stepper.
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Figure 4.18: Optical signals dependent on the presence in the plasma reactor of
etching products during the etching of AlCu. The red curve shows the different
steps of the process. It start with an initial step to stabilize the ŕows of gases
followed by the etching of Ti/TiN (whose reactive products give the green signal)
for 20 s. After the detection of the endpoint (drop of the green curve), plasma
conditions are changed and the etching of AlCu starts (92 s); when the purple curve
drops, the parameters are changed again to etch the bottom layer of Ti/TiN (22 s).
Finally, after 30 s of overetch, the process is stopped.

Since we had to etch 1580 nm, we deposited 4000 nm of a 248-nm positive-tone
resist (M78Y + M225G) with no BARC since the minimum feature’s size is 10
µm. The etching is realized in a LAM 9600 reactor by using BCl3/Cl2/N2/Ar.
The mixture of gases was regulated automatically on the basis of OES signal, as it
can be observed from Figure 4.18. After the etching, we stripped the resist with
O2N2 plasma and EKC265™ post-etch residue remover. Then, we performed again
a plasma treatment with O2N2 for 60 s to make the structures more stable.

Finally, a N2H2 annealing (H2 diluted in N2) at 400°C at ambient pressure for
2 hours was realized in order to improve the electrical, chemical and mechanical
stability of the AlCu electrical circuits. In fact, as it is possible to see in Figure
4.19, the AlCu alloy is characterized by the presence of grains, and the annealing
procedure improves the cohesion of the material.
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Figure 4.19: Optical image of part of the wafer. It is possible to see the presence
of the silicon waveguides and the heaters. The vias (10×10 µm2) are within the
AlCu circuits, which can be recognized from the grain pattern typical of alloys. On
the other hand, TiN is more homogeneous, as it can be observed in some circuits
(which appear red) on the left part of the image.

Figure 4.20: SEM image of the AlCu multistack layer. It is possible to recognize
the light gray parts (Ti/TiN) which embeds the AlCu alloy. In addition, the thin
dark gray layer it’s SiO2, which is exposed due to some overetching.
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(a) P01 - control structures zoomed out. (b) P02 - control structures zoomed out.

(c) P01 - control structures zoomed in. (d) P02 - control structures zoomed in.

(e) Detail of the wafer P01 with an AlCu
wire and a pad (50×50 µm2) on top of a big
vias.

(f) Detail of the wafer P02. It is possible to
see the vias, the Ti/TiN links to the heater
and the silicon waveguide covered by SiO2.

Figure 4.21: SEM images of some details of the AlCu layer. Right images show the
waver P02, in which an Cl2 leakage at the end of the etching brought an isotropic
etching of the metal.
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(a) Cross section. (b) Corner.

Figure 4.22: SEM images of a cross section of a vias with AlCu on top.

4.2.3 Electrical characterization

We tested a heater placed on a ring resonator with radius equal to 30 µm and we
measured the I-V response as well as the electrical stability. To do that, we placed
two metallic tips on the pads which guarantees the access to the heater (Figure
4.23a), and we changed the current by using a stabilized current source (Keithley
SourceMeter® 2612A). The results are presented in őgures 4.23 and 4.24. The I-V
curve is linear with a voltage lower than 10 V, which corresponds to a power around
75 mW. Then, it is possible to use the device with electrical powers up to 250-300
mW: at this level, the temperature in the structure is too high and the metal starts
to melt. At 400 mW it is possible to see the melting area from the optical microscope
(őgure 4.23a), and the device breaks for a voltage equal to 30 V.

4.3 Deep Etch and Dicing

The őnal part of the fabrication process has the goal to isolate the subdies
to realize the optical tests and experiments by using the edge coupling method
described in section 2.2.1. To to this, we realized a őnal lithographic step to etch
the silica around the subdies: in this way, the quality of the surface is deőned by
the plasma etching of silica, while the division can be realized by a saw which does
not touch the facets.
The lithographic pattern is realized with another mask (ZING-B05) on the ASM200
stepper (alignment on PM). We deposited 6500 nm of 248-nm positive-tone resist
(FUJI GKR4602) with no BARC since the minimum feature’s size is larger than
100 µm. The etching is realized in two steps, since we wanted to etch the SiO2 (the
deposited cladding and the BOX) and 150 µm out of 750 µm of the Si-substrate.

The etching of oxide (1850 nm deposited and 2000 nm of BOX) was performed on
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(a) (b)

Figure 4.23: Optical images of the device on which we performed the electrical tests.
The hot spot is due to the high electrical power (voltage equal to 28 V) in the device.

a Unity™ equipment by TEL (Tokyo Electron Limited), by using a C4F8/O2/CO/Ar
plasma. The endopint (non critical) was detected by using the OES signal after
8 minutes, and we continued for additional 30 seconds to guarantees a complete
etching of oxide.
Then, we realized a deep etch of silicon by using the Bosch method [297] in the

LAM 9600 reactor. It consists in alternated phases of etching by using SF6, which
is highly isotropic, and deposition of a protective polymer by using a ŕow of C4F8

(Figure 4.26).
Note that the selectivity of the two etching procedures with respect to the resist
are, respectively, around 4 and 40. Thus, the needed resist budget is

Tresist >
3.85µm

4
+

150µm

40
> 4.7µm (4.4)

At the beginning, we overestimated the selectivity of the SF6 etching and we put a
4-µm resist, leading to a slight etching of the AlCu layer on top (see Figure 4.27b).
In addition, one has to take into account that the selectivity of SF6 etching with
respect to SiO2is 100: thus, it is clear why it was fundamental to etch all the oxide
before starting the Bosch process.
Finally, we performed the stripping of the resist by using a O2N2 plasma, an
EKC265™ post-etch residue remover wet etching and a őnal N2H2 plasma treat-
ment to őx and stabilize the structures. The scheme of the őnal cross-section can
be observed in őgure 4.31.

After that, we were able to dice the wafer into the subdies. We put each wafer
on a UV sticker, with a high adhesive power. We programmed an automatic dicing
saw from DISCO to realize all the cuts. The procedure has been done using two
blades cutting at the same moment into different parts of the wafer, in order to
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(b) V = 7 V, 1 hour.
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(c) V = 10 V, 1 hour.
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(d) V = 13 V, 1 hour.
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(e) V = 16 V, 1 hour.
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(f) V = 20 V, 1 hour.
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(g) V = 20 V, 12 hours.

Figure 4.24: Test of the stability of the heater for different values of the voltage.
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(a) Current vs voltage plot.
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(b) Power vs voltage plot.

Figure 4.25: Electrical characterization of the heater on top of the microring.
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Figure 4.26: Schematic of Bosch method, showing the passivation using C4F8, the
silicon isotropic etching using SF6, and two SEM images of a treated sample (Image
from [296]).

half the total cutting time (from two to one hour). Since the minimum trench is
200-µm wide, we decided to use a 50-µm blade for silicon aligned to the centre of the
deep-etch areas. However, since we decided to pattern only the central part of the
wafer (and not the borders, as shown in Figure 4.4), the blade had to cross an area
with all the deposited materials on it (and not only 600 µm of silicon substrate). In
particular, the passage through the areas with Ti/TiN and AlCu leaded to sudden
misalignments of the blades during the procedure, which caused the detachment of
some subdies from the sticker (Figure 4.27a), and eventually the break of the blade
in some cases. Thus, we used thicker and more resistant blades (80 µm), which were
able to cut the wafers with minimal detachments (Figure 4.27).
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(a) Wafer P12 after the dicing. Several sub-
dies detached from the sticky due to the
problems with the 50-µm thick blade.

(b) Wafer P02 after the dicing. The use of
the 80-µm thick blade solved the probem of
detaching. The corona is due to a too thin
resist (4 µm instead of 6 µm) used for the
deep etch procedure: this leaded to a par-
tial etching of the AlCu layer (which appears
gray in the centre and red in the border).

Figure 4.27: Optical images of P12 (a) and P02 (b) after the dicing, showing the
problems related to the wrong blade and the too thin resist.
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(a) TiTiN deposition (10/110 nm). (b) BARC deposition (49 nm).

(c) Resist deposition (820 nm). (d) Lithograpic (248 nm) patterning.

(e) Breakthrough (f) Etching of TiTiN.

(g) Stripping. (h) SiO2deposition (725 nm).

(i) Resist deposition (1500 nm). (j) Lithograpic (248 nm) patterning.

Figure 4.28: Fabrication steps to obtain the thermal phase-shifters (Part 1).
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(a) Etching of SiO2. (b) Stripping.

(c) TiTiN deposition (30/60 nm). (d) AlCu deposition (1400 nm).

(e) TiTiN deposition (30/60 nm). (f) Resist deposition (4000 nm).

(g) Lithograpic (248 nm) patterning. (h) Etching of TiTiN/AlCu/TiTiN.

(i) Stripping.

Figure 4.29: Fabrication steps to obtain the thermal phase-shifters (Part 2).
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(a) Resist deposition (6500 nm). (b) Lithograpic (248 nm) patterning.

(c) Etching of SiO2. (d) Etching of the silicon substrate.

Figure 4.30: Fabrication steps to allow the edge coupling.

Figure 4.31: Schematic of the fabrication process.
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Wafer

Thickness
(nm)

Resistivity
(Ω)

Dose
(mJ/cm²)

Annhealing
(Torr - min)

Version
Circuits

Etching
time VIAS

(s)

Thickness
Resist

Deep Etch
(nm)

P01

300 8,5-22

25,5 40 - 5 S 260 6000
P02 25,5 40 - 5 S 150 4000
P03 26,5 40 - 5 R 240 6000
P04 27,5 40 - 5 S 300 6000
P05 26,5 40 - 5 - - 4000
P06 25,5 20 - 1 S 300 6000
P07 26,5 20 - 1 S 260 6000
P08 26,5 20 - 1 R 210 6000
P09 27,5 20 - 1 - - 4000
P10 27,5 20 - 1 R 280 6000
P11 25,5 - R 240 4000
P12 27,5 - S 300 6000
P13

220

14-18,9

25,5 40 - 5 R 240 6000
P14 26,5 20 - 1 S 260 6000
P15 27,5 40 - 5 S 300 6000
P16 26,5 40 - 5 - - 4000
P17 26,5 - - - -
P18 27,5 20 - 1 - - 4000
P19

>750

27,5 - R 240 6000
P20 26,5 20 - 1 S 260 6000
P21 26,5 40 - 5 - - -
P22 27,5 20 - 1 R 260 6000
P23 26,5 40 - 5 R 260 6000
P24 26,5 20 - 1 - - -
P25 30,5 40 - 5 S 250 6000

Table 4.3: Resume of the treatments performed on the wafers.
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Chapter 5

High Quality Factor Ring

Resonators

Ring resonators are very important devices for integrated photonics and for
nonlinear quantum optics, as discussed in section 2.3One of the goals of my work
was to realize compact optical resonators in silicon taking advantage of the annealing
process to reduce the round-trip losses and, thus, increasing the quality factor and
the intensity enhancement in the resonators. In this chapter, the characterization of
the fabricated ring resonators is described. In particular, it is shown the difference
between the performance of the devices on annealed wafers with respect to not-
treated ones. In addition, it is discussed the efficacy of the post-etching treatments
on these structures depending on their round-trip length and their shape.

5.1 Characterization methods

The linear characterization of the devices is realized by coupling to the device
the light from a tunable laser, and the variation on the transmission is detected by
an optical power meter. In addition, a polarization controller is used to select the
right polarization and to distinguish between TE and TM modes. The tunable laser,
however, can be used in two different ways: the step mode and the sweep mode.

In the step mode, the frequency of the laser is set and, at each step, the value
on the optical power is read. The procedure is handled with a LabVIEW program
by which is possible to control the laser and to measure the transmission by the
power meter. As one can imagine, the accuracy of this method is strictly related to
the accuracy of the laser. For example, if we use a TSL-710 laser from Santec1, the
accuracy of the measurement of the spectral properties is lower than 1 pm, which is

1http://www.santec.com.cn/pdf/TSL-710-C-E-v1.216011.pdf

129
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good enough to realize the characterization of resonators with quality factors lower
than 1 million. The problem is that this method is very slow. In fact, our program
allows us to take from 2 to 4 values of the optical spectra per second, and this means
that broad spectra (>10 nm) can be taken with the maximum resolution in more
than 40 minutes.

Another possibility is to use the sweep mode, which consists in the continuous
tuning of the frequency of the laser and the detection of the transmission by using
a photodetector and an oscilloscope. This method is faster, since it allows to span
even 100 nm in one second. However, the accuracy is now related to the measure of
the tuning speed and the synchronization of the laser with the oscilloscope through
the trigger detection. In this work, I used the sweep mode to characterize the
samples. In fact, since many devices had to be studied, it was mandatory to have
a fast method to analyze them. However, before starting the characterization, I
analyzed the optical response of a C2H2 reference cell (50 Torr), whose absorption
lines are at known frequencies [298] (see Table 5.1), to evaluate the performance of
the method.
The transmission spectra of the cells are obtained by calculating the wavelength as

λ = v · (t− t0) (5.1)

where v is the nominal tuning speed of the laser, t is the time on the oscilloscope and
t0 is the time of the trigger signal. Then, I őt the found resonances with a lorentzian
function, and I compared the centers of the resonances to the nominal values. As
can be seen from Figure 5.1a, this method is not very accurate: in fact, shifts much
greater than the linewidth (around 5 pm) are measured. This error is composed of
a constant term due to the synchronization of the laser and the oscilloscope (which
is more critical with higher tuning speeds), and a varying term due to the error on
the estimation of the tuning speed.

This result is not surprising: in fact, measuring the position of the resonances
at around 1550 nm with an accuracy of 1 pm means that the relative error on the
tuning speed should be around 10−6, which is demanding for an external cavity tun-
able laser. It is possible to estimate the actual tuning speed by inverting equation
(5.1) and, thus, the error with respect to the nominal value (Figure 5.1b). Hence,
if one should use the sweep method to precisely determine the position of the res-
onances (to measure, for example, the dispersion of the waveguide), then it would
be mandatory the use of reference cells [299], reference external cavities [300], or
external comb sources [301] to calibrate the speed of the tuning.

Through the analysis of these data it is possible to estimate also the typical error
of the sweep mode in the measure of another important optical quantity: the FSR.
It is measured as the difference of the wavelength of two resonances: thus, the error
given by the synchronization of the laser with the oscilloscope is not signiőcant,
since it results in a shift of both the values. To estimate the typical error of this
method, I measured the spectral distance between the resonances of the reference
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R Branch Wavelength (nm) P Branch Wavelength (nm)
27 1512.45273 1 1525.7599
26 1512.8232 2 1526.3140
25 1513.2000 3 1526.87435
24 1513.5832 4 1527.44114
23 1513.9726 5 1528.01432
22 1514.3683 6 1528.59390
21 1514.7703 7 1529.1799
20 1515.1786 8 1529.7723
19 1515.5932 9 1530.3711
18 1516.0141 10 1530.97627
17 1516.44130 11 1531.5879
16 1516.8747 12 1532.2060
15 1517.3145 13 1532.83045
14 1517.7606 14 1533.46136
13 1518.2131 15 1534.0987
12 1518.6718 16 1534.7425
11 1519.13686 17 1535.3928
10 1519.6083 18 1536.0495
9 1520.0860 19 1536.7126
8 1520.5700 20 1537.3822
7 1521.06040 21 1538.0583
6 1521.5572 22 1538.7409
5 1522.0603 23 1539.42992
4 1522.5697 24 1540.12544
3 1523.0855 25 1540.82744
2 1523.6077 26 1541.5359
1 1524.13609 27 1542.2508

Table 5.1: Table with the nominal values of the absorption lines of the C2H2 ref-
erence cell at 50 Torr. The R-branch absorption lines are related to a transition of
the molecular state in which the excited state has a higher (“Rž stands for “richž)
rotational quantum number. On the other hand, P-branch absorption lines identify
transitions to excited stated with a lower rotational quantum number (“Pž stands
for “poorž).
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Figure 5.1

cell (∆λ), and I calculated the error by comparing to the nominal values. The
results are shown in Figure 5.2: as can be seen the relative error is lower than 4%,
which is good enough for our purposes.

Finally, some comments about the impact of the use of the sweepmode for the
estimation of the quality factor and the visibility of the resonances, which allow to
estimate the intrinsic quality factor and, thus, the power attenuation coefficient, as
discussed in 2.3. Unfortunately, the reference cells do not have a precisely deőned
linewidth or depth, since they depend on temperature and pressure. Thus, I esti-
mated the performance of the sweep mode by scanning a microring several times
at different speeds and by comparing the results of the őts with respect to what is
obtained by using the step mode.
In Figure 5.3 it is possible to observe the results of the analysis of three resonances
of a ring resonator, which are őt by using a lorentzian function [191]

L(λ) = y0 −A
∆λ2

(λ− λ0)
2
+∆λ2

(5.2)

where λ0 is the center of the resonance and ∆λ is its FWHM. The black squared
points are obtained with the step method, while the colored circles are got with the
sweepmode; in particular, several consecutive scan are recorder for each value of the
tuning speed (10 nm/s, 20 nm/s, 30 nm/s, 50 nm/s, 80 nm/s, and 100 nm/s). As
can be seen, the evaluation of the quality factor with the sweep method is sometime
quite different with respect to the step mode. In particular, it is possible to observe
that higher tuning speeds gives more accurate results: in fact, slower sweeps seem
to be affected by sudden (and repetitive) variation of the speed. On the other hand,
the values of the visibility obtained with the two methods are in good agreement.

As we saw, the results obtained with the sweepmode are not completely reliable
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Figure 5.2: Error and relative error of the measure of the distance between adjacent
resonances.

due to the uncertainty on the tuning speed and its instability. However, the deriva-
tion of the parameters of the waveguides (such as the group index ng and the power
attenuation coefficient α) is realized with the average of the FSR and the loaded
quality factor obtained from several resonances, which allows to reduce the impact
of the error of the tuning speed.

5.2 Characterization of ring resonators

In the subdie (6,2) many ring resonators are placed, as anticipated in section
3.7.1. Thus, I started the optical tests by characterizing these devices, since almost
all the other structures are based on ring resonators, and their optical response can
give important information about the optical parameters of the waveguides. To test
many devices, it is fundamental the adoption of the sweep method described above
to obtain the optical spectrum of the resonators in a quite large band in few seconds.
The experimental setup is composed of a tunable laser (TSL-710 laser from Santec),
two lensed őbers with nominal MDF equal to 3 µm, an InGaAs ampliőed detector
(Thorlabs PDS10CS) and an oscilloscope. In addition, a polarization controller is
used to select the polarization of the modes to test (TE or TM).

The main goal of the characterization of rings is to identify which process gives
the best results in terms of quality factor and losses. First, I analyzed the spectra
of nominal identical rings from three different wafers (P19, P20, and P23) which
have been treated with a different post-etching process, as shown in Table 4.3: P20
has been processed with the annealing at 20 Torr for 1 minute, P23 at 40 Torr for
5 minutes, while P19 has not been annealed. I focused my attention on the rings
having radius equal to 117.2 µm: on each die there are őve of them with different
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(b) Visibility, resonance at 1545.7 nm.
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(c) Quality factor, resonance at 1546.6 nm.
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(d) Visibility, resonance at 1546.6 nm.
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(e) Quality factor, resonance at 1547.5 nm.
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(f) Visibility, resonance at 1547.5 nm.

Figure 5.3: Comparison between the evaluation of the loaded quality factor and
the visibility of three resonances by using the sweep mode (colored circles) and the
step mode (black square) methods. The x axis represent the difference between
wavelength of the resonance obtained with the sweep and the value obtained with
the step mode.
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gaps (120 nm, 150 nm, 180 nm, 210 nm, 240 nm), and this allows one to investigate
the response of the resonator in different coupling regimes.
The optical response of each device is collected by tuning the laser from 1525 nm
to 1575 nm at a sweep speed equal to 50 nm/s. The oscilloscope is set to register
105 samples per second, which means that the resolution of the spectra is equal to
0.5 pm. Then, the resonances are őtted by using a Lorentzian model (5.2) or with
a more complex model that takes into account the splitting due to the coupling of
the two counter-propagating modes[302]

D(λ) = A+

⏐

⏐

⏐

⏐

1− 1

2Qc
[F+(λ) + F−(λ)]

⏐

⏐

⏐

⏐

2

(5.3)

F±(λ) =

(

i

(

λ− λ0
λ0

± 1

2Qm

)

+
1

2Qi
+

1

2Qc

)−1

(5.4)

where Qc and Qi are, respectively, the coupled and the intrinsic quality factors,
while Qm is the quality factor related to the coupling of the modes. If the resonance
is not split, we can easily determine its visibility (V = A/y0), and we can plot it
against the loaded quality factor to reconstruct Figure (2.22).

The results are displayed in Figure 5.4. As can be seen, the impact of the
annealing is clear: while the rings on the reference wafer P19 show a critical coupling
condition (V ≈ 1) with a loaded quality factor lower than 150 · 103, the annealed
wafers have rings in critical coupling with QL ≈ 200 ·103, which is due to the higher
intrinsic quality factor and, thus, the lower losses. In all the plots, several points
show a value higher than one for the visibility: this is due to the limited dynamic
range and to the noise of the detector, which do not allow one to properly estimate
the extinction on resonance.

As we discussed, the value that properly quantiőes the optical losses is the in-
trinsic quality factor, which can be calculated from the visibility and QL obtained
with the Lorentian őt (5.2) through the relations (2.56), or as a direct result of
the doublet model (5.3). Thus, for each device we can calculate the average of the
Qi obtained from the őts of its resonances. In Figure 5.5a the estimated intrinsic
quality factor of the rings with radii equal to 117.2 µm are displayed. As can be
seen, Qi is higher for the annealed samples (Qi ≈ 450 · 103) than for the reference
samples with no annealing (Qi ≈ 350 ·103): this further proves that the post-etching
treatments are effective. However, the value of the associated power attenuation co-
efficient α is approximately equal to 1.6 dB/cm, which is higher than what obtained
in previous works with similar fabrication processes ([82, 116]).

To investigate more deeply this issue, I performed the characterization of other
rings with different radii on the same subdie (-2,-2) of the waver P23 (some spectra
are displayed in Figure 5.7), and I evaluated the intrinsic quality factor for all these
samples, as shown in Figure 5.5b. We can observe that all the devices provide
similar values of Qi, which are between 340 · 103 and 500 · 103 depending on the
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(a) P20, (-2,-2)
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(b) P23, (-2,-2)

100 200 300 400
QL (x103)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Vi
sib

ilit
y

120

140

160

180

200

220

240

Ga
p 

(n
m

)

(c) P19, (-2,-2)
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(d) P19, (-1,0)
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(e) Each point is placed in correspondence of the average of
the visibility and the loaded quality factor of the resonances
of the different devices.

Figure 5.4: Plots showing the relation between the visibility and the loaded quality
factor of rings having the radius equal to 117.2 µm on different wafers. Figures (a)-
(d) shows the single resonances of the rings on P19, P20, and P23, and the impact
of the annealing it is clear, since the critical coupling occurs at higher values of QL.
Figure (e) is obtained from the average of the measures of all the resonances.
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Figure 5.5: Calculated values of the intrinsic quality factor for the devices charac-
terized. Each point is given by the average over all the resonances of the spectrum,
and the error is the standard deviation divided by the square root of the number of
resonances.
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Figure 5.6: The points in the plot are obtained from the average of the FSR mea-
sured on the rings in the wafer P23, and the őt is done following equation (2.3.2).
The value of the group index is assumed to be almost constant within the investi-
gated spectral region (from 1525 nm to 1575 nm).

gap, except the ring with R = 10 µm, which probably takes less advantage from the
annealing because of the smaller bending radius. In parallel, the comparison of the
FSR of these devices allows the estimation of the group index, which turns out to be
equal to 4.144 ± 0.004 (see Figure 5.6). This value is slightly higher than the results
of the simulations: this can be due to the shrinking of the width of the waveguide
and the modiőcation of its cross-section because of the annealing, as shown in the
previous chapter.

Finally, the characterization of the longer resonators (displayed in Figure Figure
3.27b) has been done. The laser is tuned between 1540 nm to 1560 nm in 1 second,
with a resolution of 0.2 pm. As discussed in 3.7.1, these devices are coupled to
two waveguides through tunable MZIs, which allow one to change the coupling
ratio. One can imagine the device as a single-pass resonator where one coupler
(MZI1) changes the coupling of the ring, while the latter (MZI2) changes the losses
of the structure. The idea is, hence, to minimize the “lossesž through MZI2 and to
investigate the different coupling regimes by tuning the optical response of MZI1.
From an operative point of view, I made the laser to scan one single resonance while
tuning the MZIs, and I minimized the losses: the working point can be detected
when the linewidth is as narrow as possible, and a change in the MZI2 response
leads to a broadening of the resonance. Then, I changed the coupling with MZI1
to explore the different coupling regimes. Two devices have been tested: one on
P20 and one on P23. The best value of the electrical power P2 applied to MZI2 to
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(b) R = 20 µm, gap = 200 nm
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(c) R = 39.1 µm, gap = 200 nm
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(d) R = 117.2 µm, gap = 180 nm

Figure 5.7: Spectra of some ring resonators on P23. The insets show one resonance
of the spectrum.
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Figure 5.8: Plots showing the relation between the visibility and the loaded quality
factor of the rings with the tunable couplers on P20 and P23.

minimize the losses was found to be 29.6 mW and 27.0 mW for, respectively, P20
and P23.

In Figure 5.8 the plots of the average visibility and loaded quality factors are
displayed. Each curve represents the results of the characterization with P2 őxed (as
detailed in the legend), while the coupling of MZI1 is changed through the tuning of
the electrical power (P1) applied to its phase shifter, as shown by the different colors
of the points. The method described above worked well to őnd a rough estimation
of the best value of P2 for P20: in fact, the points on the blue line give the highest
values of QL (given a certain value of the visibility) with respect to the results with
higher or lower values of P2. On the other hand, the best value for P23 turned out
to be 28.5 mW, as can be seen from Figure 5.8b. In Figure 5.9 are collected the
estimation of the intrinsic quality factor of the devices, which turns out to be around
700·103 for the resonator on P20 and around 1 million on P23, with associated power
attenuation coefficients around, respectively, 1.03 dB/cm and 0.72 dB/cm.

The estimation of the intrinsic quality factor and the associated power attenu-
ation coefficient of the tested devices are collected in Table 5.2. Resuming, it has
been proved that the annealing leads to a reduction the losses, as can be observed
from the comparison of the results with identical resonators (with length 736 µm)
on the wafers P19, P20, and P23. However, the devices on the annealed samples do
not allow one to őnd any difference between the two treatments. On the other hand,
longer resonators (L ≈ 6.28 µm) show that the best performance can be found on
P23, which is annealed for 5 minutes at 40 Torr, with an estimated value of the
power attenuation coefficient around 0.7 dB/cm. It is important to underline that
this estimation is, obviously, an upper bound, since it assumes that all the losses
are related to the propagation in the waveguides and that the coupling of MZI2 is
negligible.

Now, some comments on the reason why the tested resonators on the same wafer
give such different values of the intrinsic quality factor. It is possible to state that
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Figure 5.9: Calculated values of the intrinsic quality factor of the rings with the
tunable couplers on P20 and P23. Each point is given by the average over all the
resonances of the spectrum, and the error is the standard deviation divided by the
square root of the number of resonances.
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it is not related to the curvature of the waveguide: in fact, as shown in Figure 5.5b,
the device with a radius equal to 20 µm exhibits approximately the same behavior
with respect to the device 6 times bigger.
However, the situation changes drastically with the very long resonator, and the
key is likely to be its shape. In fact, it is not a circular structure, but it is mainly
composed of straight waveguide, as shown in Figure 3.27b, and the coupler is realized
with a MZI. One could think that the point coupler could introduce some punctual
losses: however, if this would be the case, there might be a difference between the
Qi evaluated from rings with different radii on the same wafer. Thus, the most
likely reason is that the annealing is most effective on the straight parts, which are
around the 90% of the total length of the long resonator.

Wafer Treatment
Length
(mm)

Qi

×106

α
(dB/cm)

P19 - 0.736 0.35 2.06

P20 20 T - 1 min
0.736 0.45 1.61
6.28 0.70 1.03

P23
40 T - 5 min

62.8 · 10−3 0.28 2.58
0.126, 0.246,
0.368, 0.736

0.45 1.61

6.28 1.00 0.72

In Figure 5.10 some SEM pictures of the waveguides are displayed. We can
recognize the effect of the annealing on the straight waveguide (left column), since
the vertical stripes present in Figure 5.10a seem to be reduced in Figures 5.10c and
5.10e. However, the sidewalls of the annealed curved waveguides are still character-
ized by some roughness, which is likely to be the reason of the higher losses in the
circular ring resonators.

To deőnitely state that, more tests should be performed. First, an AFM analysis
of the roughness of the sidewalls can provide more information to quantitatively es-
timate the impact of the annealing on the bent waveguides. In addition, new devices
can be designed. A racetrack conőguration with variable curve parts (with radius
R) and variable straight portions (LS) would give an effective power attenuation
coefficient equal to

αeff = αc
2πR

2πR+ LS
+ αs

LS

2πR+ LS
(5.5)

where αc and αs are, respectively, the power attenuation coefficients of the straight
and the curved waveguides. This kind of structure would allow one to fabricate
compact resonators and to limit the losses due to the curved waveguides.
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(a) Straight waveguide with no annealing. (b) Curved waveguide with no annealing.

(c) Straight waveguide annealed at 850 °C,
20 Torr for 1 minute.

(d) Curved waveguide annealed at 850 °C,
20 Torr for 1 minute.

(e) Straight waveguide annealed at 850 °C,
40 Torr for 5 minutes.

(f) Curved waveguide annealed at 850 °C, 40
Torr for 5 minutes.

Figure 5.10: SEM pictures of the straight (left column) and the curved (right col-
umn) waveguides on three samples with no annealing and the two processes used.
While the roughness on the sidewalls of straight waveguides is smoothened by the
annealing, it seems to be still present on the curved waveguides.
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Chapter 6

Nonlinear Coupling of Linearly

Uncoupled Resonators

In this őnal chapter, the results about the nonlinear coupling of linearly uncou-
pled resonators (described in section 3.5) are detailed.
In the őrst section, the measures related to the device exploiting a directional coupler
to isolate the modes (section 3.5.1) are presented. First, the linear characterization
of different devices is shown, which allows to evaluate the impact on the optical
behavior of the different geometrical parameters used. Then, the device is used to
realize dual-pump SFWM with the suppression of the generation of unwanted par-
asitic photons due to single-pump SFWM: in fact, the capability of independently
controlling the resonances of the two resonators allows one to selectively enhance
and suppress speciőc nonlinear interaction between the modes.
Finally, in the second section the measure with resonators isolated through a Mach-
Zehnder interferometer (section 3.5.2) are detailed. In particular, it is highlighted
that the use of such a device has three advantages with respect to the DC-isolated
counterparts: in fact, it allows to isolate the modes over a large bandwidth, it is
easier to control through thermal phase shifter the coupling between the resonators
and the strength of the nonlinear interaction is four times higher.

6.1 Directional coupler isolation

The őrst kind of devices investigated is the linearly uncoupled resonators through
the directional coupler, which are described in section 3.5.1. Several versions are
realized on the chip, which are placed on the subdies (4,1), (4,2), (5,1), and (5,2).
In fact, the values of the gaps and the length of the directional couplers are changed
to compensate eventual fabrication imperfections or errors in the estimation of the
coupling and the losses.
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Resonator 1

Resonator 2

𝐿𝐷𝐶
Gap1 Gap1

Gap2

GapDC

T6

T1

T5

T4

T3

T2

(a) Scheme of the device with the linearly
uncoupled resonators realized on the mask.

(b) Detail of the gds with the device. Only
layers 1 and 2 are shown.

Figure 6.1

Device
LDC

µm
GapDC

nm
Gap1

nm
Gap2

nm
24 92 150 120 180
63 92 120 160 150
72 92 135 160 150
78 82 150 160 150
81 92 150 160 150
84 102 150 160 150

Table 6.1: Parameters of the devices with the linearly uncoupled resonators tested
in the characterization.

The device is sketched in Figure 6.1: the straight parts of the resonators have the
same length (LDC = 82 µm, 92 µm, or 102 µm), while the gaps between them are
equal to 120 nm, 135 nm, and 150 nm. The gap between Resonator 1 and the two
coupled waveguides are equal to 120 nm or 160 nm, while the gap between Resonator
2 and its coupled waveguide is equal to 120 nm, 150 nm, 180 nm, 210 nm, 240 nm,
or 270 nm. Each device is associated to a different number, which is present on the
chip and on the list of all the devices [236].

6.1.1 Linear characterization

First, I compared the optical spectra of three devices having the same gaps
between the resonators and the coupled waveguides (gap1 = 160 nm and gap2 = 150
nm) but different parameters of the directional coupler. Following the simulations
presented in section 3.5.1, the device with 600×220 nm2 having the DC with LDC =
92 µm and a gap equal to 150 nm should provide the optical isolation between the
two resonators. This is conőrmed by looking at the spectra of the devices in Figure
6.2, which are obtained by injecting the light in the waveguide coupled to Resonator
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2 through a lensed őber aligned to the port T2 and by collecting the optical response
from the port T3 (see Figure 6.1a). If the DC uncouples the racetracks, we should
observe only one comb of resonances, except in the spectral region where the two
resonators are resonant at approximately the same frequency. In fact, the isolation is
guaranteed by two different mechanism: the low coupling of the directional coupler
and the different spectral position of the resonances. This situation can be observed
in the spectrum of the device 81 (Figure 6.2a), where the resonances of the second
resonator are barely visible from 1510 nm to 1560 nm. On the other hand, the
devices 84 and 78, whose spectra are displayed in Figures 6.2b and 6.2c, have the
resonators uncoupled in a spectral region with, respectively, lower (<1530 nm) and
higher (>1560 nm) wavelength. Finally, the devices with different gaps of the DC
(72 and 63) show a signiőcant coupling from 1500 nm to 1600 nm.

Then, I moved to the evaluation of the coupling between the resonators and the
waveguides. Regarding the Resonator 1, I compared the devices 81 and 23, which
have the same parameters of the DC and the same value of gap2 (150 nm), but
different values of gap1 (160 nm and 120 nm, respectively). To do that, I aligned
the external lensed őbers to the ports T1 and T6 in Figure 6.1a. Since Resonator 1
has two coupled waveguides, it should be in the critical coupling condition if the gaps
are small enough to make the round trip losses negligible. Thus, I decided to work
with devices having gap1 equal to 120 nm: in fact, the quality factor should remain
almost constant even at higher optical powers (which leads to nonlinear losses), and
it would be easier the spectral alignment of the laser, since the resonance is broader.

In the end, I evaluated the coupling of the second resonator, whose resonances
can be observed by aligning the lensed őber to the ports T2 and T3 in Figure 6.1a.
As can be seen from Figure 6.9b, the gap equal to 180 nm which separate Resonator
2 from the coupled waveguide allows the reaching of a visibility around 90 %, which
suggests that the device is close to the critical coupling condition.

DC tuning Finally, I tested the behavior of the heaters placed asymmetrically
on top of the directional coupler, as described in section 2.2.4. In Figure 6.3 the
spectra of the device 78 with different values of the electrical power applied to the
heater are shown. As can be seen, the cold device exhibits a recognizable coupling
for lower values of the wavelength, since two sets of resonances can be seen, while
the resonators are uncoupled around 1570 nm. The situation is the inverse with an
electrical power around 150 mW. Thus, it is possible to note that the tuning of the
coupling works, but quite high values of the electrical power are needed. This values
can be reduced by thinning the silica layer on top of the waveguides, but this can
lead to absorption losses as discussed in section 2.2.4.
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(b) Device 84: LDC = 102 µm, gap = 150 nm

1520 1540 1560 1580
Wavelength (nm)

0.0
0.2
0.4
0.6
0.8
1.0

Tr
an

sm
iss

io
n

(c) Device 78: LDC = 82 µm, gap = 150 nm
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(d) Device 72: LDC = 92 µm, gap = 135 nm
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(e) Device 63: LDC = 92 µm, gap = 120 nm

Figure 6.2: Spectra of some devices with the linearly uncoupled resonators which
differ only by the parameters of the directional coupler (length and gap).
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electrical powers are displayed in the boxes.
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(b) In linearly uncoupled resonators, one can exploit the modes of the two
racetracks and minimize the enhancement of the nonlinar parasitic processes.

Figure 6.4: Schemes of the d-SFWM process in a conventional ring resonators (a)
and in a device with linearly uncoupled resonators.

6.1.2 Suppression of parasitic processes in d-SFWM

Dual-pump spontaneous four-wave mixing (d-SFWM) consists in the generation
of photons at ωT whose mode interacts nonlinearly with two pump lasers at ω1 and
ω2, such that 2ωT = ω1 + ω2, as explained in section 2.1.2. This process can be
used to generate single-mode squeezed light, a central resource in the development
of continuous-variable quantum computing [303]. As described in section 2.3.4,
d-SFWM can naturally exploit the enhancement of the nonlinear interaction of
the optical modes that can be obtained in integrated microring resonators [304].
However, the multimode nature of the rings leads to the simultaneous ampliőcation
of other nonlinear phenomena. In Figure 6.4a is possible to observe that the presence
of two resonant laser pumps (P1 and P2) having frequencies ω1 and ω2 leads to the
generation of photon pairs at ωT through d-SFWM. At the same time, additional
photons at ωT are generated through single-pump four-wave mixing (s-SFWM): P1
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Figure 6.5: Experimental set-up used for the characterization of the d-SFWM and
s-SFWM processes in a conventional resonator.

stimulates the creation of pairs with photons at ωT and ωI such that 2ω1 = ωI+ωT ,
while P2 creates photons at ωT and ωS such that 2ω2 = ωS + ωT .

To quantitatively characterize these nonlinear parasitic processes, I used the
experimental set-up shown in Figure 6.5, and I used the Resonator 1 of the device
24 as a conventional ring (i.e. I did not exploit the modes of Resonator 2). The light
from two tunable lasers (Santec TSL710 and TSL510) is combined through a őber
beam splitter (BS1) and coupled to the chip using a collimator and lens to match
the mode őeld diameter of the edge coupling tip on the chip. Two band-pass őlters
BPF1 and BPF2 (FWHM around 8.8 nm) have been used to őlter out the ampliőed
spontaneous emission from the lasers. P1 and P2 are tuned on resonance with the
resonator at ω1 and ω2, and the set-up allows on eto detect photons generated within
the resonances at ωI , ωS , and ωT (displayed in Figure 6.6), which are collected
through a lensed őber coupled to the chip and connected to a circulator (C1). The
őltering of the generated photons is performed by őber tunable Bragg őlters1 (TFB)
and band-pass őlters2 (BPF): if the light is resonant with the TFB, it is back-
reŕected and routed to the BPF through a circulator. TFB used in reŕection allows
to obtain a narrow band (around 80 pm, as shown in Figure 6.7), while the broader
BPFs effectively suppress the residual of the pumps. Four Superconductive Single-
Photon Detectors (SSPD) supplied by Photon Spot™ are used to detect the incoming

1OEDWDM-025 by O/E Land www.o-eland.com/FiberGratingProducts/FiberGrating_wdm.

php
2composed of two single-band bandpass filter by Semrock www.semrock.com/filterdetails.

aspx?id=nir01-1550/3-25

www.o-eland.com/FiberGratingProducts/FiberGrating_wdm.php
www.o-eland.com/FiberGratingProducts/FiberGrating_wdm.php
www.semrock.com/filterdetails.aspx?id=nir01-1550/3-25
www.semrock.com/filterdetails.aspx?id=nir01-1550/3-25
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Figure 6.6: Resonance of the Resonator 1 of the device 24 used to characterize
quantitatively the relation between d-SFWM and s-SFWM in a conventional res-
onator. Two lasers tuned at λ1 = 1541.599 nm and λ2 = 1560.417 nm generate
photons at λT = 1550.951 nm through d-SFWM, but also pairs of photons at λT ,
λI = 1532.360 nm and λS = 1570.010 nm through s-SFWM.

photons: D1 and D2 reveal the ones selected by TFB1 tuned at λT and split by
the beam splitter BS2, while D3 and D2 detect photons at, respectively, λS and
λI . Finally, the alignment of the two laser pumps is checked during the whole
experiment using two power meters (PM1 and PM2), a circulator (C4), and an
additional band-pass őlter (TFB4).

In Figure 6.8 the results of the experiments are displayed. For all the values
of the pump powers, I analyzed the histogram of the coincidences between the
detectors. Since photons generated through FWM are generated simultaneously,
the histograms show a peak, whose integral divided by the integration time gives
the measured coincidence rate RDiDj

. Then, the generation rate of pairs in the
coupled waveguide [Rwg in equation (2.65)] is obtained by dividing by the losses
between the ring and the detectors:

Rwg = 2
RDiDj

ΓDi
ΓDj

(6.1)

where ΓDi
are the losses between the waveguide coupled to the resonator and the

detectors (including the efficiency of the detection), while the factor of two comes
from equation (2.67). The losses associated to the detectors D1, D2, D3, and D4

are, respectively, Γ1 ≈ −9.1 dB, Γ2 ≈ −8.4 dB, Γ3 ≈ −10.3 dB, and Γ4 ≈ −6.5 dB.
Then, the errors on the measured coincidence rates are calculated by dividing the
square root of the counts for the integration time.
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Figure 6.7: Relative transmission of a TBF and a BPF used.

The lines in Figure 6.8 are obtained from equations (2.63) and (2.68), where γ is
assumed to be equal to 110 W−1m−1, ng = 4.144, and the quality factors of the őve
resonances (displayed in Figure 6.6) are given by QT = 63.8 · 103, QS = 59.2 · 103,
QI = 75.5 ·103, Q1 = 67.99 ·103, Q2 = 55.1 ·103. Finally, the length of the resonator
is equal to 372 µm.

As expected from the relations (2.63) and (2.68), the generation rate for the
d-SFWM is unchanged as long as the product of the two pump powers is held
őxed, while the generation rate of the s-SFWM processes scale quadratically with
the appropriate pump powers. We can deőne the generation rates of the parasitic
processes as the sum of the two s-SFWM rates (black solid line and black squares
in Figure 6.8): as can be seen, it can even be one order of magnitude larger than
the generation rate of the d-SFWM process, with a maximum signal-to-noise ratio
(SNR) of only about 2 when the two pump powers are equal. This effect is a serious
issue when dealing with the generation of squeezed light through d-SFWM, since
the presence of parasitic photons at ωT reduces the level of squeezing that can be
generated3. In addition, it is worth to mention that parasitic nonlinear processes
can lead to unwanted correlation between generated photons, as shown in [305].

Strategies have been proposed to overcome this intrinsic limit. In one approach,
the two pump lasers are slightly detuned from resonance, such that the s-SFWM
rates are suppressed [57] but with a trade-off between SNR and generation rate.
Alternatively, one can use systems composed of two or more linearly coupled res-
onators, as discussed in section 3.4, to engineer the spectral position of the resonant
modes, with nonlinear phenomena selectively enhanced or suppressed [56]. While
this can be very effective, the suppression of the parasitic processes is limited by

3See the Supplemental Material of the work realized by Zhao and colleagues [57] for the theo-
retical analysis of the impact of the parasitic photons on the squeezing level.
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Figure 6.8: Measurement of the pair generation rate in a single silicon microring
resonator when the product of the powers of the two pumps is őxed. The blue
triangles and the red circles show the s-SFWM processes pumped by the lasers at
ω1 and ω2, respectively. The black squares show the sum of the parasitic process
rates, and the green stars show the d-SFWM generation rate. The measures are
compared with the theoretical calculation (shown with the dashed blue line for the
P1-pumped s-SFWM, the dashed red line for the P2-pumped s-SFWM, and the
green line for d-SFWM).
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the achievable resonant splitting of the coupled modes.
Another possible strategy consists in the use of linearly uncoupled resonators. In

fact, the two sets of resonances associated to the two racetracks can be independently
tuned to selectively enhance or suppress the nonlinear interaction of the modes. This
permits, thus, to enhance d-SFWM and to reduce drastically the efficiency of the
parasitic processes stimulated by the two pumps, as sketched in Figure 6.4b. In
this work it is experimentally proved that the use of such a structure allows for the
effective control of the nonlinear interaction between optical modes, leading to the
ability to enhance or suppress the generation of photon pairs through spontaneous
four wave mixing. In particular, an improvement of the signal-to-noise (SNR) ratio
by over four orders of magnitude with respect to the conventional ring resonator is
shown. In te he following paragraphs it is detailed the procedure to measure the
attenuation of the s-SFWM parasitic processes and the experiment of d-SFWM.

Suppression of s-SFWM First, I studied the dependence of s-SFWM with re-
spect to the detuning of the modes of the resonators. The linear characterization of
the device is shown in Figure 6.9b, in which it is possible to see the modes associated
to Resonator 1, which are within the spectrum obtained by injecting the light in the
port T1 and collecting in from port T6 (blue line), and the resonances of Resonator
2 (red dotted line, T2 →T3). In addition, the spectrum obtained from the ports T1

and T3 (dashed black line) allows to estimate the isolation of the resonators, which
is around 30 dB at 1550 nm and it decreases to around 13 dB at 1530 nm and 1570
nm.

The set-up used is shown in Figure 6.10: it is similar to the one used for the
experiment with the conventional ring resonator (Figure 6.5). The main difference
is the use of a voltage source (Keithley 2400 Source Meter) and a multi-contact edge
to shift the spectral position of the resonances of Resonator 1 to selectively enhance
or suppress the nonlinear interaction with the modes of Resonator 2. To measure
s-SFWM, I switched of the laser P1 and I aligned the laser P2 to one resonance
(Ω2) of Resonator 1 at around 1560.7 nm (which is observable in the fourth panel
of Figure 6.9b). Then, the őlter TFB1 is tuned on one resonance of Resonator
2 at around 1550.5 nm (ΩT ), while TFB2 is tuned at frequency 2ω2 − ωT , where
ω2 and ωT are, respectively, the frequencies of the resonances Ω2 and ΩT . The
starting point of the experiment consists in the measure of s-SFWM when Ω2 is
aligned with two resonances of Resonator 2 (ΩT and ΩU ). This can be realized by
tuning the Resonator 1 through the heater placed on top, and the resonances shift
as shown in Figure 6.11a: at around 20.7 mW the resonances are equally spaced in
frequency, and s-SFWM pumped by a laser tuned on Ω2 is maximally enhanced. If
the electrical power changes, the spectral alignment is lost, and the process reduces
is efficiency since the involved őelds experience a lower enhancement. The result is
shown in Figure 6.12. As can be seen, the measured data are in quite good agreement
with the theoretical model, which simulates the nonlinear interaction in the used
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(a) Optical picture of the device 24 with the six acess ports indicated.
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structure. This result shows that by tuning the two sets of resonances one can
manipulate the nonlinear coupling of the modes of the resonators, and, consequently,
the generation of pairs due to the nonlinear processes occurring in the device. In
particular, a detuning of around 65 pm (8.1 GHz, around 13 times the linewidth of
the resonances of R2) leads to a suppression of around three orders of magnitude
with respect to perfect nonlinear coupling. The detuning of the resonances involved
is estimated from the driving voltage and the characterization of the heater:

δ2 = (ω̄2 − ω2)−
(ω̄T − ωT )

2
− (ω̄U − ωU )

2
=
ωU − ωS

2
(6.2)

where ω̄2, ω̄T , and ω̄U are the frequencies of Ω2, ΩT , and ΩU , respectively at 20.7 mW
applied on the heater of R1 (i.e. when the three resonances are equally spaced). Dur-
ing the experiment, the spectral position of the involved resonances are estimated
from the characterization of the spectral response of the resonators with respect to
the variation of the applied voltage, as shown in Figure 6.11c. In particular, from
a linear őt of the resonance shifts, we estimate the tuning capability of our system.
As can be seen, the main effect is the shift of the resonances of Resonator 1, but
the thermal cross-talk leads also to a smaller shift of the resonances ΩT and ΩU .

It is worth to note that in the experiment is fundamental to align the Bragg
őlters at ωT and at 2ω2 − ωT . In fact, when the detuning is relevant, by two main
mechanisms bring to the generation of pairs through s-SFWM:

• the emission of pairs with a photon within the resonance ΩT (at ωT ) and
another one at 2ω2 − ωT , which exploits the enhancement of the őeld at ωT

• the emission of pairs with a photon within the resonance ΩU (at ωU ) and
another one at 2ω2 − ωU , which exploits the enhancement of the őeld at ωU

Thus, if one keeps the őlters TFB1 and TFB2 with, respectively, the resonances
ΩT and ΩU , then the collected photons would belong to different pairs and no
coincidences would be detected.

d-SFWM With the possibility of attenuating the parasitic processes demonstrated,
I proceeded to the dual-pump SFWM experiment. I aligned the laser pumps to
two resonances of Resonator 1 (Ω1 and Ω2 at vacuum wavelengths λ1 = 1540.374
nm and λ2 = 1560.742 nm), which are equally spaced in frequency about ΩT (at
λT = 1550.491 nm). This conőguration is realized at around 12.5 mW, as shown
in Figure 6.11b, and is associated with a detuning of the s-SFWM resonances of
around −160 pm (−20 GHz), and the estimation of the resulting attenuation of
the s-SFWM processes is around -37.3 dB. The quality factors of Ω1 and Ω2 are
around, respectively, Q1 = 6.7 · 104 and Q2 = 5.7 · 104, while ΩT has a much higher
quality factor, QT = 3.2 · 105. We align the tunable őlter TFB1 to λT , while TFB2

and TFB3 are tuned to route photons at λI = 1530.388 nm and λS = 1571.129
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Figure 6.10: Experimental set-up used for the characterization of the d-SFWM and
s-SFWM processes in a the device with linearly uncoupled resonators.

nm to D3 and D4, respectively. The analysis of the coincidences on the detectors
allows for the recognition of the pairs generated through the different processes. In
particular, the d-SFMW should give coincidence between the detection events at
D1 and D2. Similarly, the single-pump processes should result in coincident detec-
tion: P1-SFWM between the events at D3 and D1 (or D3 and D2), and P2-SFWM
between the events at D4 and D1 (or D4 and D2).

The total insertion losses from the lasers to the waveguide coupled with R1 at
the port T1 are around −7.8 ± 0.1 dB for the light from both P1 and P2. The
losses from the waveguide coupled with R1 at the port T3 to D1 and D2 are around
−10.7± 0.3 dB and −10.1± 0.3 dB, respectively, for the photons at ωT ; the losses
from T3 to D3 are −11.9± 0.3 dB for photons at ωI , and −7.6± 0.3 dB from T3 to
D4 for photons at ωS . The efficiency of the detectors is −1.00± 0.05 dB.

Figure 6.13 shows the result of a coincidence experiment with the current device,
where 0.95±0.05 mW of optical power is coupled into the waveguide from each pump
laser. The data are acquired for 20 minutes, and the histograms have a bin-width
equal to 35 ps, which is comparable with the time jitter of the detectors. The red
peak shows that photons arriving on D1 and D2 are emitted at the same time,
since their arrival time is correlated: this clearly demonstrates they are emitted
through d-SFWM, since any other process that can generate photons at λT cannot
be characterized by this temporal correlation. The measured coincidence rate is
equal to 164.2 ± 0.4 Hz, which corresponds to an internal generation rate in the
second resonator equal to 62± 6 kHz, and the CAR is 1190± 10. The coincidence
rate is estimated by integrating the peak within the whole window (and subtracting
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(c) Shifts of the resonances involved in s-SFWM and d-
SFWM. From the fits, the tuning efficiencies of the res-
onances turn out to be α1 = 22.3 pm/mW, α2 = 22.5
pm/mW, αT = 1.27 pm/mW, and αU = 2.36 pm/mW.

Figure 6.11: Shift of the resonances with respect to the electrical power applied to
the heater on top of Resonator 1.
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the noise), while the CAR is measured by taking into account the FWHM of the
peak (16 bins of the histogram).

From the histograms in Figure 6.13 it is also possible to evaluate the photon
pairs generated through s-SFWM, which lead to coincidence events between D1 and
D2 with D3 or D4. As can be seen, no peaks are clearly visible. In fact, the dark
counts, the noise from the environment, and other parasitic processes occurring in
the set-up (such as Raman emission from optical őbers) hide the signal given by
time-correlated photons. This is due to the severe attenuation of the processes.
Nevertheless, it is possible to estimate a lower bound for the SNR by analyzing the
coincidences between D1 and D4. The peak due to d-SFWM is integrated over its
FWHM (16 bins), and divided by the noise, which is calculated as the average on
the black histogram in Figure 6.13 multiplied by 16 bins. By taking into account
the losses, one obtains a SNR equal to (11.3 ± 3.2) · 103. From the model, a SNR
around 21 · 103 is expected, an improvement over that of a single ring system by
over four orders of magnitude. The experimental estimation is lower, since the noise
due to s-SFWM are overestimated.

Finally, I measured the variation of the generation efficiency with different values
of the input powers. First, the product between the powers of P1 and P2 has been
kept constant (around 0.324 ± 0.032 mW2), and the result is shown in Figure 6.14a.
The black points represent the generation rate on the waveguide Rwg calculated from
the measured coincidence rate between the detectors D1 and D2 and by considering
the optical losses from the waveguide to the detectors (-10.0 ± 0.4 dB and -9.0 ±
0.4 dB). As can be observed, the experimental data are in good agreement with the
theoretical values calculated from (3.29) for P2 power around -3 dBm, while the
measured generation rate is reduced even by more than 20% at lower and higher
values. This is related to the shift of the resonances of Resonator 1 with high optical
power circulating in the device, which induces a shift of the spectral alignment of
the two resonators and, then, a reduction of the generation rate, as it is shown more
clearly in Figure 6.14b. In fact, I őxed the electrical power at the beginning of the
experiment (with P2 power equal to -2.84 dBm) and I changed the frequency of the
laser at each step to tune them on resonance by checking the spectral alignment on
the power meters.
In the end, I checked the linear dependence of the generation rate with respect to
P2 power when the intensity of P1 is kept constant: the results displayed in Figure
6.14c show a good agreement between the experiment and the theory, conőrming
once again that the mechanism that gives rise to the coincidences on the detectors
is dual-pump SFWM.

6.2 Mach-Zehnder interferometer isolation

In section 3.5.2 an alternative method to obtain linearly uncoupled resonators has
been detailed. It is based on the use of a Mach-Zehnder interferometer, which allows
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Figure 6.14: d-SFWM in linearly uncoupled resonators. The black squares represent
the generation rate in the waveguide coupled to Resonator 2, which is calculated
from the coincidence rate on the detectors D1 and D2. The red lines are the theo-
retical values from (3.29).
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the isolation of the modes of the resonators and, at the same time, their coupling
through the nonlinear interaction. In this section the optical characterization of
this kind of device is shown; in particular, the advantages with respect to the DC-
isolation are highlighted, i.e. a larger spectral band in which the resonators are
uncoupled, a simpler and more efficient way to tune the coupling and a higher
efficiency of the nonlinear interaction.

6.2.1 Linear characterization

First, I performed the linear characterization of the device 68, which has the two
waveguides coupled to Resonator 1 spaced by 120 nm with respect to the resonator,
while the gap between Resonator 2 and its coupled waveguide is 140 nm. In Figure
6.15 the spectra of the device are shown: the characterization has been performed by
coupling the light to the port T1 and by collecting the variation on the transmission
at the port T6: this allows, as in the case of the DC-isolated devices, the study of
the resonances of Resonator 1 and the rough evaluation of the coupling between the
resonators by the presence of smaller resonances related to the modes of Resonator
2.
From Figure 6.15 it is possible to observe immediately that the MZI allows one to
tune efficiently the coupling between the resonators. In fact, the őrst plot from
the top, which refers to the situation with no electrical power applied to the heater
on top of the arm of the MZI, exhibits a imperfect isolation between the modes.
By increasing the applied voltage, the coupling increases: at around 14.2 mW, in
fact, the two resonators seem to be almost completely coupled, which leads to the
formation of optical modes that are localized in the entire structure (i.e. they are
not conőned in one resonator). Then, with around 29.6 mW the uncoupling of the
resonators is obtained and at 32.3 mW the initial coupling condition is regained.
Thus, it is possible to observe that around 32 mW lead to a 2π phase shift on
one arm, allowing the spanning of different coupling conditions between the modes.
Finally, the comparison of Figures 6.15 and 6.3 show clearly that the tuning of the
MZI is much more efficient.

To evaluate the spectral band in which the resonators are uncoupled and to
compare the MZI-isolated device with respect to the DC-isolated one, I performed
the scan of the resonances over a larger band (from 1480 nm to 1640) and I varied
more őnely the power applied to the MZI. As discussed in the previous section, the
coupling can be evaluated by the presence of additional resonances in the spectrum.
However, this depends also on the relative position between the sets of resonances
associated to the two resonators. To evaluate the difference of the performance of
the two kind of devices (DC and MZI based), it is fundamental to set the devices
in similar conditions. In Figure 6.3 it is possible to observe that there is always a
residual of the resonance of the second resonator in the 1500-1600 spectral region,
and this characterization is obtained having the two resonators’ resonances at ap-
proximately the same frequency around 1550 nm, as shown in Figure 6.2c. On the
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other hand, the MZI-isolated device exhibits the superposition of the resonances at
around 1505 nm and 1595 nm, as can be observed in Figure 6.15. Thus, I applied
some electrical power to the heater on top of Resonator 2 in the MZI-isolated device
to align the resonances at around 1550 nm. The results of the őne tuning of the
electrical power applied to the MZI are shown in Figure 6.16. As can be observed,
with the electrical power equal to 30.1 mW, no additional resonances can be ob-
served within the whole investigated spectral area, which conőrms that the use of a
MZI to isolate the resonators allows one to obtain a higher band in which they are
uncoupled.

6.2.2 Nonlinear characterization

Finally, I measured the strength of the nonlinear interaction between the modes
of the two resonators in the device 68. Once the voltage applied to the heater on
one MZI’s arm has been set to isolate the resonators, as discussed in the previous
section, I checked the alignment of three resonances (one of Resonator 1 and two of
Resonator 2), and it turned out that with 7.22 V (20.3 mW) applied on the heater
on top of Resonator 2, two resonances of Resonator 2 (ΩI at λI = 1540.688 nm
and ΩS at λS = 1560.019 nm) are equally spaced in frequency with respect to one
resonance of Resonator 1 (ΩP at λP = 1550.293 nm).

Thus, I placed the sample in the set-up shown in Figure 6.17 to measure the
generation rate through sSFWM using such a structure. In the experiment, a tun-
able laser, whose spectrum is cleaned by the band-pass őlter BPF1 to suppress the
ASE tails, is tuned on resonance at λP and coupled to Resonator 1 through the port
T1. Then, the photons generated at λS and λI are detected by, respectively, the
superconductive single-photon detectors D1 and D2. Two tunable őber Bragg őlters
(TBF1 and TBF2) and two band-pass őlters (BPF2 and BPF3) are used to select
the photons at λS and λI and to suppress the residual of the pump, whose spectral
alignment with the device is checked through a power meter. Moreover, the power
applied to the heaters is provided by two different voltage sources.

In Figure 6.18 the results of the experiments are shown. In Figure 6.18a is
displayed the dependence of the coincidence rate measured on the detectors with
respect to the detuning between the modes deőned in (6.2): the data conőrm that
the maximum of the generation efficiency occurs at around 20.3 mW applied to the
heater of Resonator 2. On the other hand, in Figure 6.18b is shown the variation
of the generation rate Rwg of photons in the waveguide coupled to Resonator 2
with respect to the power of the laser tuned on resonance at λP . The values are
obtained from the measured coincidence rates (20 s of integration time) through
(6.1.2), where the losses associated to detectors D1 and D2 includes the efficiency of
the detectors (- 1 dB), the losses due to the őber optical components (-4.5 dB and
-3.1 dB respectively) and the coupling losses out of the chip (-3.5 dB). In addition,
it is worth to mention that for each value of the input power, three acquisitions were
performed by őnely tuning the voltage applied to the heater on Resonator 2, and
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Figure 6.17: Set-up used to realize the nonlinear characterization of the device
composed of two resonators linearly uncoupled through a MZI.

the maximum value has been taken. As can be seen, the data are in good agreement
with the theoretical values calculated from 3.27 by considering γ = 110 m−1W−1, ng

= 4.144, the quality factors of the resonances QS , QP , and QI , equal to, respectively,
2.50 ·105, 8.9 ·104, and 2.56 ·105, the length of the resonators equal to 632 µm and
639 µm and the length of the MZI’s arms equal to 194 µm. Finally, the coupled
power is calculated by considering the losses from the laser to the waveguide coupled
to Resonator 1 (-2.2 dB).

In conclusion, the results shown conőrm the advantages of nonlinear coupled
resonators which are linearly uncoupled through a MZI, since it has been proven
the higher efficiency of the tuning of the coupling, as pointed out in Figure 6.15,
the higher bandwidth of the isolation of the modes associated to the resonators,
ad shown in Figure 6.16, and the stronger nonlinear interaction, as anticipated in
equation 3.27 and conőrmed by the results displayed in Figure 6.18b.
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Chapter 7

Conclusions and Perspectives

In this work I studied the development of integrated silicon photonic circuits
(PICs) in the framework of quantum technologies. In particular, I realized several
innovative PICs to efficiently generate nonclassical states of light, to manipulate
them, and to solve important problems related to their generation on chip, such
as the suppression of the pump and the increase of the signal to noise ratio when
generating degenerate photons through dual-pump spontaneous four-wave mixing
(d-SFWM). All these devices have been realized on a dedicated fabrication run
exploiting an innovative post-etching treatment on silicon integrated optical waveg-
uides with the aim of reducing the optical losses due to the roughness of the sidewalls,
which has relevant implications on the efficiency of the sources of nonclassical states
of light and on the manipulation of the generated photons.

In the őrst part of the work I focused on the design of the circuits and on their
fabrication, as detailed in Chapters 2, 3, and 4. Then, I studied the impact of
advanced post-etching treatments on silicon integrated optical waveguides. In par-
ticular, I tested the effect of thermal annealing on the optical propagation losses
and on the quality factor of integrated ring resonators. One of the main sources
of losses in integrated waveguides is related to the scattering due to the roughness
on their sidewalls. However, the use of post-etching treatments can mitigate this
effect. This has been demonstrated in previous works [82, 116] where losses lower
that 0.5 dB/cm were reported for high conőnement waveguides. Thus, we applied
similar treatments in our fabrication run. After some morphological tests realized
with the scanning electron microscope and the atomic force microscope, we found
out that the line edge roughness of the waveguides was reduced from 2.2 nm to less
than 0.8 nm. The impact of the annealing was clear also from the optical tests: I
analyzed several ring resonators with different radii őnding out that annealed sam-
ples showed higher quality factors with respect to the non-treated ones. However,
the intrinsic quality factor of these devices tuned out to be around 4.5 · 105, which
corresponds to propagation losses around 1.6 dB/cm. Thus, I tested some longer
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resonators composed mainly by straight waveguides, which showed intrinsic quality
factor around one million (0.7 dB/cm). These results suggested that the impact of
the annealing is different on straight and curved waveguides, as conőrmed by some
observations performed with the scanning electron microscope which show that the
reduction of the roughness on curved waveguide seems to be more mitigated. This
effect is likely to be related to the fact that straight waveguides are always aligned
with silicon crystalline axis, while curved ones are obviously misaligned.
In the future, some investigations will be done in order to further conőrm this point.
First, an estimation of the line edge roughness of the curved-waveguides’s sidewalls
will be performed with the atomic force microscope, to quantify the difference with
respect to the values observed with the straight waveguides. In addition, different
shapes of resonators will be investigated: in fact, racetracks should show a reduced
impact of the rough curves.

In the őnal part of the thesis I investigated the use of linearly uncoupled res-
onators to selectively enhance speciőc nonlinear processes. As discussed, this can
be extremely interesting when unwanted parasitic nonlinear processes can degrade
the generated signal, as it occurs, for example, in dual-pump spontaneous four-wave
mixing.
The possibility of use two pump lasers at ω1 and ω2 to generate photons at ωT =
(ω1+ω2)/2 through d-SFWM is very useful, since it allows to generate single-mode
squeezed light, a central resource in the development of continuous-variable quantum
computing. Conventional micrometric ring resonators have been used to enhance
d-SFWM, but their multimode nature inevitably also leads to the ampliőcation of
unwanted nonlinear phenomena, such as single-pump spontaneous four-wave mix-
ing (s-SFWM). In particular, I showed that the generation rates of the parasitic
processes, given by the sum of the two s-SFWM rates, can even be one order of
magnitude larger than the generation rate of d-SFWM, with a maximum signal-to-
noise ratio (SNR) of only about 2 when the two pump powers are equal.
Linearly uncoupled resonators were proposed in 2019 [263]: the idea is to build
two isolated optical resonators that can be coupled through their nonlinear interac-
tion. This is possible, for example, by placing two racetrack resonators side-by-side
forming a directional coupler, which allows the uncoupling of the modes. However,
since the modes of the two resonators both propagate in the directional coupler,
the nonlinear interaction between them can take place in this region if conservation
of energy and momentum are satisőed. Thus, a proper spectral alignment of the
modes, performed by activating some thermal phase shifters on the resonators, al-
lows one to selectively enable or suppress the generation of photon pairs through
the nonlinear interaction.
To prove this experimentally, I tuned one laser on resonance with one resonator and
measured the generation rate of pairs resonant with the second racetrack: this al-
lowed me to estimate the suppression of s-SFWM, which was found out to follow the
theoretical predictions. Then, I realized a d-SFWM experiment by using two lasers
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tuned on resonance with one resonator and detecting the generated pairs within one
resonance of the other: the estimated SNR is equal to (11.3 ± 3.2) · 103. From the
theoretical model, a SNR around 21 ·103 was expected, an improvement over that of
a single ring system by over four orders of magnitude. Our experimental estimation
is lower due to the presence of other sources of noise in the set-up (such as Raman
noise from the őbers).

The main drawback of linearly uncoupled resonators is the reduced strength
of the nonlinear interaction with respect to conventional resonators. In fact, the
optical modes interact only in the directional coupler, which is around a quarter
of the length of the resonators, and their overlap integral is equal to 0.25: this
leads to a reduction of the interaction strength by a factor of 1/256 with respect
to conventional resonators having similar dimensions. However, some strategies can
be adopted to reduce this penalty.
First, one can replace the directional coupler with a Mach-Zehnder interferometer.
This approach does not modify the ratio between interaction and total length, but
it increases the overlap of the modes, resulting in an enhancement of a factor 4
with respect to the device with the directional coupler, as conőrmed by nonlinear
experiments performed and shown in the manuscript. In addition, this strategy
have other advantages: the isolation of the modes occurs in a larger spectral band
(approximately twice the isolation bandwidth of the directional coupler’s version),
and the fabrication imperfections are easily compensated by applying a small voltage
on some heaters placed on top of the Mach-Zehnder interferometers’ arms.
Further improvements could be realized by adding an additional resonator which
allows one to extend the nonlinear interaction an to enhance the process by a further
factor of 4. These devices were designed and fabricated on the chip, and they will
be characterized in future. The results will allow one to conőrm this idea, which
could be implemented on different platforms (for example silicon nitride) to test the
generation of squeezed light exploiting this approach. In fact, it is difficult to realize
a relevant level of squeezing with silicon waveguides where nonlinear losses limit the
intensity of the coherent beams that can be used.

Finally, other structures were designed and fabricated on the wafers, targeting
different goals such as the generation of entangled tripartite states (W states), the
efficient generation of frequency-encoded entangled states, the improvement of the
pair generation rates by exploiting series of ring resonators, and the on-chip sup-
pression of the pump by using integrated Bragg őlters. All these structures have
relevant impact in the őeld of integrated quantum photonics, since they can prove
the possibility to realize such systems on an integrated platforms, or improve the
performance of the devices already described in literature.
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