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Abstract

The implementation of an integrated source capable of generating complex quantum states
is a key milestone in the development of photonic quantum technologies. Integrated optics
represents one of the most promising platforms to fulfil this task. Indeed, the generation
of single photon-pairs, based on non-degenerate spontaneous parametric down conversion
in integrated waveguides, represents a promising solution due to the enhanced stability
and the increased nonlinear interaction. However, a complete standalone and integrated
source should not only encompass the photon-pairs generation stage, but it should feature
both an efficient pump filtering and the capability to divide idler (heralding) photons from
the signal (heralded) ones. In this thesis, the fabrication and characterization of an inte-
grated Wavelength Division Multiplexer (WDM) for a heralded integrated single-photons
source is presented. This component relies on the wavelength dependence of the coupling
coefficient in directional couplers. This device has been fabricated using the Femtosecond
Laser Micromachining technique in a glass substrate. First, we fabricated a WDM at
telecom wavelengths of 1550/1310 nm achieving very good extinction ratio, namely 24
and 22 dB respectively. We also fabricated and tested a WDM at closer wavelengths, i.e.
1510/1588 nm, obtaining an extinction ratio of 17 e 16 dB respectively. In addition, with
the aim of optimizing the overall performance of this component by reducing its optical
losses, we studied a new fabrication process on a different glass substrate, namely the
Borofloat 33 instead of EAGLE XG. In particular, for the new substrate we measured
propagation losses around 0.03dB/cm for straight waveguides, which can be considered
a state-of-the-art result for waveguides fabricated via femtosecond laser writing and are
almost an order of magnitude better with respect to the previous platform. Finally, a
1510/1588 nm WDM was fabricated using this substrate, achieving an extinction ratio of
19dB for both wavelengths.

Keywords: Quantum computing; Integrated single photon sources; Integrated optics;

Femtosecond laser micromachining; Wavelength division multiplexer.
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Abstract in lingua italiana

L’implementazione di una sorgente integrata in grado di generare stati quantistici comp-
lessi & un traguardo fondamentale nello sviluppo delle tecnologie quantistiche fotoniche.
L’ottica integrata rappresenta una delle piattaforme piti promettenti per realizzare questo
compito. Infatti, la generazione di coppie di singoli fotoni, basata sul processo spontaneo
di parametric down conversion non degenere in guide d’onda integrate, rappresenta una
soluzione promettente grazie alla maggiore stabilita e alla maggiore interazione non lin-
eare. Tuttavia, una sorgente completa, autonoma e integrata, non dovrebbe comprendere
solo la fase di generazione delle coppie di fotoni, ma dovrebbe essere dotata sia di un effi-
ciente filtraggio della pompa che della capacita di dividere i fotoni idler (annunciatori) da
quelli di signal (annunciati). In questa tesi, viene presentata la fabbricazione e la carat-
terizzazione di un wavelength division multiplexer per una sorgente integrata di singoli
fotoni annunciati. Questo componente si basa sulla dipendenza dalla lunghezza d’onda
del coefficiente di accoppiamento negli accoppiatori direzionali. Questo dispositivo € stato
fabbricato usando la tecnica di microfabbricazione di guide con laser a femtosecondi in un
substrato di vetro. Per prima cosa, abbiamo fabbricato un WDM per le lunghezze d’onda
tipiche della telecomunicazione di 1550/1310 nm raggiungendo un ottimo rapporto di
estinzione, ovvero 24 e 22 dB rispettivamente. Abbiamo anche fabbricato e testato un
WDM a lunghezze d’onda pin vicine, cioé 1510/1588 nm, ottenendo un rapporto di es-
tinzione di 17 e 16 dB rispettivamente. Inoltre, allo scopo di ottimizzare le prestazioni
complessive di questo componente riducendo le sue perdite ottiche, abbiamo studiato un
nuovo processo di fabbricazione su un diverso substrato di vetro, ovvero usando Borofloat
33 invece di EAGLE XG. In particolare, per il nuovo substrato abbiamo misurato perdite
di propagazione intorno a 0.03dB/cm per guide d’onda dritte, il che puo essere consid-
erato uno tra i migliori risultati nello stato dell’arte per guide d’onda fabbricate tramite
scrittura laser a femtosecondi e risultando essere quasi un ordine di grandezza migliore
rispetto alla piattaforma precedente. Infine, un WDM 1510/1588 nm ¢ stato fabbricato
utilizzando questo nuovo substrato, ottenendo un rapporto di estinzione di 19 dB per en-

trambe le lunghezze d’onda.



Parole chiave: Computazione quantistica; Sorgenti a singoli fotoni integrate; Ottica

integrata; Microfabbricazione laser a femtosecondi; Wavelength division multiplexer.
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Introduction

Quantum technologies have the potential to revolutionize the way we process informa-
tion. This change touches several fields in science: quantum metrology and sensing,
providing high-resolution measurements, quantum cryptography, applying protocols that
ensure maximum secrecy in communications, to quantum simulation and quantum com-
puting, that are capable of implementing and solving algorithms intractable for their clas-
sical counterparts. In recent years, scientists from all over the world have been putting
countless efforts into developing these systems. First of all, it is necessary to find a phys-
ical system, which is scalable and engineerable, on which to implement this technology.
The most mature technologies use superconducting circuits, trapped ions and photons.
Among these, photons, thanks to their low decoherence and weak interaction with the
environment, represent one of the most promising choices. Up to date, the most powerful
quantum computer is based on photons [1]. Although this incredible achievement has been
accomplished through bulk optics, to obtain a scalable, stable and portable platform it
is necessary to switch to integrated optics. This fascinating approach uses waveguides to
carry and manipulate information encoded in photon states. Multiple efforts are put into
building a chip capable of performing full computational tasks, this means that a single
chip must be able to generate complex photon input states, process them by interference
in a unitary matrix and finally detect them through a detection system, all on one chip.
However, for the accomplishment of such a system some problems have to be solved. One
of these is the generation of input states that involve numerous photons. The generation
of single photons through the effect of spontaneous parametric down conversion (SPDC)
in nonlinear crystals, thanks to its stability and its relative ease of implementation, is so
far the most widely used method for the realization of sources. However, due to their
nature, they emit photons that are randomly distributed in time, making the genera-
tion of complex states more difficult. Fortunately, approaches such as the exploitation
of heralding or post-selection mechanisms make these types of sources attractive. This
thesis concerns the fabrication and characterization of an integrated wavelength division
multiplexer, a key component for the implementation of a heralded integrated source. In

particular, this device has been fabricated using the Femtosecond Laser Micromachining
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(FLM) technique. This innovative technique proved to be very advantageous in several
aspects. Compared to conventional lithographic processes, FLM is maskless, with fast
prototyping capabilities and very low costs. In addition, an important advantage is the
possibility to manufacture 3D circuits. This technique exploits the nonlinear absorption
of the femtosecond laser to induce a permanent modification in the refractive index of
the material. Thanks to this effect, FLM can be used on multiple transparent materials
allowing the fabrication of hybrid devices, by maintaining low coupling losses between the
various components. This thesis has been organized as follows: Chapter 1 introduces pho-
tonic quantum computing, showing the potentiality of this approach, how to implement
it and introducing the boson sampling experiment. Chapter 2 covers femtosecond laser
micromachining technique used to fabricate the devices shown in this thesis. Chapter 3
discusses the experimental setup and methods used for fabrication and characterization
of the samples. Chapter 4 disclose the design and the operating principle of our final
device. Chapter 5 shows the actual fabrication and characterization of the device. Fi-
nally, in Chapter 6 we developed a new photonic platform, based on femtosecond laser
micromachining on a different glass substrate, for fabricating the integrated wavelength

division multiplexer.
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In this chapter, a general overview of photonic quantum computing is presented. The
chapter opens with a small introduction to quantum computing. Starting from the defi-
nition of a qubit and basic quantum gates, it generally presents the first algorithms that
pushed the development of quantum computation in the last few decades. Then, a more
specific outline of quantum computation using photons is given. In the second part of
the chapter, the boson sampling model is described. The section also deals with two dif-
ferent approaches to implement it, namely bulk and integrated, showing state-of-the-art
experiments. Finally a more specific insight into integrated sources and in particular the

sources used to perform boson sampling is displayed.
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1.1. Quantum Computing

In the late 1960s, it was thought that every computational problem could be solved with
a Turing machine. This statement is summarised in the classic version of the Church-
Turing’s thesis: Any algorithmic process can be simulated efficiently using a Turing ma-
chine [2—4]. This thesis was never proven, but it held sway for many years and led to the
evolution of the modern computers we know today. The tight constraint in this sentence
lies in the word "efficient”. In 1982, Richard Feynman pointed out how complex it was to
simulate quantum mechanical systems on classical computers and suggested that if these
simulations were performed on quantum computers, the problem would be solved more
efficiently [3-5|. Driven by this idea, in the years to come many people devised quantum
algorithms in order to prove the real advantage of quantum computation, thus proving
to solve tasks that are computationally hard for the classical counterpart. One of the
first quantum algorithms is the Deutsch-Jozsa algorithm, devised by David Deutsch and
Richard Jozsa in 1992, although it is of little practical interest, it demonstrates quan-
tum exponential advantage [6]. Two years later Peter Shor demonstrated how quantum
computation could efficiently solve two problems of enormous interest: the problem of
finding the prime factors of an integer and the so-called "discrete logarithm" problem
[7-9]. Further demonstrations of the power of quantum computing were brought by Lov
Grover, who in 1995 formulated an algorithm that can speed up an unstructured search
problem quadratically, the so-called quantum search algorithm [10]. After these theoreti-
cally based algorithms were discovered, research groups began to think how to implement
the first quantum computer and thus actually demonstrate a quantum advantage on a
physical platform. In the following years, some prototypes of quantum computers were de-
veloped, but not yet able to demonstrate the desired computing power. For the first time
in history, in 2019 Google developed the first quantum processor capable of doing this,
based on superconductor technology and operating at 53 qubits: the Sycamore quantum
processor. Google announced that the processor was capable of solving a problem in 200
seconds, whereas a classical supercomputer would have taken 10,000 years, although IBM
replied that a classical supercomputer would have taken 2.5 days [11, 12|. Despite the
controversy between Google and IBM, the rapid growth of quantum computing increas-
ingly highlights the possibility of quantum advantage even on physical devices. Indeed,
in recent years other experiments has proven a computation advantage on task-driven
algorithms. Among them, there is the experiment conducted by Yulin Wu et al., that de-
velop a programmable superconducting quantum processor based on 66 functional qubits:
the Zuchongzhi [13]. Another important breakthrough has been achieved by Zhong et al.

who succeeded in demonstrating quantum supremacy by developing a processor based no
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longer on superconducting elements, but on photons. In fact, this quantum computer,
the Jiuzhang [14], processes up to 76 photons and was later improved in version 2.0 to

113 photons [1], making it 10 billion times faster than the previous version.

But what does quantum computing mean? Quantum computing refers to the way in
which information is encoded and processed. In particular, it relies on the rules of quantum
mechanics, by exploiting phenomena such as quantum interference, superposition principle
and quantum entanglement. Quantum mechanics is a mathematical framework for the
construction of these theories [3]. Hereafter, we introduce the general concepts at the

basis of the quantum computation.

Just as the bit is the elementary unit of classical computation, the qubit (quantum bit)
is its quantum counterpart. Unlike the classical bit, which can take the values 0 and 1,
the qubit can assume more than one real value and can be written as a superposition of

the two computational basis states:

[¥) =al0) +81), (1.1)

where o and 8 are complex numbers and holds the normalization condition |a|?+|3|? = 1.
The qubit can exist in superposition only before being measured, once measured the wave
function |¢) collapses with probability |a|*> and |3|* into the basis states |0) and [1)
respectively [15]. In a mathematical framework, the state of the qubit is a vector in
the two-dimensional complex vector space, with special states |0) and |1) that form an
orthonormal basis for this vector space. If the unit of quantum information has several

states, d-levels state, we will speak of qudits [16].

The beauty of treating the qubit as an abstract mathematical object allows us to encode
it on a variety of physical platforms. The qubit can be implemented in several ways:
electrons (spin up and down), Josephson junctions (using the charge or the direction of
the current), nuclear spins (up or down), ion traps (ground and excited state) and, as we
will see in the next section, single photons [17, 18]. Some of these physical systems are

listed in Table 1.1, illustrating the platform and the encoding methods.



6 1| Photonic Quantum Computing

System Observable Encoding
Polarization Horizontal / Vertical
Single photon Orbital angular momentum Left /Right
Number 0/1 Photons
Time Early/Late
Continuous-variable fields Quadratures Amplitude -/Phase - squeezing
Charge 0/1 Cooper pair
Josephson junction Current Clock -/Counter - clockwise
Energy Ground /Excited state
Quantum dot, Optical lattice, Spin /4
Nuclear spin
Electrons Charge 0/1 electrons
Spin T/
Non-abelian anyons Topology Braidings

Table 1.1: This table represents the most promising technologies adopted for the physical
implementation of a qubit, illustrating the physical platforms and the encoding method.
Table adapted from [17].

To realize a quantum computer, the qubit must be initializable, measurable, and manipu-
lable so that a universal set of quantum logic gates can be built on top of it. It must also
be a scalable technology, so that it can keep up with the computational power of state-
of-the-art supercomputers. Just as logic gates form the basis of classical computation,
so quantum logic gates form the basis of quantum computation. They are distinguished
into single quantum gates and multiple quantum gates. Single quantum gates act on a
single qubit, namely the information comes in from one input, is transformed and then
exits the output. On the other hand, multiple quantum gates act on two or more qubit,
which means that the output depends on the states of two or more qubits. Quantum
computation has multiple single qubit gates, unlike the classical analogue, which has only
two single gates (Identity gate and NOT gate). To represent logic gates at the quantum
level, matrix notation is used and the only restriction is that the matrix U representing
the gate must be unitary, i.e. UTU = 1, where U' is the adjoint of U. Any matrix can
be a logic gate, as long as it is unitary, which results in another difference to the classical

analogue: quantum gates are reversible [3].

A set of universal logic gates is required to perform complex operations. For quantum
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computing, it has been shown that to build a set of universal gates it is sufficient to
employ some one-qubit gates and at least one two-qubit gate [19, 20]. An example of a

universal set of quantum gates can be composed by the following gates:

e The single qubit Hadamard gate, defined as:

1 (1 1
e L _J | 12)

this gate prepares a superposition state from a basis state, namely if the input
state is |0) the output turns into |+) = %(|0> + [1)) and if it is |1) it becomes
=) = 55 (10) = [1)).

e The 7/8 phase shift gate:

R:

1 ] L3

0 e's
designed to change the quantum relative phase, without altering the amplitude.

e The controlled-NOT gate:

1000
0100

CNOT = , (1.4)
0001
0010

a two-qubit gate devised for flip the state of a qubit (target) if the other qubit
(control) is |1).

1.1.1. Photonic Based Quantum Computing

As we have briefly discussed above, quantum computing can be developed on different
platforms. Among them, photonic platform represents a very promising solution. Indeed,
photons can be an excellent choice for transporting information thanks to their low de-
coherence and weak interaction with the surrounding, keeping the information preserved
for long-haul communication. In addition, due to these properties, photons can be used
as carriers of quantum information without necessarily depending on the use of cryogenic

temperatures or ultra-high vacuum.

In photonics, single quantum gates can be easily implemented through the use of wave-

plates, polarizers, beam splitters and phase shifters. For example, to realize the Hadamard



8 1| Photonic Quantum Computing

gate a 22.5° oriented half waveplate is sufficient in case of polarization encoding [21] or
can be implemented by using a beam splitter with a phase shifter if path encoding is
used, while to realize the 7/8 phase shift gate it is sufficient to change the phase to a
qubit through delay lines or actively using thermal phase shifters [22]. On the other hand,
multiple gates are very difficult to implement in quantum optics. While on the one side
the characteristic of being weakly interacting with the surrounding makes the photon a
very good qubit because it preserves the state, on the other side it is also its biggest
drawback, since the implementation of a multiple gate requires the interaction between
two or more photons. However, photon-photon interaction is only possible under strong
nonlinearity regimes. Despite this, the development of a universal photonic processor
requires the implementation of at least one multiple gate or, as mentioned before, the
implementation of the CNOT gate. In 2001 Knill, Lalamme and Milburn showed that it
is possible to achieve scalable quantum computing only by using single photons sources,
detectors and linear optical circuits and so proving the implementation on a two-qubit
gates without nonlinearity [23]. So, by exploiting an ancilla photons it is possible, using
linear optical element, to realize a probabilistic CNOT gate, with a success probability
of 1/9 [24]. However, the probability of success can be boosted by harnessing quantum
teleportation [21]. Otherwise it is possible to build CNOT gates through nonlinear optical
elements, for example by employing a strongly coupled quantum-dot-nanocavity system
[25]. Recently, hybrid approaches have also been developed. Among these we find the
use of two-photon absorbers together with the probabilistic CNOT gate. In this way, by
exploiting the quantum Zeno effect, it is possible to avoid the failure mode of the prob-
abilistic CNOT gate, by inhibiting the emission of two photons into one of the outputs.
This increases the probability of success by 100% thus obtaining a deterministic CNOT
gate [26].

Another two important aspects in quantum photonics, as in other platforms, are the losses
and the scalability. As regard the losses, due to the no-cloning theorem, if a photon is
lost, the information it contains is lost irreversibly. This feature still represent one of the
major bottlenecks in photonics quantum computing. The other important feature for the
implementation of quantum computation is the scalability. Bulk optics still use elements
that are hardly scalable, while adopting an integrated approach this problem could be

overcome. Integrated approach will be discussed in details in the next section.

A general scheme for a quantum photonic processor should encompass three main stages,
as depicted in Figure 1.1. First of all, a single-photon source (SPS) is needed. The ideal
source should emit one photon at a time, on demand, with a high generation rate. In

addition, several sources must emit photons that are indistinguishable from each other,
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and for many applications it is required that they be emitted simultaneously [17]. At
the moment, finding a source that satisfies all requirements keeping high performances
is a difficult task. Typical single photon sources are differentiated into probabilistic and
deterministic sources. Some of the deterministic source include quantum dots [27|, trapped
ions [28] and colour centres [29]. As regards probabilistic sources, they are typically
obtained by exploiting nonlinear effects in optical materials. When an intense pump laser
interacts with a y® (or x®) material, one (or two) photons of angular frequency w,
are annihilated and a pair of daughter photons is generated. The y® process is called
spontaneous parametric-down conversion (SPDC), while the x® one is called spontaneous
four wave mixing (SFWM). These processes produce photons randomly distributed over
time, which is why they are probabilistic sources, but usually one photon of the pair
(heralded photon) is used as a trigger to detect the other (heralded photon), so as to
know where and when it was generated. Among the different methods, photon pairs can
be generated either by SFWM in optical waveguides [30] and microdisks [31] or by SPDC
in bulk crystals, semiconductors or microresonators [32]. Up to date, SPDC in nonlinear
crystals represents the most employed method for generation of indistinguishable photon

pairs.

The second stage is devised for manipulating the information carried by photons, making
them interfere. Generally, this part involves the implementation of an arbitrary unitary
matrix U, which can be implemented through the use of interferometric networks. So any
discrete unitary operation can be achieved by connecting several linear optical compo-
nents such as beam splitters and phase shifters. In order to make photon interfere, they
must not undergo any modification in their path, so the system must be highly stable.
Furthermore, as high computing powers require the use of multiple photons, the matrix
needs to be implemented with scalable technologies. Initially the realization of the ma-
trix U involved a series of bulk optical components, but were affected by problems of
stability, scalability and implementation convenience. To overcome these problems, the
technology has evolved to an integrated optics approach, based on a series of directional
couplers and phase shifters designed to provide the U matrix. An ideal platform should
feature low propagation losses, good coupling coefficient and the capability to integrate
efficient phase shifters. Some of the most promising technological platforms are Silicon-on-
insulator (SOI) [33], Silica on Silicon (SoS) [34], Silicon Nitride (SizNy4) [35], UV writing
[36] and Femtosecond Laser Writing (FLW) [37].

Finally, a quantum photonic computer should be able to detect single photons in order
to retrieve the information processed. A single photon detector (SPD) is a device that

converts the energy of a single photon into an electrical signal. These devices require a
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high probability and reliability of detection. There are two types of photodetectors: those
that are able to discriminate the number of photons detected, photon number resolving
detectors (PNR), and those that detect at least one photon (non-PNR). Non-PNRs include
single-photon avalanche photodiodes (SPADs) [38], quantum dots [39], negative feedback
avalanche diodes (NFAD) [40] and superconducting nanowires (SNSPDs) [41], while PNRs
include parallel SNSPDs [42], multiplexed SPADs [43], organic field-effect transistors [44]

and transition-edge sensors [45].

Given a photonic processor, several quantum algorithms can be implemented. In this the-
sis, we will focus on boson sampling, which has been widely investigated in the last decades
thanks to its ability to solve a problem otherwise intractable by classical computers in an

efficient way, exploiting interference between photons.

SOURCE UNITARY MATRIX DETECTOR

NV-CENTERS

INTEGRATED
>< SNSPD
M QUANTUM DOT

SPDC

BULK

b

SPAD

| [l

| [
il

N om A w WA
R A N ¢
o %o oW om A
PN S TR N S
P A .
LA W N A

Figure 1.1: The three main stages that compose a photonic quantum processor. Several
platforms for the implementation of each stage are show in this figure. As regards source,
the main platforms involve NV-centers, Quantum Dot and generation via nonlinear effects
such as SPDC and FWM. For the core of the photonic processor, in which the informa-
tion is manipulated, two different approach are typically proposed: bulk and integrated
approach. Finally, in the detector stage only SPADs and SNSPDs are reported. They

represent the most mature technology for detecting single photons.

1.2. Boson Sampling

Boson sampling is a quantum computational model developed by Scott Aaronson and Alex

Arkhipov (AA) that exploits the interference of noninteracting bosons to solve a classically
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intractable problem [46]. This model can be of practical interest in various applications
such as calculating the vibronic spectra of molecules [47], simulations of spin Hamilto-
nians [48], or simulations of molecular quantum dynamics [49]. The method consists of
sampling from the output distribution of indistinguishable bosons scattered from a linear
interferometer, where the probability distribution depends on the permanent of complex
matrices. Standard boson sampling, introduced by Aaronson and Arkhipov, is performed
using photons. Photons are particularly suitable for performing boson sampling, since the
model relies on noninteracting bosons and thus the problem of photon-photon interaction
does not arise, bypassing one of the major problems in implementing a photonic quan-
tum computer. This model does not show how to make a universal quantum computer,
but it does demonstrate a clear advantage in solving an algorithm that would have been

inefficient in the classical context, thus experimentally validating quantum supremacy.

As a matter of fact, it is known that the probability amplitudes for n-boson are propor-
tional to the permanent of n x n matrix [50]|, similarly the amplitudes for n-fermion are
proportional to the determinant. However, the former belongs to a #P-complete class of
computational complexity, while the latter to the P-class [51|. This means that for the
computation of the permanent there is no algorithm that solves it in polynomial time.
The best known classical algorithm is the Ryser’s algorithm which solves it in 2"*1n?
operations, e.g. if n = 10 it would mean 200, 000 operations, if n = 30, about 2 trillion.
In 1996, Troyansky and Tishby devised a quantum algorithm to calculate the permanent
exactly, but it was not efficient as an exponential number of samples would be needed
for a good result [50]. Actually, in their seminal paper on boson sampling Aaronson and
Arkhipov did not show how to calculate the permanent, but rather deals with sampling
from a probability distribution, where this probability is proportional to the square of the
permanent of a submatrix that describe the transition of photons from input to output.
This is still a classically intractable problem, but, in the quantum framework, it is solvable
almost-instantaneously due to the intrinsic nature of photons. So far, the best algorithm
for boson sampling has been proposed by P.Clifford and R.Clifford, that unlike previous
algorithms, adopts a number of innovative points, such us the exploitation of Laplace
expansion, improving the time complexity of O[n2"+poly(m,n)| (see the article [52] for
details). According to Clifford and Clifford, boson sampling starts to become unfeasible

for classical computer processing around 50 photons [52].

Consider a system with n photons and m modes, the initial state can be described as

follows:
|S> = |81782a '-'78m> ) (15)

where we have non-negative integers representing the number of photons in each mode. In
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each mode there can only be one or zero photons, which means it describes a no-collision
state. This state enter to an m-mode linear optical interferometer that is described
by a Haar-random unitary matrix U. Finally the output state is described as |T) =
|t1,t2, ..., tm). The transition probability between input and output state is defined as

follows:
|P€T(US7T) |2

51!...Sm!t1!...tm!7

PriS —T] = (1.6)

where Ugr is a submatrix of U obtained by taking ¢; copies of the i-th row of U and s;

copies of its j-th column.

The output photons are then measured by photon-counting detectors. The detectors will
be placed on each output and must reliably measure the number of photons per output.
In case the number of photons is much smaller than the number of modes, it is sufficient
to use a photodetector that discriminates between a vacuum state and a photon, since if
m > n the probability that more photons come out of the same output is negligible. A

representation of the process and the Ugr submatrix is shown in Figure 1.2a.

From another viewpoint, we can consider boson sampling as the Hong-Ou-Mandel ex-
periment [53], but with n=3, or more photons. In the Hong-Ou-Mandel experiment, if
two indistinguishable photons (imagine photons of the same colour in Figure 1.2b) are
injected, the output corresponds to the superposition of four states, depicted in Figure
1.2b, where two states cancels out by the opposite sign, namely the initial state |1,1)

evolves into
2,0) —0,2)

N

The amplitude of the basis state |1,1) becomes 0, in fact the permanent

(1.7)

E
Per (\{5 V2 ) =0, (1.8)
Vi Ve

demonstrating destructive interference between the two paths [46].
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Figure 1.2: a) Representation of the input and output states and the generated submatrix.
The probability of distribution is proportional to the permanent of the submatrix Ug .
The source emits a pair of photons in order to announce the input state by heralding
photons. b) Four possible outcomes from the Hong-Ou-Mandel experiment. Since the
photons are indistinguishable (imagine they have the same colour) the combinations at
the bottom of the figure would cancel out, i.e. destructive interference. This would leave

only the two results shown at the top of the figure.

Although there have been advances in the evolution of deterministic sources, such as
quantum dots, achieving 50 or more photons generated simultaneously in a deterministic
way is still far beyond the current capability of these sources. Up-to-date, the most widely
used technique for generating single photons remains SPDC. This is because it guarantees
high indistinguishability and an easy-to-implement setup. However, it is a probabilistic
source and also requires low pump intensity to avoid multiple-photon generation. Given
the spontaneous process, one never knows when the single photon will be generated. If we
assume that the probability of generating a single photon is €, the probability of generating
n simultaneous photons is €", which means that to prepare an input state with several
photons one has to wait a very long time. For this reason, variants on classic boson
sampling have been introduced to improve the probability of success of the experiment.
Lund et al. devised the Scattershot Boson Sampling (SBS) [54]. This technique consists
of placing more sources than the number of photons to be generated, placing one source at
each input of the m-mode interferometer. For this setup the probability of generating one
of the n-photon input configurations is €”(1 — €)™ ™ and the number of possible output
configurations is (') thus obtaining a total generation rate equal to €"(1 — €)™ " (") [54].
If m > n an exponential improvement is obtained. To perform this, it is necessary to also

sample the input state. This method is particularly suitable for SPDC, since by generating
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a pair of photons, namely signal and idler, one heralds the input port and the other enters
the interferometer. Another variant is the so-called Gaussian Boson Sampling (GBS),
developed by Hamilton et al. Instead of using single photons as input it exploits single-
mode squeezed states and instead of calculating the permanent computes the Hafnian
of a matrix, which always remains a problem in #P complexity class. In addition to
containing information about the interferometer, the Hafnian contains information about
the squeezing parameters and the phase of the Gaussian input states. This technique
allows to exploit a higher pump intensity and a smaller sampling space since it does not
require to sample input variables, but, unlike the original boson sampling proposed by
Aaronson and Arkhipov where there is no phase relation between single photons, the GBS

require phase control of the all photon number state in the single-mode squeezed states.

Two different optical approaches can be used to tackle the boson sampling problem: bulk
and integrated. In the following, the state of the art of these two approaches and the

advantages and disadvantages they provide are presented.
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Figure 1.3: Boson sampling and its variants. a) Classic Boson Sampling, b) Scattershot
Boson Sampling that exploit the heralding photon to increase the probability of possible
input, ¢) Gaussian Boson Sampling, that exploit Gaussian state by single-mode squeezers.
The red dots represent the single-photon input, the blue dots the heralding single-photons

and the red lines the single-mode squeezed states.

1.2.1. Bulk Approach

Historically, all photonics experiments were carried out using a bulk approach. This con-
sists of manipulating photons through optical components, such as mirrors, beamsplitters,
polarizers and waveplates, which are therefore human-friendly in size, easily moved and
positioned, and which generally involve low losses, if compared to the integrated approach.
The mature knowledge of the technologies developed behind the bulk approach make it

possible to perform significant experiments. Some of the most important results in boson
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sampling have been achieved through bulk optics. So far, the most important achieve-
ment, announced on 3 December 2020, is the Gaussian Boson Sampling performed by the
GBS machine Jiuzhang, the photonic quantum computer developed by the University of
Science and Technology of China (USTC) [14]. Jiuzhang is the first photonic quantum
computer able to demonstrate quantum supremacy and, according to the USTC, is much
more efficient than Sycamore, the quantum computer developed by Google [55]. This
computer is capable of generating up to 76 photons simultaneously, which corresponds to
an output space-state dimension of 103 and thus a computing power ~ 104 times greater
than the best supercomputer ever made [14]. In particular on Jiuzhang they performed
GBS using threshold detectors, so the output distribution is related to a matrix function
called Torontonian [56|, and not to the Hafnian of classical GBS. However, it remains a
problem in #P, and so far the best algorithm takes two days to calculate a Torontonian

involving 50 photons.

Zhong et al, for input generation, used 25 crystals of periodically poled potassium ti-
tanyl phosphate (PPKTP) to generate 25 two-mode squeezed states, which due to hy-
brid spatial-polarization encoding is equivalent to 50 single-mode squeezed states. These
Gaussian states, controlled by a phase-locking system, are then sent into a 100 x 100
interferometer and finally detected by 100 superconducting nanowire single-photon detec-
tors. A total of 300 beamsplitters and 75 mirrors were used to built the entire setup. A
photograph depicting the entire setup is shown in Figure 1.4. The time cost of calculating
the Torontonian scales exponentially as a function of the number of coincident photons
generated. In 200 seconds, Jiuzhang generated 3,097,810 events of 43 coincident photons
and one of 76 coincident photons. It has been estimated that the Fugaku supercomputer

would take 0.6 billion years to perform the same calculation [14].

A year later, the same research group achieved a new record. They developed version
2.0 of Jiuzhang [1|. Unlike the former, in the latter the GBS is programmable by tuning
the phase of the input light. This new computer is capable of generating up to 113
photons click that pass through a 144-mode interferometer corresponding to a space-state

dimension of 10*® and performing 10 billion times faster than the previous version.


https://www.science.org/doi/10.1126/science.abe8770
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Figure 1.4: The photograph shows the entire setup. It occupies a total space of 3 square
metres and consists of 25 two-mode squeezed states sources, in the bottom-left-corner, 25
phase-locking systems, in the bottom-right-corner, and multiple mirrors and polarizing
beam splitters to achieve a total of 100 output modes, on the top part of the figure. Image
taken from [14]

1.2.2. Integrated Approach

The incredible result achieved by Zhong et al. demonstrated quantum supremacy, break-
ing all records so far. However, it was seen that the size of the whole setup is not negligible.
As the number of components increases in order to reach higher and higher computing
powers, it becomes essential to have more compact and high-stable elements. The solution
lies in the implementation of integrated optics, where several components can be built on
one chip. Moreover, the Jiuzhang is a task-driven experiment, i.e. designed specifically to
demonstrate quantum supremacy, having few other practical uses. While a more versatile
approach can be achieved by making reconfigurable integrated circuits, i.e. circuits which,
by means of for example thermal phase shifters, are able to change the U-matrix as de-
sired just by varying the voltage from a driver. The foresight of reconfigurable integrated
circuits lies in the fact that in addition to greatly reducing the size of the experiment,
making it portable and scalable, multiple algorithms can be performed on it, going beyond

the task-driven experiment and finding solutions to more practical tasks.

In order to build the integrated version of the multimode interferometer, waveguides
are inscribed with different techniques on different platforms (see section 1.1.1) that can
manipulate the beam while limiting losses as much as possible. In the integrated approach,
beam splitters are replaced by directional couplers. A directional coupler consists in two

waveguides placed close together that redistribute the light propagated by the coupling
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of the evanescent field.

Several boson sampling experiments have been conducted in the literature using integrated
multimode interferometers: Crespi et al. [57| injected 3 simultaneous photons into a
5-mode interferometer built with FLW, Spring et al. [58] used 3 photons, but in a 6-
mode interferometer built with UV writing, Zhong et al. [59] performed boson sampling
with 5 photons in a 12-mode interferometer. However, these experiments carried out on
integrated chips are still a long away from using the 50 photons needed for quantum
advantage. All the above mentioned experiments were powered by a SPDC source bulk
implemented. To further reduce the size and increase the number of sources, Paesani et
al. [60] performed standard boson sampling, SBS and GBS by integrating not only the
interferometer, but also the source, all fabricated on one chip, as shown in Figure 1.5.
To perform SBS, the research team generated single photons through FWM using four
spiral waveguides (to increase the nonlinear interaction path), then used two asymmetric
Mach-Zehnder interferometers to filter the pump, signal and idler photons. Finally, four
photons were heralded and four entered into a 12-mode interferometer. The photons are
then detected by 16 SNSPDs, measuring for the SBS about four events per hour.

Although the numbers of photons used in these experiments are small, the use of an
integrated approach opens the door to more and more complex experiments that will
involve more and more photons. To achieve a fully integrated circuit also requires a
photon generation stage that is also integrated, in fact on-chip photon generation lead to
a series of advantages, but the implementation may arise some difficulties, as discussed in

the following.
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Figure 1.5: Diagram displaying the integrated boson sampling experiment developed by

Paesani et al. Image taken from [60].
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1.3. Integrated Sources

Single photon sources are the basis of quantum photonics technologies. This component
is essential to provide quantum processors with information carriers and thus perform
algorithms. Furthermore, if generation takes place on-chip, the coupling losses that are
inevitable with the bulk approach are eliminated, and all the advantages of integrated

technology such as miniaturisation, portability, scalability and stability are achieved.

As briefly mentioned in section 1.1.1 a source must have certain characteristics to be
ideal. It must be able to deliver photons on demand, with a single-photon probability
of 100% and a multiple-photon probability of 0%. The emitted photons must be indis-
tinguishable to exploit quantum interference and the source must be reproducible so
more sources can emit multiple indistinguishable photons simultaneously. Finally, it must

have an appreciably high repetition rate.

To fully understand the characteristics of a single photon source, it is first necessary to
define a statistical property of light, namely the second order correlation function, defined

as follows:
(E(_)(t)E(_)(t + T)E(+) (t+ T)E(+) (1))

(EOH)E®(D)”

where F is the electric field operator. If we consider a Hambury Brown Twiss interferom-

g?(r) =

, (1.9)

eter, i.e. a device in which a stream of photons is divided equally by a 50:50 beam splitter
and then two detectors measure the coincidences, diagram in Figure 1.6a, the ¢(® (0) refers
to the probability of detecting two photons simultaneously. The value of ¢(®(0) differ-
entiates three different regimes: sub-poissonian, poissonian and super-poissonian. In the
case of g®(0)>1 we are in the so-called super-poissonian regime, i.e. we are dealing with
thermal light. In this case the emitted photons are less equally spaced than those emitted
in coherent emission, so we speak of photon bunching. If ¢ (0)=1 we are in the poisso-
nian regime, i.e. with randomly spaced photon emission, it corresponds to coherent light
emission, laser light. Finally, if ¢ (0)<1 we are in the sub-poissonian regime, i.e. the
emitted photons are more equally spaced than those emitted in coherent light, in this case
we refer to photon antibunching. For an ideal single-photon source the cross-correlation
g?(0) is equal to 0, i.e. the probability of emitting two or more photons at the same time
is zero. This quantity generally determines the purity of a single-photon source, namely
how close the real photons are to the ideals one, defined as b = 1 — ¢ (0) [61]. An-
other figure of merit that characterises a single photon source is indistinguishability. This
quantity is measured by making the two photons bunch, i.e. with the Hong-Ou-Mandel

experiment explained in 1.2. The two photons interfere with each other and if they are
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indistinguishable they will exit the same branch, resulting in no coincidence between the
two detectors, giving rise to the classic dip in the coincidence graph, as shown in Figure
1.6¢.
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Figure 1.6: a) Hambury Brown Twiss interferometer. Setup used to measure the purity
of a single-photon. The stream of photons goes through the 50:50 beam splitters (BS)
and then are revealed by the two detectors D; and Ds, to measure the coincidences.
For ideal single-photon at 7 = 0 there must be no coincidences. b) Hong-Ou-Mandel
interferometer. The setup is similar to the HBT, but this setup is typically used to
measure the indistinguishability between photons. The 7 represent relative delay between
two photons, if 7 = 0 the two photons enter the second BS at the same time. In section
1.2 the BS are depicted by DC (i.e. the integrated version). c¢) Typical graph representing
the HOM dip. Image taken from [62].

The optimal source varies depending on the experiment to be performed. Probabilistic
sources are easily implemented and ensure high indistinguishability between photons gen-

erated by the same crystal, nevertheless produce photons randomly distributed over time
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with a very low probability of generation. However, in an integrated approach, the pump
beam is confined in a waveguide, so the light-matter interaction increases, thus resulting

in enhanced brightness of the source

The generation probability of n-photon pairs varies depending on a term |A|* proportional

to the pump power as follows:

1—|N?
Pn) = —F— 1.10
() =~y (1.10)
and the probability of create a (n + 1) photon pairs is described as:
P(n+1) = |A\*P(n), (1.11)

and so to avoid multiphoton generation, low pump power and low average single-pair
production must be ensured. Furthermore, lowering the average single photon production
lowers ¢®(0), thus increasing purity. This results in a trade-off between purity and

brightness.

Probabilistic sources are based on nonlinear phenomena such as SPDC and FWM. SPDC
is a second-order y(? nonlinear phenomenon that occurs in non-centrosymmetric nonlinear
materials. Through this phenomenon a more energetic pump photon is converted into a
pair of less energetic photons, i.e. signal and idler. During the process, energy and
momentum are conserved, as illustrated in Figure 1.7. Depending on the polarization
of the three photons involved, three different types of SPDC can be distinguished: type
0, all photons have the same polarization, type I, signal and idler are orthogonal to the
pump, and type II, where signal is orthogonal to the idler and one of the two is parallel
to the pump photon. For some nonlinear crystal periodic poling ensures an additional
knob for controlling the down-converted process and obtaining daughter photons with
the desired wavelength and the right phase-matching properties. Periodic poling consists
in periodically reverse the ferroelectric polarization of the nonlinear crystal, in order to
induce a periodic inversion of the sign of the second order nonlinear coefficient. In this
way, the crystal can be engineered to achieve a phase-matching condition that is otherwise
unattainable [63].

In centrosymmetric materials, such as glass, which therefore do not present second-order
x® nonlinear interactions, the dominant process is FWM. In fact, it is a third-order x®
phenomenon, and involves four photons. Two pump photons are converted into two cor-
related photons, always known as signal and idler. Since it is a third-order phenomenon,
the probability of generation is lower than SPDC and therefore requires long interaction

paths in the material for efficient generation.
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Several types of integrated probabilistic sources are reported in the literature, using SPDC
in nonlinear waveguides [64] (Figure 1.8) or exploiting FWM in silicon photonics [60]
(Figure 1.5) or glass waveguides [65]. Probabilistic sources can provide high-quality single
photons with high levels of purity and high indistinguishability. In the state-of-the-art,
purity levels >99% [66, 67] with indistinguishability >98% [66] can be found. For a more
complete list of state-of-the-art purities, refer to review articles like [68-70]. However, a
probabilistic source has a low emission probability, typically p = 0.01—0.015 per excitation
pulse [71], and for some applications on-demand emission and high generation rate is

required, for this reason several integrated deterministic sources have been developed.

An example of deterministic integrated source is NV centres in diamond, i.e. a nitrogen
atom paired with a nearby vacancy. This structure can then be integrated directly on
a chip with guides written into the diamond or, through the pick-and-place technique,
it can be transferred to different substrates such as SiN or GaP creating hybrid devices
[69, 72]. Other colour centres such as SiV [73|, GeV [74] and SnV [75] can be used as
single photon emitters. Since NV centres are not identical the scalability in the number
of sources based on defects is limited, to compensate this a tuning of the spectrum can be
carried out by applying an external electric field. High levels of purity are difficult to find
for these sources. Among them we can find values of ¢ (0) < 0.3 [76-78|. This is because
NV-centres are very susceptible to external variations and are not very stable during the
emission of subsequent photons. Due to this problem, scientific efforts have been made to
develop deterministic sources based on quantum dots (QDs). This deterministic source is a
three-dimensional nanostructure consisting of a semiconductor material with a low-band-
gap integrated in a semiconductor with a high-band-gap. These objects are embedded in
solid-state mediums and usually are composed by III-V elements, for example InGaAs in
GaAs or InP in GalnP. They can be integrated into GaAs photonics chips [79], into SOI
platforms [80] or in SizNy substrates [81]. A special feature of this emitter is that the
wavelength of the emitted photon depends on the size of the quantum dot, due to quantum
confinement. On the other hand, quantum dots are difficult to reproduce, it is tricky to
create multiple identical QDs such that they emit indistinguishable photons, so fine tuning
of a single emitter is necessary. Good purity values are generally found in the literature, for
example InAs QD integrated in GaAs nanobeam waveguide shows a value of g (0) = 0.05
[82] or InGaAs in the same platform ¢®(0) = 0.006 [83], with indistinguishability of 0.77.
For more example, refer to review article [69]. Recently, has been realized a QD source
emitting single photons at high purity, with a ¢ (0) = 0.0028 £ 0.0012 and a near-unity
indistinguishability (0.9956 4+0.0045). Although photons generated by the same QD show
high levels of indistinguishability, the value drops considerably for photons generated by



22 1| Photonic Quantum Computing

different QDs. One way therefore to obtain simultaneous multi-photon states would be

to implement delay lines between photons from the same source.
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Figure 1.7: The two processes underlying probabilistic sources: a) SPDC, represented by a
second-order x® nonlinear crystal, alternating two colours (to represent periodic poling).
b) FWM, represented by a third-order x® nonlinear material, like glass. At the bot-
tom of each figure, the energy conservation and momentum conservation are represented
schematically. In the case of SPDC is also shown the quasi-phase matching condition
(bottom right).

Figure 1.8: Integrated source of entangled photons, developed by Atzeni et al.. The source
exploit SPDC by directly inscribing waveguides in a periodically poled lithium niobate
(PPLN). Image taken from [64]

1.3.1. Heralded Integrated Sources for Boson Sampling

Once an overview of the possible single-photon sources has been given, it is necessary
to identify the source that best suits the boson sampling experiment. In order to per-

form boson sampling, it is necessary that all generated photons have high purity and are
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indistinguishable, otherwise the phenomenon of quantum interference would not occur.
Moreover, it is desirable to have a sufficiently high generation rate of photons in order not
to have to wait too long time to prepare an array of simultaneous single photons, since

the time increase exponentially with the number of simultaneous photons.

Probabilistic sources, given their characteristics, are still the workhorse for the genera-
tion of single photons. However, the need for more and more complex input states goes
against the characteristic of generating photons randomly distributed in time. One so-
lution is represented by the heralded integrated sources, which announce the input state
thanks to twin photons. Thanks to this solution, scattershot boson sampling can be im-
plemented, exponentially increasing the event rate. Both SPDC and FWM generate a
pair of photons in order to herald the input photon. The waveguide-based generation of
single-photon permit, with multiplexed parallel sources, to prepare complex input states.
However, although they are inscribed in the same crystal to ensure high indistinguishabil-
ity, between the different waveguides there may be some differences and thus compromise
this property. These sources can also be easily integrated and assembled into photonic
chips. Unfortunately, these two phenomena, being probabilistic, cannot generate photons
on command and single photons are rarely generated, to give an idea usually about 1 pair
of single photons is generated every 10® pump photons [84]. Therefore the probability
of obtaining n simultaneous photons decrease exponentially with n and hence inversely
increase the time [85]. Due to this reason, it is necessary to build a chip with very low
losses so as not to lose the few pairs of photons generated and then waiting too long. This
aspect will be discussed further in section 6.1. In general, it is possible to increase the
number of generated pairs by increasing the pump power, but at the same time increases
the probability of multi-photon generation. Using low pump power, ¢ (0) purities of
around 1072 can be achieved. One particularly important thing to take into account with
heralded sources is the propagation losses. In fact, it may happen that a heralded photon
is lost, resulting in a null detection and therefore an unheralded photon will be emitted,
disturbing the photon number distribution. One way to overcome this problem is to open

the channels of the heralded photons only in case of a trigger of a herald photon.

In the integrated approach, in which the nonlinear effects for photon-pairs generation
occur in a waveguide, pump, signal and idler photons propagate in the same spatial
mode. The pump photons must be removed from the waveguides containing the signal
and idler photons because as the pump photons are orders of magnitude larger than the
signal and idler, they would instantly saturate the detectors. Therefore a long-pass filter
to cut off the pump photons is required. Filtering the pump requires an extinction of

about 100 dB [86] and implementing such an integrated filter is a tricky task. Nowadays
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in integrated photonics some methods to filter the pump are ring resonators [86|, Bragg
gratings [86], asymmetric Mach-Zender interferometers [60]|, Fabry-Perot cavities [87],
high/anti-reflective (HR/AR) coatings [88] as illustrated in Figure 1.9 or more recently

filter based on lateral leakage as in the work of Boes et al. have been developed [89].

After this, it remains to separate the idler photons from the signal photons, so as to
use the idler photon as a trigger to announce where and when the signal photon has
been generated. In the state of the art there are several solutions, such as the use of
wavelength division multiplexing (WDM) [88], as will be extensively explained in section
4.3, or asymmetric Mach-Zender interferometers, as in the work of Paesani Figure 1.5 et
al |60].

AR AR/HR
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Figure 1.9: Integrated source in titanium-indiffused periodically poled Z-cut lithium nio-
bate waveguides for heralded single photons. Signal and idler are separated by a WDM
and filtered from the pump photons through high-reflection (HR) and anti-reflection (AR)

coatings. Image taken from [88].
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2 ‘ Femtosecond Laser
Micromachining

In this chapter a general overview about Femtosecond Laser Micromachining (FLM) is
discussed. First, a brief introduction about the technique is presented, comparing it with
other known state-of-the-art techniques and listing its advantages and disadvantages.
Then the physical process behind this technique will be explained in section 2.1. Finally,
in section 2.2 a subset of parameters that can be tuned during waveguide fabrication will
be illustrated.
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Introduction

It was in 1996 when Davis et al. first exploited a femtosecond laser to write waveguides in
a glass [90]. In fact femtosecond laser pulses are capable of releasing enough energy, in the
order of 10 TW /cm?, to produce nonlinear absorption effects in the dielectric material,
so as to produce a permanent and localized refractive index increase. One of the main
advantages of FLM lies in the fact that, relying on nonlinear absorption, only the volume
portion where the laser is focused undergoes modification, as shown in the picture 2.1a.
Aided by a computer-controlled motion system, the sample can be translated with respect
to the focal point of the laser beam, allowing one to induce material modifications along
an arbitrary three-dimensional path. It follows that it is possible to write optical circuits
with 3D geometry, thus overcoming the planar writing limited imposed by photolithog-
raphy. Furthermore, unlike photolithography, FLM is a one-step procedure, is maskless,
does not require the use of clean room and expensive fabrication setup, thus making it
a fast and easy to implement procedure and so a valid option for rapid prototyping of
photonic integrated circuits. Additionally, relying on nonlinear interaction, it is theoreti-
cally possible to write on any transparent medium. However the refractive index contrast
An that FLM can induce is in the order of 1073, lower than the one achievable with
standard planar lithographic process in materials such as silicon [91] and silicon nitride
[92]. The higher is the index contrast, the higher is the mode confinement and the lower
is the achievable minimum bending radius at negligible bending losses. It follows that
a higher index contrast leads to higher density of components per unit of length and a

higher degree of miniaturization.

Up to now we have been talking about how to use this technology for the fabrication
of waveguides for photonic integrated circuits application, but in 2001 Marcinkevicius et
al. demonstrated that, by increasing the writing power, the laser-material interaction
can lead to the formation of nanogratings. These structures can be then etched in an
hydrofluoric acid solution to create microchannels, that find applications in optofluidics
[93]. This highlights the versatility of FLM.
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(a) (b)

Figure 2.1: a) Difference between linear absorption (left) and nonlinear absorption (right).
In the latter, it can be seen that absorption, and therefore material modification, only oc-
curs in the focal volume. Figure by UC Berkeley. b) Waveguide writing in glass substrate

using the FLM technique.

2.1. Femtosecond Laser-Material Interaction

The mechanism behind the FLM can be summarised in three steps: firstly, there is the
formation of the free-electron plasma, after that in a time interval of about ten picoseconds
the energy is released into the lattice, this phenomenon is known as relaxation and finally

the modification of the material takes place.

2.1.1. Free-electron Plasma Formation

Femtosecond lasers generally use wavelengths in the infrared or visible range, therefore
they have insufficient photon energy to be linearly absorbed by the glass (the highest
visible photon has 3eV while glass energy gap is about 5eV). It follows that nonlinear
absorption is required to promote an electron from the valence to the conduction band.
In particular, two phenomena occur: nonlinear photoionization and avalanche photoion-

ization. These processes are represented in Figure 2.2.
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Figure 2.2: Nonlinear photoionization processes driving the FLM. a) Multiphoton ioniza-
tion, b) tunnelling photoionization and c) avalanche photoionization including free carrier

absorption and impact ionization. Image taken from [37].

Nonlinear Photoionization

It is possible to distinguish between two different processes in the nonlinear photoioniza-
tion: multiphoton absorption and tunnelling photoionization. The former usually occurs
at low laser intensities and high frequencies (but still less than the frequency of a single
photon absorption). In order for multiphoton absorption to occur, several m photons
must be absorbed simultaneously so that mhyv>FE, where v is the photon frequency and
Eq is the energy band gap of the material. On the other hand if we are in a regime of
high intensity and low frequency, tunnelling photoionization comes into play. In this case
the strong field is able to distort the energy bands, reducing the potential barrier between
the valence and the conduction band, so a direct band to band transition is then possible.

The transition between these two regimes is described by the Keildysh parameter [94]:

2 [ FE
Y= v [mecnegEy (2.1)
e I

where v is the laser frequency, I the laser intensity, F, the energy band gap of the material,

e the electron charge, m, the effective electron mass, ¢ the speed of light in vacuum, n

the refractive index and ¢y the vacuum permittivity.

If v >>(<<)1.5 multiphoton absorption (tunnelling photoionization) takes place. Con-
sidering standard processing parameters in the formula (2.1) it turns out that v ~ 1 and

thus both phenomena should be taken into account.
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Avalanche Photoionization

Once an electron is promoted in the conduction band, it can linearly absorb impinging
photons in a process called inverse bremsstrahlung and acquire an energy greater than
the band gap. The accelerated electrons can now transfer their energy by collision to
an electron in the valence band, promoting it in the conduction band. At this stage,
we have two electrons in the conduction band. In turn, these two electrons can undergo
the same phenomenon and so on, as long as the laser is active, creating an avalanche
of electrons. This process is called avalanche photoionization. As the process goes on,
the density of free electrons increases until the laser frequency approaches the plasma
frequency w, = \/m, where n, is the electron density. At this point, around
ne=10%" cm™ [37], the electron plasma becomes strongly absorbing [95] and only a small
percentage of the laser will be reflected. To trigger the avalanche photoionization a seed
electron is required. Usually, these seed electrons are given by impurities (~1 electron
per focal volume [96]), but in FLM they are given by the nonlinear photoionization, thus
making it a deterministic process and therefore a controlled and reproducible technique
[97].

One thing worth noting is that nonlinear photoionization has a threshold intensity for
optical breakdown that is highly dependent on the bandgap of the materials. Therefore,
if it were the only process going on, FLM would be specific only to certain materials.
However avalanche photoionization is also present in the absorption process and is linearly
dependent on laser intensity [98]. The sum of these two phenomena allows the optical
breakdown threshold to be reached with little dependence on the band gap of the material,

making FLM a technology that can be use on a wide range of materials [37].

2.1.2. Relaxation and Modification

Once the hot electron plasma has been created, energy is released to the lattice within a
period of about 10ps [99]. A further advantage of using subpisecond pulses is that ab-
sorption and relaxation are two temporally separate phenomena, the heat transfer occurs
when the laser is already gone and this allows one to induce a more precise and confined
modification. The mechanism behind the material change is not trivial to explain and
depends on the laser-matter interaction. However, it has been seen that by changing the
writing parameters, such as laser power, scan speed, pulse duration or by changing the
dielectric material, different types of modifications can take place. In particular, for glass

substrates, these modifications can be divided into three regimes [100]:

e Smooth change in the refractive index: With low-energy pulses, the change
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occurs isotropically, which is ideal for low-loss optical waveguides. The main mech-
anism behind the material modification is rapid quenching of the melted glass at
the focal point, which has been shown to increase the density of the glass and con-
sequently also increase the refractive index [101]. Other mechanisms can play an
important role in the modification of the substrate, such as colour centres formation
[102] or ion migration [103], and each of these contributes differently depending on

the material used.

¢ Birefringent Refractive Index Change: As the deposited energy increases, a
change in birefringence can be observed, due to the formation of period nanostruc-
tures by means of the interference of the laser with the electron plasma. In addition,
layers with periodically different refractive indices perpendicular to the polarization
of the laser are formed, and these, once etched with HF, can form microchannels

that find applications in microfluidic [104].

e Void Formation: For high-energy pulses, after the transfer of energy from electron
to lattice, a shockwave is created that can form a hole in the material [105]. These

voids can be used for 3D memories [106] or photonic bandgap materials [107].

2.2. Fabrication Parameters

So far we have only discussed the effects of varying the deposited energy, but for writing

and optimising optical waveguides it is necessary to consider other parameters as well.

2.2.1. Focusing

The incident laser is focused into the transparent material to reach a small micrometer
spot size and trigger nonlinear absorption. If we consider linear propagation of a Gaussian
beam in a dielectric of refractive index n and we neglect aberrations, we can derive the
spatial intensity profile of the spot in terms of the diffraction-limited minimum waist

radius wy (1/2 of the spot size) and the Rayleigh range zo (1/2 the depth of focus) as

follows: ,
M=)\
— 2.2
WOTTNA (22)
M3?\n
0T aINA (23)

where M? is the Gaussian beam propagation factor, A the wavelength of the radiation and
N A the objective numerical aperture. However, there are also chromatic and spherical

aberrations that can cause distortions in the laser beam and thus alter the intensity distri-
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bution. Microscope objectives are usually used to overcome this problem. In particular,
when writing in a substrate with a refractive index n, spherical aberrations are induced
by the difference in the refractive index at the air-substrate interface, which results in
a strong dependence in the writing depth. This phenomenon mostly affects high NA
objectives. To mitigate this, water- or oil-immersion objectives are usually employed. As
the ratio wo/zp (see equations (2.2) and (2.3) as reference) is proportional to NA/n, it
follows that the shape of the spot can be varied accordingly to the numerical aperture of
the focusing system (i.e. a large N A should be employed in order to have more circular
spots). In waveguide fabrication the refractive index of the substrate, since glass-based
substrates are adopted, is usually around 1.5 while the N A is typically <1.5, thus leading

to an axially elliptical spot.

In case of high electric fields, the nonlinear refractive index ny of the dielectric get involved.
If the power exceeds the self-focusing value P.=3.77\?/8mngny Kerr-effects takes place
and the pulse is further focused. The increased intensity is able to nonlinear ionized the
material to produce free electron plasma which acts as a diverging lens. The Kerr-lens
combined with plasma defocusing leads to filamentary propagation and thus an axially
stretched modification [37].

2.2.2. Repetition Rate

Varying the number of pulses per second, i.e. the repetition rate, means greatly change
the properties of the guide. In particular two regimes can be identified [108|: one where
the time elapsed between two pulses is greater than the heat diffusion time (around 1 us)
and one where it is smaller. In a regime of low repetition rate <250kHz the pulses
are independent of each other, no thermal build-up takes place during the laser-material
interaction. In single pulse interaction the shape of the modification is similar to the
shape of the focus, so they have an asymmetrical cross-section, which is not optimal for
waveguides fabrication [109]. Another disadvantage encountered when operating in this
regime is the low scanning speed (a few pum/s) and consequently long fabrication times.
Nevertheless, this regime is widely used due to the availability of regeneratively amplified

Ti:Sapphire lasers, which provide highly energetic pulses at low repetition rate.

On the other hand, by increasing the repetition rate up to some MHz, the next pulse
arrives while heat diffusion is still taking place, so thermal accumulation phenomena
occur, as illustrated in the Figure 2.3 at 1 MHz. In this regime, since high repetition rates
are associated with low energies per pulse, tight focusing, and thus the use of large NA, is

required to reach the nonlinear absorption. High repetition rates enable more uniform and
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symmetrical modification, increasing the quality of the waveguides; in addition, scanning

speeds can be increased up to 50 — 100 mm/s, reducing fabrication time.

Between 100 kHz and some MHz there is also an intermediate regime in which the positive
effects of both previous regimes add up, i.e. pulses energetic enough not to require special
focusing and thermal accumulation phenomena. In this regime, it is possible to produce
waveguides with higher refractive index contrast, with uniform and symmetrical profile
and low losses, while maintaining high scanning speeds. Nowadays, the lasers used in this

regime are Yb-based laser system operating at around 1 MHz with pulses of a few uJ.
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Figure 2.3: Effect of the repetition rate on the thermal accumulation. At 100kHz no
thermal accumulation occur, at 1 MHz the cumulative heating take place and at 500 kHz
an intermediate regime where thermal accumulation is present, but still no special focusing

is required. Image taken from [110].

2.2.3. Writing Geometry

The writing configuration describes the translation between the beam and the substrate.
There are two different writing configurations for writing inside the sample: longitudinal
and transversal. Panel a of the Figure 2.4 shows the longitudinal configuration; in this
writing geometry the sample is translated along the direction of propagation of the laser
beam and therefore waveguides with symmetrical cross-sections will be obtained, since
they follow the transverse symmetry of the Gaussian intensity profile. The disadvantage
of this geometry lies in the fact that the length of the waveguides is limited by the working

distance of the lens, which for high numerical apertures is only a few mm.

For this reason, the most commonly used geometry is the transversal configuration
(shown in the panel b of the Figure 2.4). In this mode the sample is translated perpen-
dicularly to the laser beam and therefore the whole 3D space inside the sample can be

fully employed. Indeed, the sample thickness is usually smaller than the working distance
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(of about few mm) of the lens. The disadvantage of using this configuration is that the
modification will take place in an asymmetrical way, tending to be elliptical in the axial
direction, due to the ratio of waist-radius wy (2.2) to Rayleigh range zo (2.3), which is
usually less than 1. An elliptical modification supports elliptical modes which will there-
fore result in higher coupling losses and birefringence, a property that may or may not
be desired depending on the application. To overcome this problem, beam shaping and

multiscan techniques can be exploited [111].

a)

|

Figure 2.4: Two different writing geometries. The longitudinal configuration a), where the
sample is translated along the direction of propagation of the laser, and the transversal

one b), where the sample is translated in the plane perpendicular to the beam.

2.2.4. Other Parameters

In addition to the parameters listed above, other parameters can be adjusted to optimise
the waveguide. For example, varying the writing speed changes the density of energy
deposited in the material, while increasing the number of scans may lead to an increase
of the index contrast and thus a higher mode confinement. Other parameters such as
writing direction [112], laser polarization [113] and laser wavelength [114] can change the

properties of the guide.
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3 ‘ Experimental Setup and
Methods

The entire setup e methods used for the fabrication and characterization of the optical
devices are discussed in this chapter. Section 3.1 explains the fabrication procedure by
describing the writing setup and the subsequent steps to obtain a sample ready for charac-
terization, i.e. annealing, cut and polish. Then in section 3.2 the methods and setups for
the characterization of the optical circuits including microscope analysis, device coupling,

mode analysis and loss measurement will be disclosed in detail.
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3.1. Fabrication Process

The fabrication of an optical device requires several steps. In fact, after the inscription
of the optical circuits by means of a femtosecond laser (Section 3.1.1), the sample is then

annealed (see Section 3.1.2) and finally polished as described in Section 3.1.3.

Figure 3.1: Schematic of the fabrication setup. The femtosecond laser beam at 1030 nm
emitted by Pharos is steered into a half-wave plate (HWP) and then into a polarizer (P).
Through the use of dielectric mirrors (DM), the beam is directed into the objective, which
focuses the laser beam into the sample. To exploit the second harmonic, a series of flip
mirrors is used to direct the beam along the optical path, before entering the half-wave
plate. Finally, a CCD camera is mounted behind a dielectric mirror in order to find the

focus on the surface of the sample.

3.1.1. Writing Setup

The schematic of the setup used to fabricate the optical circuits shown in this thesis is
illustrated in Figure 3.1. A femtosecond pulsed laser beam at 1030 nm, through a system
of mirrors, is directed into the microscope objective which will focus the laser beam inside
the substrate. The latter is glued on top of a support fixed to a three dimensional linear
motion system, driven by the computer via the software A3200 CNC. Thanks to a set
of mirrors and mirror holders mounted on the motion system, it is possible to achieve
precise alignment of the laser beam. In addition, a CCD camera is mounted in the opti-

cal path behind a mirror to collect the collimated back-reflection in order to focus, with
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micrometric precision, the laser on the surface of the substrate and thus make the fabri-
cation process reproducible. A range of objective ranging from 0.3 to 1.4 (oil immersion)
numerical aperture is available to optimize fabrication. The laser power is controlled by
both software of the laser or by a polarizer and a half-wave plate (controllable by software
A3200 CNC) placed along the laser path. This allows the irradiation conditions to be
varied during writing. The laser system is equipped with a second harmonic stage, giving
a choice of whether to fabricate at the fundamental wavelength (1030 nm) or at its second
harmonic (515nm). An internal shutter synchronised with the motion stage allows the

laser to be blocked or opened quickly during the fabrication process.

The laser source

The laser source used in this thesis is the PHAROS commercial model of LIGHT CON-
VERSION. The laser system is based on laser diodes pumping Yb medium (KY(WO,),
doped with Ytterbium at 5% concentration) and its emission wavelength is at 1030 nm.
This laser is able to reach a maximum average power of 10 W for the fundamental wave-
length and a maximum average power of 3W for the second harmonic at 515nm. The
versatility of this model lies in the fact that through the software it is possible to change
the parameters as pulse duration (from some ps to 190 fs) and repetition rate (from single
shot to 1 MHz). In addition, the beam can be spatially manipulated using a liquid crystal
Spatial Light Modulator (LCOS-SLM, Hamamatsu). In particular, for the fabrication of
the optical circuits disclosed in this thesis, the parameters are the following: pulse du-
ration of 172 fs, central wavelength of 1030 nm with spectral FWHM of 12 nm and M?
quality factor of 1.1.

The motion system

The specimen is glued on top of a sophisticated motion stage (Aerotech ABL1500) equipped
with air bearings and linear brushless electric motors that make it move with an accuracy
of 100 nm in a smooth and linear manner and translate at a speed up to 100 mm/s. It has
a translation movement of 10cm x 15cm in the plane and 5cm in the vertical direction.
There are also optical encoders to monitor the position of the stages in real time, with
an accuracy of 1 nm. Specimen holders are also designed for in-water fabrication. Slide
movements are programmable via software by A3200 CNC programme, using G-Code

language.
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3.1.2. Annealing

During fabrication, the laser-material interaction in the focal volume locally heats the
substrate to temperatures of thousands of degrees Celsius [115]|. After the laser is moved
away, the material quickly returns to room temperature. This process and the resulting
thermal shock induces internal stresses in the material, thus making it more brittle. After
fabrication, a thermal annealing is usually performed in order to relax the internal stresses.
Therefore annealing consists of a thermal process that serves to reduce the internal stresses
in the glass through rapid heating and then gradual cooling of the sample. In amorphous
materials, as the glasses employed in this thesis, the breaking of chemical bonds occurs
over a range of temperature. It follows that a melting temperature is not defined, and

the glass gradually softens as it heats.

To better explain the behaviour of glass, it is convenient to introduce some important
points related to the viscosity of the material [116]. At a viscosity of about 10 Poise,
the glass reaches the strain point where internal stress relaxes in a few hours, under
that temperature permanent strain cannot be introduced. Increasing the temperature
the glass reaches the annealing point, which corresponds to about 10'3 Poise, where
internal stresses relax in a few minutes. Increasing the temperature further, the viscosity
decreases and when it reaches 10”® Poise, the softening point is reached. In this regime
a 1 mm diameter glass fibre deforms under its own weight at a rate of 1 mm/min when
suspended vertically. Finally, at a viscosity of 10* Poise, the working point is reached,
here the glass is suitable for working or forming. A typical annealing process for FLM
fabricated devices is reported in Figure 3.2. First there is a rapid heating above the
annealing point, then the temperature is kept constant for a few minutes in order to
release all internal stresses, then a gradual drop in temperature (a few °C/h) begins until
a point below the strain point is reached. This ramp at low rate is important in order
to not add further stress during the cooling procedure. Finally, cooling of the sample
is performed at higher rate till room temperature is reached. It is worth noting that as
each glass has different chemical compositions, it is necessary to optimize the annealing

procedure for each glass.
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Figure 3.2: Example of an annealing process.

In addition, annealing was shown to have beneficial effects on the waveguides, increasing
their quality. This was first demonstrated by Arriola et al. in 2013 [117], where they
showed that annealed guides had lower bending losses and a more Gaussian-like refractive
index profile, which is known to have good light propagation properties as it is similar
to the step-index profile [117]. In the paper, a two-step procedure was illustrated. First,
guides with higher energy and lower writing speed than normal single-mode guides were
manufactured, thus producing multi-mode guides, then the second step was annealing.
From image 3.3a it can be seen that before annealing, starting from the outside, there is a
lighter ring, a darker corona and the lighter guiding region, which correspond respectively
to a slight increase, a decrease and again a more pronounced increase of the refractive
index (as shown on the left side of the Figure 3.3c). After annealing (Figure 3.3b) there
is the disappearance of the outermost ring and a small variation of the refractive index
in the guiding region (right side of the Figure 3.3c), making the profile more similar to a
Gaussian one. This profile is shown to be effective for producing single-mode guides with
a significant decrease in bending losses. Furthermore, the annealing process decreases the

inevitable birefringence of the waveguides that are formed using FLM [117].
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(a) Section before annealing.  (b) Section after annealing.
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Figure 3.3: The figure shows the cross-sections before (a) and after (b) annealing and the
corresponding refractive index profile (c), where the complete disappearance of the outer

ring and the appearance of a Gaussian-like profile can be seen. Images taken from [117].

3.1.3. Cut and Polish

After the annealing process, the sample is almost ready for characterization. The last
step to make the sample characterisable is the cut and polish process. Usually the ends
of the sample, input and output, are cut by 1 or 2mm in order to cut edge effects or
tapering in the waveguides. Tapering refers to a waveguide that progressively narrows
[118], as shown in Figure 3.4a. This phenomenon occurs when the laser enters the glass
and has yet to form a plasma, leading to a slight modification of the material, jeopardising
the propagation of light. After cutting, the input and output facets show roughness in
the surface, leading to light scattering and not allowing characterization. They therefore
require polishing. This can be done manually or by using an automatic machine (KrellTech
FLex Waveguide Polisher). The method consist of polishing the facet in circular motions,
starting with higher roughness abrasive discs (30 um) up to very fine roughness (3 um),

until it reaches a facet without scratches and roughness.

Alternatively, a faster but often more inaccurate method is to use a cleaving machine.
This method consists in a controlled breakage of the glass, initially by introducing a crack,

with materials such as diamonds or sapphires, and then applying a tensile force so as to
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section it perfectly. In this way, an already polished facet is obtained.

Figure 3.4: a) Tapering effects on a waveguide. Image taken from [119]. b) Final sample
obtained after all the fabrication processes explained in section 3.1. The sample contains
bending waveguides. Four groups of waveguides with different radii of curvature can be

appreciated inside the sample. Each group contains several waveguides.

3.2. Characterization Setup

After fabrication, several characterization steps are necessary to analyse the properties of
the guides and to check the correct functioning of the device. They will be explained in

detail in the following subsections.

3.2.1. Microscope Analysis

The first characterization to be carried out is inspection under an optical microscope.
This is a quick method that allows the correct geometry to be verified and the condition
of the waveguides to be assessed qualitatively. In fact, from a top surface observation it is
possible to see if there have been any interruptions during manufacture, for example due
to dust grains on the surface or, if the sample is immersed in water, due to bubbles on the
surface. To reduce the possibility of small interruptions we usually write the waveguides
close to the bottom surface of the substrate. Indeed, this method allows us to avoid
severe distortions induced on the beam profile by dust particles present on the top surface
of the substrate, since the laser beam is not yet focused when it crosses such defects.

After cutting and polishing, the sample facets are brought to optical quality. This is done
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for allowing the following optical characterization of the devices without experiencing
additional coupling losses induced by scattering given by roughness and defects on the
input/output facets. In addition, the polished facets can be observed with an optical
microscope. This optical evaluation of waveguides’ cross-section allows us to retrieve
qualitative information on the refractive index change induced during fabrication, as well

as on the quality of the polishing procedure.

For this purpose, a Nikon MEG600 microscope equipped with an optional Differential In-
terference Contrast (DIC) module was used, which allows enhanced vision of small index
contrasts by exploiting interference phenomena. In addition, a high-resolution CCD cam-

era (PixeLINK B871) is mounted above the microscope for computer picture acquisition.

Figure 3.5: Microscope inspection of waveguides. a) Top view of four waveguides. b)

Cross section of four waveguides.

3.2.2. Device Coupling

To measure the properties of the guides, it is necessary to couple the device to coherent
light. In this thesis several laser diodes were used for the characterization of PICs. In
particular, Thorlabs laser diodes at 1310 nm (L1310P5DFB) and 1550 nm (L1550P5DFB)
and a Santec tunable laser from 1480 nm to 1600 nm (ECL-200). Among different methods
for coupling light into an integrated optical circuit, two have been exploited in this thesis.
The first is called end-fire and the second is called fiber-butt. With the first approach,
the light from the diode is collimated by a microscope objective or an aspherical lens
and directly steered to the input facet of the device. In order to maximise the coupling
efficiency, the numerical aperture of the imaging system and the focal spot should match
the numerical aperture of the waveguides (~ 0.1 in FLM waveguides) and the mode size,
respectively. This approach is mainly used if one wants to make polarization measure-

ments, as the objective does not change the polarization of the laser light. If, for example,
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we want to precisely measure the losses of the waveguides, the fiber-butt configuration is
preferred. In this configuration the light collimated by the objective is coupled into a
single mode fiber (SMF), which after being cut and peeled is coupled to the device by
simply bringing it closer to the input facet. For both configurations, the light leaving the
device is collected by another objective, typically with a large numerical aperture so as
to properly collect light. The collimated light will finally be directed to a detector, which
can be a powermeter (Ophir Novall) for example for loss measurements or an infrared

camera (Xenics Bobcat-640) for mode measurements.

Very stable and precise micropositioners are required for correct sample-to-fibre (or sample-
to-objective) alignment. The sample is glued onto a four-axis micropositioner (Thorlabs
MBT40) which allows translation in the plane perpendicular to the optical axis and ad-
justment of two independent tilts, pitch and yaw. The fiber or objective is fixed onto a
manual three-axis micropositioner (NanoMAX Thorlabs) with a resolution of 50 nm on

each axis.

Y OBJ WG OB]J PM/IC
q
b)

OBJ SMF WG OBJ PM/IC
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Figure 3.6: Setup for waveguides characterization. Two different coupling configuration:
end-fire a) and fiber-butt b). In the end-fire configuration the laser beam from the diode
is focused by an objective (OBJ) directly into the waveguide (WG) input facet. While
in the fiber-butt configuration the beam is focused by the objective into the single mode
fibre (SMF) and then into the waveguide (WG), simply bringing them close. For both,

the light is then collected in a powermeter (PM) or an imaging camera (IC).
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3.2.3. Mode Profile

The analysis of the spatial intensity profile Iy, (x,y) is a fundamental step for the char-
acterization of the waveguides as it allows us to study the confining properties and to
estimate the coupling losses. It also allows us to distinguish single-mode waveguides from
multi-mode waveguides, as in most applications the use of single-mode is required in order
to better engineer the evanescent field and thus couple waveguides. To measure the mode
profile of the waveguides, a fiber-butt configuration was used and the near-field profile
exiting the waveguides was measured using a high-sensitivity infrared camera (Xenics
Bobcat-640). In order to exploit the full dynamics of the camera and not saturate it, the
beam intensity has been attenuated either by decreasing the driving current of the laser
diode or by using optical attenuators. To ensure that we are dealing with a single mode
waveguide we observe whether only the fundamental mode or also higher order modes
can be supported by the guiding structure. This operation is performed by observing the
mode profiles in a CCD camera while varying the position of the impinging laser beam in

the plane orthogonal to the optical axis.

Hereafter, we report on the full procedure for a correct measurement of the mode profile.
After the guided mode is acquired, since the magnification factor of the collecting system
is not known, we proceed acquiring an image of the guided mode of the single mode fiber
used for coupling. Indeed, since the size of the fiber is well known (either by manufacturer
specifications or by previous calibration), we use this method to calibrate the magnifica-
tion of the system in terms of um/pixel. To do so, we proceed by removing the device
and making sure that the objective-camera distance remains unchanged, so as to main-
tain the same magnification. Finally, the two images are processed by a Matlab program
that, after a numerical analysis, gives us the intensity profile of the modes Ly, (x,y) and
allows us to calculate the overlap integral between the fiber mode and the guided mode,
which is then used to estimate the coupling losses as reported in paragraph 3.2.4. Since
theory guarantees that the fundamental mode of the waveguide does not present signs of
inversion, we can neglect the absolute value in (3.1) and derive the electric field Eqq(x,y)
from the formula (3.1).

|E(z,y)| = C\/I(z,y) (3.1)

Moreover the constant C is not relevant because what we are interested is the normalized

profile.
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Figure 3.7: Scheme of process to measure the mode profile or to measure the losses of a
device, coupled with the fiber-butt configuration. First a) the mode profile (losses) of the
waveguides is measured by the imaging camera IC (powermeter PM), then the device is

removed b) and the mode profile (losses) of the single mode fiber (SMF) is acquired.

3.2.4. Losses

In general, in optical devices, the losses are one of the bottlenecks that still need to be
improved. Especially in quantum photonics, where the manipulation of single photons
is required, having low losses is a key feature. Typically, the total losses of a PIC are
quantified in Insertion Losses (IL). IL are defined as the total losses due to the insertion

of the device and are measured in dB:

Pou
ILgg = —10 logm( 5 t), (3.2)

m

where P;, and P, are the optical powers at the device input and output respectively.
In the case of more than one output ports, P,y is calculated by sum the power values
measured at each port of the device. To measure IL the setup is mounted in fiber-butt
configuration. After the power P,y is measured, the device is removed and the light of
the fiber is collected by the objective and steered into the powermeter head, as reported in
Fig 3.7, to measure Py,. It is worth noting that the measurement will also include the loss
due to the objective, but since it represents a common term in both measurements it will
not appear in formula (3.3). /L are the result of the sum of four different contributions:
Fresnel Losses (F'L), Propagation Losses (PL), Coupling Losses (C'L) and Bending Losses
(BL). All this term can be put together using the following formula.

ILgg = CL4g +2F Lgg + PLgg -l + BL4gB - L. (3.3)
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In the following will be explained each term of Equation (3.3).

Fresnel Losses are caused by Fresnel reflection which occurs when light passes through
two different materials and thus suffers a refractive index discontinuity, in our case the

air-glass interface. It is defined by the following formula:

2
FLqg = —10 logio [1 — <n2 — n1> ] ; (3.4)
N9 + Ny

where n; and ny are the refractive indices of materials 1 and 2 respectively. Note that the

term inside the square brackets is transmittance, which is complementary to reflectance
(in round brackets, including the exponential). Taking the glass and air values and sub-
stituting them into the Equation (3.4), we obtain a F'L value of 0.177 dB. This value will
be multiplied by two, considering that there are two interfaces to cross. Note, however,
that a Fabry-Perot cavity is formed between the inlet facet and the fiber. In fact, they are
placed very close to each other. This implies that, during the measurement, if we place at
the point of maximum transmission, only the output F'L contribution can be considered.
Otherwise, to eliminate this value, a drop of index matching oil can be deposited between

the fiber and the waveguide input facet.

Coupling Losses result from the mismatch between the electric field distribution of the
waveguide mode and the electric field distribution of the light impinging the input facet.
It is described by the formula (3.5).

| [[ EwgEin dady|?
Lag = —101 .
C dB 0 Oglo(ff|Ewg|2dl'dy‘ff|Ein‘2 dl'dy ) (3 5)

where the term inside the parenthesis represents the overlap integral of the two electric
field distributions. The two distributions are calculated numerically using the method

seen In section 3.2.3.

Propagation Losses are the losses that light experiences when propagating along the
guide. These losses are due to inhomogeneities in its core refractive index profile. In fact,
the fabrication process can induce roughness in the waveguide profile, which can lead
to light scattering and coupling to radiative modes. An additional reason could be the
presence of absorption centres or defects. From theory we know that the propagation of

light power can be described as follows:

P(l) = P(0)e ™, (3.6)
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where [ is the waveguide length, P(0) the power at the beginning of the waveguide and «

the attenuation coefficient. Propagation losses, on the other hand, are described by the

formula (3.7)
10 P(l
PLdB/Cm = —T l0910 (%) (37)

This time expressed in dB/cm as it is dependent on [. It is possible to relate the attenu-

ation coefficient « to it using the formula PLgg/em= 10 logio(€) Qe -1~ 4.3 Q1.

A practical way to derive PL is to invert the formula (3.3) and obtain the equation (3.8).
After measuring I L and calculating C'L and F'L values, it is thus possible to retrieve PL.
This method may introduce a high uncertainty because all the uncertainties of the other

measurements are added up.

ILgg —2F Lgg — CLgp
l .

PLdB/cm = (38)

To assess propagation losses we also used another method called "cutback". In the cut-
back, the insertion losses of a sample of length L are measured. The chip is then cut in
shorter length L, and Ls. For each length L;, insertion losses are measured. After at
least 3 points are acquired, a linear regression is performed. The intercept represents C'L,
while the slope represents PL. It gives more accurate values of PL, but it is a longer and

sample-destructive process with respect to the one previously described.

Bending Losses occur when light experiences a curved trajectory. The guided field
distribution is therefore distorted and a partial coupling with radiative modes occur.
They increase exponentially by decreasing the radius R of curvature, as also shown in the
formula (3.9).

BLdB/Cm - 016_02R7 (39)

where C; and C, are numerical constants that depends only from the waveguide mode
profile and size [120]. Bending losses are higher for waveguides with lower refractive index
contrast, due to their less confined guided mode. A practical way to measure bending
losses and their exponential trend with R consist of fabricating waveguides with different
radii R; always maintaining the same bend path [., with also a straight waveguide (SWG),
which will be taken as reference. The SWG (blue in figure) can be considered with a bend
part [, of infinite radius. The fabrication device is presented in Figure 3.8. Then the I L of
the straight waveguides will be subtracted from the I Ls of the different radius waveguides,

in the approximation of h; equal for all waveguides. Since the values of CL, FL and PL



48 3| Experimental Setup and Methods

are equal for both, only the bending term will remain, as explained by the formula (3.10).

(ILi)as — (I Lswa)an

3 (3.10)

(BLi)dB/cm =

By fitting the BL data in dependence on R, it is possible to derive the exponential trend

and thus retrieve the constants C'; and C, of the formula (3.9).

hSW hA

Figure 3.8: Image illustrating the device fabricated for calculating bending losses. Image
taken from [121].

3.2.5. Extinction Ratio Measurement

Imagine having a laser beam incident on a beam splitter and wanting to direct the whole
beam only in one branch, i.e. to obtain a transmission of 1 in one branch (P;) and a
transmission of 0 in the other (Py). The extinction ratio (F'R) is the ratio between the

power of branch P; and the power of branch Py and is usually expressed in dB [122]:

P
ER =10 logio— (3.11)
Py
In other words, the EFR describes the goodness of separation of powers between the two
branches, the wider the separation, the greater the ER. By adopting an integrated optics

approach the beam splitter becomes a directional coupler 0:100 or 100:0 (discussed in
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detail in the chapter 4), i.e. total transmission in one branch and zero transmission in the

other. In the following, the procedure for measuring £'R will be explained.

After the device has been properly coupled, it is necessary to accurately measure the
powers of the two branches. To do this, the light from the two branches is collected by
a high sensitivity camera. The power is then measured according to the exposure time
of the camera, taking as reference the value close to saturation. By varying the exposure
time of the camera for the two powers, while maintaining the same level of saturation
for both, it is possible to calculate F'R using the Equation 3.11 and replacing the powers
P, and Py by the exposure times Ty and Ty. However, being a high sensitivity camera,
the P; branch would easily saturate the camera for any available exposure time of the
camera, not allowing a correct measurement. For this reason an additional attenuation
factor must be added. In our case we have added several optical density in series (OD)
in the optical path of the P1 branch in order to achieve the desired attenuation. Finally
we adapted the Equation 3.11 taking into account this modification, and thus calculating

the E'R through the following equation:

T
ER = 0D + 10 logloT—l, (3.12)
0

where OD is the value in dB of the attenuation due to the sum of the optical density in

series. An illustrative picture of the ER measurement process is shown in Figure 3.9.

Camera

[
Optical Density

I
Figure 3.9: Setup to measure the extinction ratio. The most powerful beam is attenuated

by placing optical density in the optical path. The measurement is described in detail in
the text.
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4: ‘ An Optical Filter for Heralded
Photon Source on Chip

This chapter deals with the general description of the thesis project. In section 6.1 the
motivations behind the project are presented. Following in section 4.2 the design of the
chip will be discussed and the various components that compose it will be described. In
section 4.3 a more specific description of the WDM is provided, including description,

working principle and the current state of the art in FLM.
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4.1. Motivation

As stated in the previous chapters, quantum photonics in bulk suffer on scalability and
stability issues, which can be circumvented through an integrated approach. Miniatur-
ization, scalability and stability are the key requirements to build complex circuits and
thus achieve computational complexities far beyond classical computation. In particular,
it would be desirable to build a complete quantum photonic processor on a single chip.
It follows that the ideal quantum photonic processor should encompass sources, devices
capable of performing arbitrary unitary operations, and detectors on the same unit. Ac-
tually, progress and developments in recent years have convinced the quantum photonic
community that it would be difficult to meet all the strictly requirements of such a pro-
cessor on a monolithic platform and that a hybrid approach would represent the fastest
way to achieve quantum advantage on chip. Indeed, hybrid photonic based on different
materials and platforms promises to leverage the strengths of each photonic system while
avoiding their weaknesses [123|. In this scenario, femtosecond laser micromachining rep-
resents a promising technique due to its capability both to process different materials and
to produce optical interconnects with high coupling efficiency. In the general framework
of the project, the aim is to create a standalone heralded integrated source. This device
should be capable of generating pairs of pure single photons simultaneously, filtering the
pump photons from the daughter photons and splitting the heralding photon from the
heralded ones, all on a chip. Finally, this source should prepare an input state with a
consistent number of indistinguishable photons for the implementation of a scattershot
boson sampling experiment. This project is in collaboration with the Quantum Optics

group of La Sapienza University in Rome.
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a) b) ) d)

—U————i ©Signal

eoldler
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a0 N BN

Figure 4.1: Schematic diagram of the heralded photon source on chip. The pump beam
enters the chip and is split into several branches via cascaded DCs a). After that the
beams enter the PPKTP crystal b) where the generation of single photon pairs by means
of SPDC process takes place. Next, the photons are filtered by the pump photons c) and
finally the signal photons are split from the idler photons d).

4.2. Chip Design

In the following, each individual part of the integrated heralded source will be explained.
As a first step, the pump beam is divided in several branches, equal to the number of
waveguides in the following nonlinear crystal. It is worth noting that beams in different
arms should be phase locked, thus the integrated approach for splitting the pump beam.
One method of splitting the initial beam is by bifurcation. To fabricate such a device in
FLM, a waveguide is inscribed in the glass and at some point split into several waveguides.
The guides must support the single mode, but in the bifurcation part the waveguide widens
into an area called "tapered", which supports multiple modes. The bifurcation must occur
smoothly, otherwise coupling to radiative modes will occur and consequently introduce
large losses. Another method that can be employed is that depicted in Figure 4.1a, which
consists of fabricating a cascade of 50:50 directional couplers. The directional couplers
(DC), which will be discussed in more detail in section 4.3, redistribute the light due to
the coupling of the evanescent field. A special case of DC is the 50:50 DC, or 3dB DC,
which divides the power of the incoming beam equally in the two output waveguides.
Cascading N rows of DCs will result in 2" branches. By using an appropriate radius of
curvature for the bend sections, lower losses can be achieved compared to the bifurcation
approach. The second step is the effective generation of pairs of single photons, part

b) of the Figure 4.1. For this project, the generation will be done by means of the
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nonlinear SPDC effect. Specifically, the waveguides will be inscribed parallel to each other
within a crystal of periodically poled potassium titanyl phosphate (PPKTP). Previous
simulations have shown that PPKTP crystals can provide single photons with a high
purity. The crystal will be then pigtailed to the glass to make a hybrid device. The
third part of the source concerns the filtering of the pump photons, part c) of the picture.
In fact, as mentioned in section 1.3, the SPDC from a more energetic pump photon
generates a pair of less energetic photons, namely signal and idler. Since this process
has a low conversion efficiency, it will result that at the output of the source the pump
photons will be orders of magnitude higher than the number of signal and idler photons
generated. Therefore, without appropriate filtering, they will saturate the detectors. So
the implementation of an integrated long-pass or band-pass filter is needed. An efficient
filtering of the pump requires 100 dB of extinction [86], a difficult task for current filters
in the literature. Actually, for this experiment it is still to be defined how the integrated
filter will be implemented. However, some examples can be found in the literature, as
mentioned in section 1.3.1. Finally, the last part involves the division of signal from idler
photons. Accordingly to the generation process, there can be several methods to split
signal from idler photons. For example, in case of a Type II SPDC process, signal and
idler photons can be discriminated according to their polarization. Indeed, the generated
photons would have orthogonal polarizations and an integrated polarization beam splitter
would allow one to separate them efficiently. Otherwise, in case of a nondegenerate SPDC
process, the daughter photons can be divided according to their wavelength. In this
project a pump with a wavelength of 780nm will be used to generate two photons at
two different wavelengths, in a range from 1100 nm to 1600 nm. An effective method to
separate photons at different wavelengths is the Wavelength Division Multiplexer (WDM).
Since in this thesis we focused on the fabrication of this building block and we worked on
the optimization of WDMs by femtosecond laser writing, a complete description of WDM
working principles and an up-to-date state of the art for this technology will be provided

in the following section.

For the sake of completeness Figure 4.2 shows the complete chip for the scattershot boson
sampling experiment, in which besides the source there is the U matrix and the detection

part, elements outside the scope of this thesis.
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Figure 4.2: Final device to perform scattershot boson sampling. The device, operating at
four photons, is for illustration purposes only. The chip encompasses, starting from the
left, the source (as described in Figure 4.1), a unitary matrix and detectors. Exploiting
the 3D capabilities of femtosecond laser writing, the heralding photons will propagate in
a layer beneath the unitary matrix and will be detected by detectors in the bottom row,

while the detectors in the top row sample the output state of the matrix.

4.3. WDM

A wavelength division multiplexer (WDM) is a device capable of dividing an optical signal
composed of several wavelengths into signals composed of the individual wavelengths,
Figure 4.3a. In integrated optics, there are various ways to implement such a device, e.g.
WDM based on Sagnac interferometers [124] or WDM based on Bragg gratings [125] can
be found in the literature. Another simple way, which is the one used in this thesis, to

implement a WDM is through directional couplers.

As mentioned in the previous sections, a directional coupler (DC) is a component that re-
distributes optical power through evanescent field coupling. An illustration of a directional
coupler is shown in Figure 4.3b. It consists of two non-interacting, parallel waveguides
that approach each other via a curved section of radius of curvature r, remain close for an
interaction length L at an interaction distance d and then return to the initial distance
D. By changing the parameters d and L, it is possible to engineer the DC to achieve the
desired power distribution at the two outputs. A DC is therefore a four-port component
where if we consider the input from one branch, the output from the same branch is called

reflection (R) or bar, while the output from the adjacent branch is called transmission



56 4| An Optical Filter for Heralded Photon Source on Chip

(T') or cross. So a WDM based on this approach is a directional coupler designed to split
two different wavelengths (A1, o), i.e. takes two wavelengths from the same input and

divides them into the two different outputs, as depicted in Figure 4.3b.

WDM “.R A1
A'1
A D
AL L
A
T A2

(a) (b)

Figure 4.3: a) Diagram of the operating principle of a WDM. b) Scheme of a WDM based

on directional coupler.

4.3.1. Working Principle

The fundamental element of a DC, as of integrated optics in general, is the optical waveg-
uide. Before going into a mathematical description of the functioning of a DC, it is
necessary to understand the propagation of light within an optical waveguide. This ele-
ment consists of a wire with a refractive index n; (core), embedded in a substrate with
a refractive index ny (cladding), where ny > ny. In this way the light is deflected inside
through internal reflections. Analytically determining an expression for the propagation
of an electromagnetic field within a waveguide is not possible, however, approximate so-
lutions can be used, for example using Marcatili’s method [126] or perturbative analysis
[127]. Otherwise, thanks to available computing power, approximate methods can be re-
placed by numerical simulations [128]. In the approximation of weakly guiding dielectric
waveguides, i.e. if (n; —ng)/n; << 1, as in our case, it is possible to derive a scalar
expression for the propagation of the electric field inside the waveguide. This equation is

described as follows:

E(x,y,2,t) = E(x,y) - ei(ﬂz_‘”t), (4.1)

where w is the angular optical frequency, E(x,y) is the transverse spatial field profile
(the mode shape) and (3 is the propagation constant. The equation above describes
the propagation of the electric field within an independent waveguide, but the situation

changes if two independent waveguides are placed close together, as in the case of a DC.
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If two waveguides are placed close together at such a distance that the guided modes
overlap, a power transfer between the waveguides can occur. Power is transferred due to
the coupling of the evanescent field of the propagating mode, which is why this effect is
called "evanescent waveguide coupling". This phenomenon can be studied in the weakly
coupled approximation, which assumes that the guided modes of independent guides are
not affected by the proximity of the other. On this approximation relies the coupled mode
theory [129], thanks to which it is possible to derive the expression for the propagation
of light within a waveguide when coupled to another waveguide. It can be seen that
the effect of coupling to another waveguide leads to a modulation of the electric field
amplitude obtained from the Equation 4.2, so in this case the equation can be rewritten
as follows:

E(x,y,2,t); = a;(2) - By(x,y) - izt (4.2)

where the subscript j refers to waveguide 1 or 2 and a;(z) is the function that modulates
the amplitude. In particular it can be proved that this two function can be derived by

the following equations [129]:

da;iz) = —ire'tP . as(z) (4.3a)
das(z . —iABs
;i ) = —ike 7 gy (2), (4.3b)

where AS = 1 — 5 is the detuning between the two waveguides, i.e. the difference in
their propagating constant ;. The latter is defined as §; = %Ani, where An; = n; — ng
is the refractive index contrast between the waveguide core and the substrate. Therefore
B = QT“AnLQ where An; o = Any — Any,. While & is the coupling coefficient and it is

proportional to the modes overlap of the individual waveguides:

K / / Ey(w, y) Es(x, y)dwdy. (4.4)

It is usual to describe mode coupling in terms of power, and so it is possible to convert the
amplitude functions a; into power functions simply by calculating their square modulus.
So referring back to the directional coupler by injecting light from one input we can write

the normalized mode power propagation of reflection and transmission as follows:

2
R(2) = cos*(0z) + ﬁ
2

T(z) = T sin?(02), (4.5Db)

sin?(02) (4.5a)
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where o = /02 + K2, § = AB/2. Tt is possible to notice that transmission is complemen-
tary to reflection, i.e. T'= 1 — R at any point. When the two waveguides are identical,
namely An; = Ang, AS = 0 and the directional couplers are called synchronous. In the
case of synchronous DC we have that o = x and therefore the power transfers completely
from one waveguide to the other periodically, with a period A = 7 /k. If, on the other
hand, the waveguides are different, An; # Any, AS # 0 and therefore the directional
couplers are called asynchronous. It follows that there will never be a complete power
transfer, i.e. R # 0 always. The power will therefore be transferred up to a minimum of
R periodically, with period A = 7/v/k2 + §2. This trend can be noted in Figure 4.4.
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Figure 4.4: Optical power as a function of the coupling length (in units of 7/2k). It is
possible to notice that for A5 = 0 there is a total transfer of power, while in the other

case the power transfer is not complete. Image adapted from [121].

Note that to divide two wavelengths, a total power transfer is required. Therefore for the
implementation of a WDM it is necessary to employ synchronous directional coupler. For

this reason, only synchronous directional couplers will be referred to in the following.

So in the case of identical waveguides, the Equation 4.5 simplify as below:
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However, as the waveguides approach the curved section, partial coupling of the evanescent
field occurs. It follows that the presence of the curved sections leads to the effective
interaction length being greater than L. To take this into account, the residual coupling

in the section L is calculated, as given by the equation below:
L= / e~ @ —do) g (4.7)
0

where 7 is the attenuation factor of the evanescent field and d(z) is the distance between
waveguides in curved sections. The reason for the exponential in the formula is that s
decreases exponentially with the interaction distance, accordingly with the exponential
trend of the evanescent field in the region between the two waveguides. Since we have
two curved regions, the effective interaction length is L + 2L;. Assuming a constant
radius of curvature r, the distance between the waveguides in the curved path will be
d(z) =~ dy + 2*/r, thus the interaction length will be equal to:

Li= % %T (4.8)
Another way of considering the partial coupling occurring in curved sections is by adding
a phase term ¢. In fact, we can rewrite the values of R and T through the following

formula:
cos?(kz + ¢y) (4.9a)

sin®(k2z + o). (4.9b)

—N—
S =
ORO
(I

The underlying principle of WDM operation is that both x and ¢y are wavelength-

dependent, as will be described in more detail in the section 5.2.

So in summary, for the implementation of a WDM it is necessary to achieve that the
beam at wavelength )\ is totally transmitted in the reflection port, while the beam at A,
is totally transmitted in the transmission port. Therefore, the conditions to be imposed

are the following:

(4.10a)

Ry (2) = cos? (ka2 + dor1) =
(4.10b)

1
T,\Q(Z) = SiHQ(/ﬂ})\gz + ¢0)\2) =1
and therefore find a coupling length z that satisfies the equations.

In order to recognize a high-quality WDM we can refer to some figures of merit. In

particular, a WDM must, first of all, have a good extinction ratio, so as to precisely divide
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the two wavelengths and avoid photons ending up in the wrong branch, compromising the
input state. Another feature it must have is low propagation losses, a fundamental aspect
of any integrated optical circuit, but in particular for this experiment, as better explained
in the section 6.1. Furthermore, it should also have the ability to interface with other
devices while maintaining low coupling losses, reason for which the FLM technique was
used. In the next section some examples of state-of-the-art with their respective values

are presented.

4.3.2. State of the art in FLM

Different technologies can be used to implement a WDM. An effective method is to employ
Mach-Zehnder interferometers. Munk et al. develop a WDM fabricated by SOI technology
and consist of an eight-channel WDM cascading Mach-Zehnder interferometers [130]. This
device showed high ER values between the channels, the worst case scenario amounted to
22 dB. Propagation losses were 1.8 dB/cm, while when interfaced to a single-mode fibre it
showed coupling losses of 10 dB at each end. Otherwise, in the source mentioned in section
1.3.1, Krapick et al. [88], developed a WDM through a directional coupler fabricated by
photolithography using deep UV contact printing. The WDM divided the wavelengths
of 1575nm and 803 nm with an ER of 15dB and 20.6 dB respectively. A good feature of
this device was the low propagation losses which were of 0.07dB/cm in average. Another
method to select wavelengths is through Bragg grating (BG), i.e. multiple layers of two
different refractive indices alternating. By engineering the grating period, the desired
wavelength can be selected. However, alternating refractive indices can lead to increased
losses, which is fatal for our experiment. A hybrid approach between coupler and BG
has been demonstrated by Song et al. [131], fabricating a three-channel WDM based on
directional coupler assisted by a BG. The research team fabricated a directional coupler
by UV irradiations with inside BGs fabricated with the phase mask method. The device
divides the two wavelengths 1310 and 1550 nm through the directional coupler and the
beam at 1490 nm is reflected by the BG into the waveguide adjacent to the input and
showed transmission losses of 0.07dB, 0.19dB and 2dB, respectively. The average ER
of the device was 18 dB. Regarding WDM exclusively fabricated in FLM, Meany et al.
developed a heralded integrated source combining elements of different materials, namely
a hybrid integrated source [132]. In this source there was a WDM written in FLM that
divided the wavelengths of 1550 nm and 1312nm. This source component had losses of
3dB and was able to split signals from idlers with an average extinction ratio of 10dB.
Another example can be found in the integrated source developed by Vergyris et al. [67].
In this source the written WDM was able to filter the signal photons with 6 dB extinction
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ratio. The device was written in substrate Schott AF45 showing propagation losses at
0.1dB/cm.
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5 ‘ WDM Fabrication and
Optimization in EAGLE XG

This chapter deals with the fabrication and characterization of a WDM in EAGLE XG.
In the first part, the whole procedure for the fabrication of a WDM is explained, from
the analysis of the directional couplers to how to retrieve the coupling coefficient as a
function of wavelength for designing the WDM till the actual fabrication of the device. In
the second part, the fabrication and characterization of a WDM a for closer wavelengths
is discussed, verifying its feasibility through a study of the wavelength dependence of the

coupling coefficient for the range involved.
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5.1. Direct Writing and optical characterization of
WDM devices

The following WDMs were fabricated by exploiting femtosecond laser writing technique
on a substrate of Corning EAGLE XG borosilicate glass. It was seen in section 2.2 that
the FLM technique requires the optimization of several parameters in order to obtain
a specific waveguide for our purposes. The optimization procedure requires time and
the fabrication of several samples, for this reason and thanks to previous work, it was
possible to start fabricating directional couplers with parameters optimized for both 1310
and 1550 nm waveguides. The fabrication parameters are shown in the table 5.1. The
couplers have been fabricated using the transversal configuration, so as to exploit all the
advantages explained in the section 2.2.3. With the parameters presented in the Table
5.1, it is possible to fabricate waveguides with propagation losses around 0.2dB/cm and
a single Gaussian mode of almost circular profile of 6.5 um and 8 um 1/e? diameter for

1310 nm and 1550 nm respectively.

Fabrication Parameters
Substrate EAGLE XG
Laser System Yb:KYW cavity dumped
Wavelength 1030 nm
Repetition Rate 1 MHz
Writing Power 475 mW
Translational Speed 10 mm/s
Number of Scans D
Writing Depth 50 pm from bottom
Objective 20X WI, 0.5 NA

Table 5.1: Table containing the fabrication parameters.

The first step to develop the WDM is to define the geometry of the planar directional
couplers, as describe in Figure 4.3b. The distance between the non-interacting waveguides
of the DC is set at 127 um, because it matches the standard outputs of the fiber arrays.
The waveguides have been inscribed at a depth of 50 um starting from the bottom surface,
as writing deeper has been shown to make the writing less sensitive to distortion in the
shape of the laser profile, caused by dust or bubbles on the top surface. On the other hand,

it has been shown by previous optimizations that writing closer to the bottom surface
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leads to higher propagation losses. The motivation has not been deeply investigated, but
it can be related to the higher stress in the laser-substrate interaction. Another aspect
to be taken into account for the writing depth is that some devices will be fitted with
thermal phase shifters [22], so the more distance there is between the waveguide and the
surface where the phase shifter will be deposited, the more heat you will need to dissipate
to change the phase. So taking all these reasons into account, the writing depth was
set at 50 um from the bottom surface. The interaction distance d, which is one of the
parameter that most affects the coupling coefficient, is decided taking into account mainly
two aspects. The smaller it is, the greater the coupling coefficient, thus transferring
more power in less interaction length L, resulting in more compact devices. However,
writing the second waveguide very close to the first one could cause modifications in the
refractive index of the first written waveguide. This can cause both an increase in losses
and a difference in the propagation constants of the two waveguides, thus leading to the
fabrication only of asynchronous directional couplers, which are not suitable for working
as WDMs since the power transfer cannot be complete (see Equation 4.5). Usually the
optimal d is found by doing an interaction distance scan in a range of values comparable
with the modal diameter. As regards the other parameters, the radius of curvature r only
changes the initial phase ¢y in Equation 4.10 and it is typically chosen by making a trade-
off between compactness and losses. Indeed, high bending radii lead to longer devices
and thus higher propagation losses, but if the bending radii are too small, bending losses
occur. For these reasons, it was decided to use curvature radii of 30 mm. Finally, the
interaction length L is chosen in order to obtain a total power distribution in the bar
branch for one wavelength and a total power distribution in the cross branch for the other

wavelength.

The first fabrication was done inscribing a set of couplers with L equal to 0 and varying
d from 6 to 11 pm in steps of 0.5 um. We perform the fabrication varying d and keeping
L fixed in order to study the behaviour of x in function of d. In fact, as explained in
section 4.3.1, k decreases exponentially with d, accordingly with the exponential trend of
the evanescent field in the region between the two waveguides. Therefore, using a Matlab

program, it is possible to derive the parameters a and b of the exponential trend:

k(d,\) = a()) - e N4, (5.1)

This program, by setting the geometrical parameters of the coupler, calculates the cou-
pling coefficient for each segment dL of the curved section by making a guess on the
parameters a and b and varying them in an iterative way until it finds the values that

best fit the data obtained experimentally. The parameters a and b will later be used to
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simulate the power transfer trend for both wavelengths. Since x changes with the wave-
length, it follows that a and b will also change accordingly. In the fabrication L is fixed
at 0, so that the initial phase can also be easily derived. In fact, just by inverting the
formula in Equation 4.9a it is possible to derive the initial phase using the normalized

power of bar at L = 0, as displayed in the following formula:

(o = arccos (\/ﬁo), (5.2)

where Ry is the normalized power at the reflection output port at L = O mm interaction

distance.

After mounting the sample in the fiber-butt configuration, each coupler was then char-
acterised by measuring the reflection (or bar transmission) according to the following

formula:

o Pbar
B Pbar + Pcross

where Py, and P,..ss are the power measured by a powermeter at the bar and cross

(5.3)

branch. The sum of P, and P,.,..ss gives the input power P, in the absence of losses.
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Figure 5.1: Experimental data of the Bar transmission in function of the interaction

distance d, maintaining L fixed to 0 mm.

The characterization of the bar transmission as a function of the interaction distance d is
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reported in Figure 5.1. As expected, different values can be observed as a function of the

working wavelength.

In addition, it is worth noting that a power transfer can occur even for an interaction
length equal to 0 mm. This power transfer is related to the partial coupling of the
evanescent field in the curved sections and it is represented by the initial phase ¢y in the
Equation 5.2. Therefore we have seen that analysing the group of couplers with d variable,
by collecting the reflection data for each coupler, it is possible to derive the parameters a
and b via Matlab, and thus to obtain x for each interaction distance. Notice that x could
also be calculated by analysing the couplers with fixed d and variable L, as explained
later, but this would mean that in order to obtain a reliable x value it would be necessary
to measure several points for a single d, and repeat it for different d values, whereas with

the method adopted it is possible to obtain x for any d with only 11 points.

Once the a and b parameters have been retrieved from the previous measurements, it is
appropriate to verify the robustness of the simulation. For doing this, we fabricated a set
of DCs with a fixed interaction distance d but different interaction length L, in particular
varying L from 0 to 2mm, every 0.2mm. According to Equation 4.10, in this case the
powers at the bar port will follow a cosine square trend. Experimental measurements
(red dots) are reported in Figure 5.2. By fitting the experimental points (red dots) with
a cosine squared fit (orange line), it is possible to derive x and ¢q from the following
formula:

R = cos® (kL + ¢y) (5.4)

and compare it with the cosine squared trend simulated by Matlab (blue line), obtained by
the a and b values previously calculated, thus verifying the robustness of the simulation.
In Figure 5.2 it is visible the characterization of the couplers with d fixed at 8.5 um, both
for the wavelengths of 1550 nm (panel a) and 1310 nm (panel b), with also the simulated
trend (blue line). The simulated trend deviates from the fitted trend with an error between
the x of 3.16% and 1.55% for 1550 and 1310 nm respectively.
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Figure 5.2: The figure shows the experimental reflection data (red dots) measured at
1550 nm on a sample in EAGLE XG for a coupler with 30 mm of radius and interaction
distance of 8.5um. The orange line shows the cos? fit while the blue line shows the
sinusoidal trend simulated with the coupling coefficient calculated with Matlab. The
deviation between simulated and fitted x is of 3.16% at 1550 nm and of 1.55% at 1310 nm.



5/ WDM Fabrication and Optimization in EAGLE XG 69

As previously stated, once a and b have been found, it is possible to simulate the sinusoidal
trend of the power transfer in function of L for a coupler at any d and thus find the point
of maximum division between \; and Ay, i.e. a WDM, as illustrated in Figure 5.3. For
sake of completeness, the parameters a and b for 1310 and 1550 nm are reported in Table
5.2.

a (mm™) b (mm™1)
1310 nm 42.50 437.59
1550 nm 25.16 325.47

Table 5.2: a and b parameters for 1310 and 1550 nm respectively.

Performing the simulations, i.e. entering the a and b parameters and observing the be-
haviour of WDMs for different d, it was seen that the most promising WDMs would come
out adopting an interaction distance d equal to 11, 10.5 and 8 um and an interaction
length L of 4, 3.25 and 2mm respectively. As a reference, it is possible to see Figure 5.3
which shows a simulation for d = 8 um. Couplers using others d showed the critical point
at lengths L excessively long, for this reason they were discarded. The simulations have
been performed without taking into account the error on k since for small L, as in our

case, the deviation between the maxima and minima in the bar transmission is negligible.

1550 nm

1310 nm

Bar transmission

0 0.5 1 1.5 2 2.5 3 3.5 4
Interaction length L (mm)

Figure 5.3: Simulation of the bar transmission for wavelengths of 1310 (orange line) and
1550 nm (blue line) as a function of interaction length L. In the figure it is possible to

appreciate the point of maximum division of the two wavelengths (double arrow) at 2 mm.
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At this point, a set of DCs featuring an interaction distance around d and an interaction
length around L was fabricated. In particular, in order to take into account both run to
run deviation in the fabrication process and the deviation in the simulated a and b values,
we fabricated devices with several d (d4-0.1um) and L (L & x with steps of 0.05 mm).

The characterization of the fabricated couplers is shown in Figure 5.4.
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Figure 5.4: Sperimental data of the WDMs indicated by the simulations. The WDMs
were fabricated at an interaction distance d = 8 um panel (a), d = 10.5 um panel (b) and

d = 11 pm panel (c).

Subsequently, according to the characterization showed in Figure 5.4, the DC that proved
to be more robust during fabrication and with a sharper wavelength separation was se-
lected, namely the coupler with d = 8 um. Indeed, for bigger interaction distances (see
panel b and c), the splitting behaviour at 1310 nm was extremely noise. This phenomenon
was not investigated, but it may be related to the longer interaction length of these de-

vices, which makes them more sensitive to the fluctuations of the fabrication process. In
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order to precisely find the point of maximum division of the two wavelengths, the final
device was fabricated by performing a scan around the optimal L parameter using a finer
step of 0.025 mm. The behaviour of the bar transmission as a function of the interaction
length L for the final device is reported in Figure 5.5. Experimental points are represented

by orange and blue dots for 1310 and 1550 nm wavelength, respectively.
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Figure 5.5: Bar transmission measurements for wavelengths of 1310 and 1550 nm for
coupler with d = 8 um and L variable from 1.65 to 2.025 mm with a step of 0.025 mm.
The solid lines represent the simulations. The red rectangle identifies the region where
the ER will be measured.

The solid lines in Figure 5.5 represent the magnification of Figure 5.3, showing L from
1.65 to 2.05 mm. From Figure 5.5 it is possible to appreciate how the experimental points

reach the critical point as predicted by the simulation, proving its reliability.

Only if a coupler showed a pronounced wavelength division behaviour, i.e. bar transmis-
sion values above 99.9% (below 0.1%) for A; (A2), we proceeded with the measurement
of its extinction ratio (ER) as explained in section 3.2.5. In particular, we measured the
extinction ratio for the last two couplers in Figure 5.5, featuring d = 8 um and L = 2mm

and L = 2.025 mm, respectively. The measured ER are reported in Table 5.3.
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Extinction Ratio
L=2mm | L =2.025mm
1310 nm 22.36dB 25.15dB
1550 nm 24.07dB 19.85dB

Table 5.3: ER of WDM for 1310 and 1550 nm.

The measurement resulted in EFR values of 22.36dB and 24.07dB for . = 2mm and
25.15dB and 19.85dB for L = 2.025mm, for the wavelength of 1310 and 1550 nm re-
spectively. The splitting of the 1310/1550 nm photon pair with ER values above 20dB
represent one of the best results that it is possible to find in literature for WDM fabricated
by FLM technique.

5.2. WDM for photon pair in the S- and L-band

Simulations on the single-photon source, performed by a colleague and thus not reported
in this thesis, revealed that photon pairs emitted in the S- and L-bands (1460-1530 nm and
1565 to 1625 nm) are found to have higher purity than photon pairs in the O- and C-bands
(1260-1360 nm and 1530-1565nm, i.e. the wavelengths of the WDM fabricated before).
For this reason, we examined the feasibility of fabricating a WDM for pair belonging to
the S- and L-band. However, dividing photon pairs belonging to wavelengths that are

close together results in a more difficult task.

The principle behind the operation of a WDM is that the coupling coefficient is wavelength-
dependent and thus the argument of the cosine squared being different, leads to different
periods of power transfer, reaching sooner or later a point of maximum division for the two
wavelengths, even if the critical point with a successful division is not always guaranteed.
This wavelength-dependent means that, in the range of wavelengths involved, the more
different the wavelengths are, the more different the x’s are. The greater the difference
in the coupling coefficient (Ak), the more compact a WDM can be obtained, since the
two bar transmission of the two wavelengths have to make fewer cycles to be completely

separated.

Therefore, for the realization of WDMs in this range, it is first necessary to conduct a
more detailed study of the wavelength dependence of k, in order to see the sensitivity
of variation of k with the wavelength and thus be able to predict the behaviour in that

range.
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So for a more detailed study of x’s dependence on A it is necessary to refer to the coupled
mode theory. From the coupled mode theory it is known that the coupling coefficient has

a wavelength dependence through the formula [133]:

o kOQ ff l/JmAnzw*ndxdy
N 284 ff Ym*pdxdy

P (5.5)
where the integration is carried out over the cross section of one of the waveguides. [
is the propagation constant of individual waveguides, An is the difference in refractive

indices between substrate and waveguides and v, ,, are the electric field distributions.

Since it is not trivial to study the formula 5.5 analytically, we will proceed by analysing the
coupling coefficient using an experimental approach. First of all, following the procedure
reported in section 5.1, several directional couplers were fabricated with interaction length
L equal to 0 and scanning the interaction distance d. In particular, data were acquired
for interaction distances from 6 to 11 um. The reflections were then measured using a
Santec MLS-2000 tunable laser in the range from 1510 to 1588 nm. After this, in order
to retrieve the parameters a and b, the reflection data were analysed with the Matlab

program, as explained in section 5.1. For sake of completeness, the parameters are listed
in Table 5.4.

a (mm™) b (mm™)
1510 nm 27.07 337.74
1530 nm 24.53 322.09
1550 nm 23.44 313.98
1570 nm 23.10 309.70
1588 nm 25.08 317.39

Table 5.4: a and b parameters for 1510, 1530, 1550, 1570 and 1588 nm respectively.

After this thorough characterization, it was possible to calculate the coupling coefficient
for all d at the various wavelengths. Once x’s were calculated, a linear relation between
and A has been observed in Figure 5.6. In figure 5.6 are reported the ’s trends for coupler
at d =6 um, d = 8.5 um, and d = 11 um for clarity. A linear regression was performed for

each of those interaction distances, resulting in the equations presented in the following:
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k(A) = (1.92-10*mm ™ 'nm ™)\ + 0.64mm ™" (5.6a)
k(\) = (1.92- 10 *mm ™ 'nm YA — 1.37mm ™" (5.6b)
k(\) = (1.58 - 10 *mm 'nm 1)\ — 1.34mm ™. (5.6¢)

Even thought these equations are valid only within the measured wavelength range and
possible deviations may occur at wavelengths outside, thanks to this analysis we can
retrieve the coupling coefficient x for a wavelength range of almost 80 nm (from 1510 nm

to 1588 nm) by acquiring only 5 set of experimental points.

It is possible to notice that Ax between 1510 to 1588 nm are 0.16, 0.1 and 0.096 mm*
for the interaction distance of 6, 8.5 and 11 um respectively, allowing the fabrication of
WDNMs of lengths of around 1 cm, as visible in Figure 5.7. From the data it can be stated

that by increasing the interaction distance d, the wavelength sensitivity decreases.

w
a1
7=
X
15

— O d=6pum

g 3L O d=85um
E d=11 pm
©°

g 25) .y
g

3

o 2t g
Q

o0

£ o ——o— O 9
o ]
5 1.5C

o

)

1L ]

i
0.5 L L I 1 1 1 :l
1510 1520 1530 1540 1550 1560 1570 1580 1590

Wavelength A (nm)

Figure 5.6: Coupling coefficient in function of wavelength. In figure are reported the
linear regression for the coupling coefficient for couplers with interaction distance of 6,
8.5 and 11 pm.

Once the wavelength dependence of k has been measured and the parameters a and b have
been derived, it is possible to start fabricating the WDMs. The WDMs in question will be
fabricated for wavelengths of 1510 nm and 1588 nm, i.e. the extremities of the wavelength
range we have characterised, in order to have Ak as large as possible. So we proceeded

running simulations using parameters a and b for the wavelengths of 1510 and 1588 nm,
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obtaining optimal WDM using interaction distance around d = 8 um. The simulation
can be seen in Figure 5.7. Using the procedure used for the previous device, we found a
directional coupler behaving as a WDM for d = 8.25 ym and L = 9.82mm. The FR was
then measured, disclosing a value above 15dB for both wavelength, as reported in Table
5.5.

Extinction Ratio
1510 nm 17.2 dB
1588 nm 15.9 dB

Table 5.5: ER of WDM for 1510 and 1588 nm.

As expected, this value is significantly lower than the ER calculated for wavelengths in
the O- and C-band. This is because, as mentioned before, for wavelengths close to each
other, longer interaction lengths are required to obtain a WDM behaviour. It follows
that the device will be more affected by fabrication and simulation errors. Indeed, this
device is almost 5 times longer than the one fabricated for splitting 1310 nm wavelength
from 1550 nm wavelength. For this reason, errors in the prediction of x and fluctuations
in fabrications are carried along for a longer length, deviating the maxima and minima
points of the bar transmission more significantly from the actual values. It can be noted
that the critical point expected from the simulations was at d = 8 yum and L = 9.44 mm,
as shown in Figure 5.7, while the actual critical point was found at d = 8.25 um and
L = 9.82mm. In any case, by taking into account and compensating for the different
source of errors, we were able to fabricate a WDM in line or even better than others
fabricated with the same platform [67, 132].
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Figure 5.7: Simulation of the bar transmission for wavelengths of 1510 and 1588 nm as a
function of interaction length. The critical length for the WDM is of 9.44 mm.
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6 ‘ Development of Waveguides
Writing in Borofloat Glass

This chapter deals with the development of a fabrication process for a photonic platform
based on Borofloat 33 glass and its employment in the realization of a WDM. Initially, in
section 6.1 a motivation for justifying the change of material is provided. Subsequently,
in section 6.2 an optimization for straight waveguides, curved waveguides and directional
couplers for wavelengths around 1550 nm is performed. Finally, in section 6.3 a WDM is
realized for the wavelengths of 1510 and 1588 nm.
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6.1. Motivation

Low losses are a fundamental requirement for a successful Scattershot Boson Sampling
(SBS) experiment, and not only in that experiment, but in all integrated photonics. To
give an idea of the importance of losses in this experiment we can roughly estimate the
timescale for a successful BS experiment in the case of high losses and low losses. Imagine
to realize a device in a platform (A) with losses that are about one order of magnitude
higher than the one of the same device but in another platform (B) and to put it in the
optical path of a BS experiment. Let also assume that the probability of generating one
photon-pair is p = 0.01. Assuming constant all the other parameters of the experiment
(e.g. generation rate, detection rate), the probability to detect a single photon at the
output will be ten times higher for the configuration with device B. So, assuming that for
the configuration with material A we have on average a detected photon at the output
every 30 us, for configuration B we will have about one photon every 3 us. For example, to
obtain 4 simultaneous photons, the probability becomes p*, i.e. to get four simultaneous
photons it is necessary to generate about 10® photons. In case A it takes 50 minutes,
while in case B it takes 5 minutes. If the desired simultaneous photons are 5 or 6 then
the times would increase to 3.47 days and almost 1 year for A and 8.3 hours and 1 month
for B, respectively. So having low losses would save a huge amount of time in the success

of the experiment.

For this reason, instead of using the well-known EAGLE XG glass as platform, we are
studying a new material (Borofloat 33 glass) that is expected to show lower propagation
losses. Indeed, according to the optical datasheet of the two materials, Borofloat shows
slightly higher optical transmission with respect to EAGLE XG. Borofloat 33 (EAGLE
XG) has a chemical composition of 81% (59.7%) SiOs, 13% (12.27%) B203, 4% NayO /K20
(< 0.01%) and 2% (17.1%) Al,O3 (and 7.3% CaO) [134-136]. Borofloat 33 has a refractive
index at 1030nm of 1.463, which is lower than EAGLE XG’s refractive index, which is

1.5 at the same wavelength.

6.2. Optimization Process

Since we need to investigate whether Borofloat would be a good alternative to EAGLE
XG it is necessary to find optimal waveguides for the desired wavelength. Since the
generated photons are in the range of 1550 nm, the optimization will be performed for
that wavelength. A good waveguide, in addition to having low propagation losses, must

also have low bending losses and must be able to couple to other waveguides. In this
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section these three requirements will be analysed.

6.2.1. Straight Waveguides

As in all optimisation processes, in order to find the tailored parameters to obtain the
waveguide with the desired properties, it is necessary to proceed by fabricating several

straight waveguides by doing an extensive scan on several parameters.

During the whole optimization procedure, some parameters remained unchanged, such as
repetition rate at 1 MHz, the use of a compensated 50x objective with numerical aper-
ture NA of 0.6 and the polarization of the laser beam. Indeed, these parameters had
represented a good starting point also for the optimisation of the fabrication process of
other materials. In addition, exploring the whole space of possible parameters at the
same time will turn out to be excessively time consuming. In general, it is better to focus
on a subset of possible parameters. The unchanged parameters will represent additional
knobs in case the optimisation process will not lead to satisfactory results. The first two
fabrications were performed by sweeping a wide range of powers, from 650 to 1590 mW in
total, examining four different scan parameters (1, 3, 5, 7 scans) and using a total of four
write speeds, from 25 up to 80 mm/s. From these fabrications, it was possible to define
a window of optimum values, i.e. powers from 650 to 750 mW, with three scans values
(3, 5, 7 scans) at two different speeds, 40 mm/s and 60mm/s. In fact, it was seen that
increasing the power above 750 mW, while maintaining the above parameters, resulted
in multimode waveguides. Same behaviour by lowering the writing speed. However, by
lowering the power, the modification of the material was not sufficiently strong to allow

the propagation of light, in fact below 650 mW very high losses were experienced.

Once the optimal window was found, a measurement on a 10 cm sample was performed
in order to have a rough, but significant estimation of /L. The insertion losses of a 10 cm
sample are shown in Figure 6.1. Once IL has been measured on the 10 cm sample, we
decided to precisely retrieve coupling losses and propagation losses through the so-called
cut-back method. Since this method is quite time consuming, we decided to discard the
waveguides with IL above a threshold. The threshold was arbitrarily set at 0.75dB, so 11

waveguides were selected for further investigation.

CL and PL calculated for these waveguides are reported in Figure 6.2. From the graph,
it can be seen that all the waveguides present very low propagation losses, with values
of approximately 0.023dB/cm up to 0.037dB/cm. These values are almost an order of
magnitude lower than the PLs values found in the literature for EAGLE XG.
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Figure 6.1: Insertion losses for a 10 cm sample for different fabrication parameters. To
shorten the cut-back procedure, only the waveguides with I L losses lower than a threshold

of 0.75dB were selected for further investigations and measurements.

The mode profiles were then measured using the method explained in section 3.2.3. The
modes turn out to have a Gaussian-like profile with mode diameters of around 12.5 um
(see Table 6.1 for reference), and tend to be slightly elongated along the laser incidence
axis, as shown in Figure 6.3. The overlap integrals between the mode profile of the fiber

and the waveguides are estimated at values around 85%, which justifies the particularly

high value of the C'Ls.

Since all waveguides show very promising values of PLs, before proceeding with the
optimization of bending losses, it is convenient to further select a subset of waveguides.
In general, we did not select the processing parameters that allow the fabrication of the
waveguides with the lowest PLs, since not always the best guides in terms of propagation
losses correspond to the best waveguides in terms of bending losses. In particular, in the
selection we took into account also the guided mode profile. Indeed, waveguides with
smaller modes tend to have a higher index contrast, which turns out into lower bending
losses at fixed radius. In conclusion, we selected the waveguides that show the best
trade off between CLs, guided mode size and PLs. The three selected waveguides are

highlighted with a red cicle in Figure 6.2. Corresponding values of mode sizes, C'Ls and
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PLs are reported in Table 6.1. Guided mode profiles and micrograph of waveguides’ cross

sections are reported in Figure 6.3.
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Figure 6.2: Coupling losses and propagation losses derived after a cutback. The nomen-
clature stands for power(mW) velocity(mm/s) scans. The three red circles indicate the

waveguides selected for subsequent bend optimization.

Power (mW) Speed (mm/s) Dimension (um x ym) CL (dB) PL (dB/cm)
650 40 12.4 x12.3 0.39 0.030
700 40 12.4 x13.7 0.43 0.025
725 60 12.6x12.9 0.38 0.037

Table 6.1: Straight waveguides data obtained after the cutback. Mode dimension, coupling
losses and propagation losses for the three best waveguides are shown. All the three

waveguides have been fabricated with a number of scans equal to 5.



82 6| Development of Waveguides Writing in Borofloat Glass
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Figure 6.3: Mode profile and cross section of selected guides. Each image contains mode

size and overlap integral to the fiber mode. Scale bar is 10 um.

Before proceeding with the analysis of bending losses, it is better to highlight a feature
in this fabrication process of Borofloat 33 that emerged during different fabrications. In
particular, it turned out that the fabrication process is extremely sensitive to the writing
depth. Typically, we write waveguide at 50 um from the bottom surface of a 900 um
thick samples with a 50x objective encompassing a compensation collar to reduce effect
of abberations. The sample, as provided by the supplier, have a tolerance in the thickness
value of £20 ym. It means that it is possible to fabricate in thicker or even thinner glass
substrates. In the latter case, it follows that the portion of glass traversed by the laser is
reduced. It has been observed that, keeping fixed all the parameters, when the writing
depth is smaller than about 840 um, the waveguide cross-section starts presenting unusual
dots (probably micro-voids), as shown in the microscope picture reported in Figure 6.4.
These dots are centres of scattering, thus causing an increase in the propagation losses.
The cause of the formation of the dots is not yet known, but in a first hypothesis it could
be due to an excess of deposited energy. In fact, the shorter the distance crossed by the
laser inside the sample, the less energy is absorbed and lost during propagation and thus

higher is the energy deposited in the focal point.

On the other hand, if the distance is greater, the deposited energy could be not sufficient
to create the refractive index modification and therefore the waveguide losses increase.
Furthermore, it is always safe to maintain a margin of about 20-30 um from the surface, to
avoid effects of water-substrate discontinuity. For this reason, the successive fabrications
in Borofloat 33 were performed by writing at a fixed distance from the top surface, i.e.
850 um from the top surface. However, before each fabrication it is necessary to check the
thickness of the sample, to make sure that we do not write too close to the bottom surface
and check whether there are any creases in the sample, which are usually more present and
pronounced in 10 cm long samples, in order to properly take a reference point so as not to
end up close to the bottom surface or even exit during the writing. In order to compensate

the effect of the bow, a program that map the surface of the substrate can be adopted.



6| Development of Waveguides Writing in Borofloat Glass 83

An optimisation in its functioning would represent a possible solution to circumvent this
problem, but further investigations are required. Indeed, a first fabrication round has led
to higher ILs. Therefore in Borofloat 33 there is an optimal window of writing depth.
Such a high depth sensitivity could be a huge drawback, as it could compromise the
three dimensional capability of femtosecond laser writing. As 3D capability is not strictly
required for our WDM filter, we will leave the analysis on depth insensitivity to future

optimisations.

Figure 6.4: Demonstration of high sensitivity to writing depth. Waveguides containing

dots probably due to excessive deposited energy.

6.2.2. Bending Losses

As miniaturization is an important feature of photonic platforms and standard devices
for quantum information processing encompass a high number of interacting modes and

bends [35], an optimisation on bending losses is necessary.

To measure the bending losses, a method similar to the one explained in section 3.2.4 was
used. In particular, instead of inscribing S-bends of length [., it was decided to fabricate
serpentines, i.e. numerous S-bends in series. This gives a better idea of the possible losses
for a future hypothetical device composed of numerous curved sections and moreover, in
this way, greater lengths of the curved section are achieved, resulting in a better estimation
of BL. Exploiting the processing parameters of the three previously selected waveguides,

we fabricated a sample with several radii of curvature: 60, 40, 30, 20, 15 mm.

The characterization of serpentine waveguides is reported in Figure 6.5. In panel (a) we
report on the ILs of a 10 cm device, while in panel (b) we report on the corresponding
BLs.
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Figure 6.5: Insertion losses (a) and bending losses (b) for the sample containing serpen-
tines with different radii of curvature for the three selected waveguides. The nomenclature
stands for power(mW) velocity(mm/s) scans. The dotted line in (a) indicates the /L
of the straight waveguide inscribed at 650 mW and is used as a reference to indicate the

1 Ls of the straight waveguides, which are around that value.

From the two graphs it can be seen that the ILs and BLs are lower for the waveguide
fabricated with 700 mW at 40 mm/s with 5 scans (orange line), in fact the IL for a 10 cm
sample of the straight waveguide is 0.52 dB, increasing to 1.05dB, 1.41dB and 3.62dB for
radii of 60 mm, 40 mm and 30 mm respectively. For the other two processing parameters,
waveguides show a bigger exponential factor, featuring I Ls above 4 dB already for radii
of 60 mm, and thus much higher bending losses. Indeed, data of serpentine waveguides at
radius 20 mm are out of scale and thus are missing in the graph. For the same reason, the
data for the 15 mm radius of curvature are missing for all waveguides. It was found that
in order to have a negligible amount of bending losses, radii of 60 mm must be used for the
waveguide fabricated with 700 mW at 40 mm /s with 5 scans, obtaining BL of 0.06 dB/cm.
However, it is possible to reduce the radius to 40 mm, obtaining BL of 0.1 dB/cm, allowing
more compact devices to be realised. The BLs of the other two waveguides were found to
be around 0.2dB/cm for radii of 60 mm, therefore proving to be not suitable for devices

containing many curves.
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6.2.3. Directional Couplers

Once the waveguide with the optimum parameters has been found, it only remains to

examine the waveguide coupling behaviour, as WDM is based on that.

The geometry of the couplers is the same adopted in section 5.1, i.e. planar couplers,
with a distance between the non-interacting waveguides of 127 um. We then proceeded

to manufacture directional couplers with the parameters shown in the Table 6.2.

Fabrication Parameters
Substrate Borofloat 33
Laser System Yb:KYW cavity dumped
Wavelength 1030 nm
Repetition Rate 1 MHz
Writing Power 700 mW
Translational Speed 40 mm/s
Number of Scans )
Writing Depth 850 pum from top
Objective 50x CC

Table 6.2: Table containing the fabrication parameters.

The first set of couplers consists of 11 couplers with L = 0, but scanning the interaction
distance from 6 to 11 um with a step of 0.5 um. As shown in Figure 6.6, from these
measurements it is possible to appreciate the trend at the bar port as a function of the
interaction distance d and then derive the parameters x and ¢g, through the method
explained in the section 5.1. Through the graph it is possible to confirm that these
are synchronous DCs, since all the power is transferred at the cross port for interaction

distance between 8 and 9 um.
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Figure 6.6: Normalized power at the Bar output port as a function of interaction distance.
The experimental data are dotted with red circles while the dashed line represents the fit

processed by Matlab.

Two other coupler groups were then fabricated on the same sample, keeping d constant
and varying L from 0 to 2 mm, with a step of 0.2mm. It is possible to appreciate the cos?
trend in Figure 6.7 where the data of the couplers at d = 6.5 um (panel a) and d = 9 ym
(panel b) are shown. As a reference, a cos® fit is also reported. This fit can then be
compared with the values obtained from the simulation based on the x and ¢, parameters
retrieved by processing the data of the first set of couplers in Figure 6.6. In Figure 6.7 it
is possible to observe the comparison between the two curves (dashed line vs. solid line).
The simulation tends to overestimate k, resulting in a percentage variation of 2.81% for

d=6.5pum and 5.96% for d = 9 um.
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Figure 6.7: Normalized power at the Bar output port as a function of interaction length
L. The two graphs show the data collected from the two sets of couplers at d = 6.5 ym
(a) and d = 9um (b), depicted by the red circles. The dotted line represents the cos?
fit while the solid line represents the simulation, obtained from the parameters retrieved
from Matlab.
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As with EAGLE XG, the trend of x as a function of wavelength was derived. So as
explained in section 5.2 the parameters a and b were obtained for five different wavelengths
from 1510 to 1588 nm. Then k was calculated by means of the Equation 5.1 and thanks
to the five points it was possible, through a linear regression, to determine the linear
trend of the coupling coefficient as a function of wavelength, as reported in Figure 6.8.
Furthermore, thanks to the a and b parameters, it is possible to simulate the trend of the
power transfer for the different wavelengths and thus obtain the values for the fabrication
of a WDM, as will be detailed later. The parameters a and b for the different wavelengths
are listed in Table 6.3

a (mm™) b (mm™)
1510 nm 16.25 269.19
1530 nm 15.24 258.66
1550 nm 14.95 254.76
1570 nm 14.18 246.58
1588 nm 13.37 238.33

Table 6.3: a and b parameters for 1510, 1530, 1550, 1570 and 1588 nm respectively.
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Figure 6.8: Coupling coefficient as a function of wavelength in Borofloat 33. Three dif-
ferent linear regressions are presented for coupler at d = 6 um (red), d = 8.5 um (blue),

d =11 um (green).
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6.3. WDM Fabrication and characterization

The WDM to be fabricated is for the wavelengths of 1510 nm and 1588 nm. Therefore, fol-
lowing the same procedure of section 5.1, taking the a and b values previously calculated
for 1510 and 1588 nm, several simulations were performed to find the point of maximum
extinction ratio at minimum length between the two wavelength. In particular, WDMs
were simulated using interaction distances from 6 to 11 um with a step of 0.5 um, and a
maximum split point was found for a simulated coupler with d = 10.25 ym at L = 9.9 mm,
as shown in Figure 6.10. Subsequent fabrications, using the same parameters previously
reported, were then carried out around those values, also taking into account the over-
estimation in the simulations of the s value of the Matlab program. The fabrications
produced a WDM with d = 10.25 ym and L = 9.44mm. Later, using the method ex-
plained in section 3.2.5 an ER of 19dB was measured for both wavelengths. This ER is
better than the one obtained for EAGLE XG and in line with the best values for WDM
fabricated by FLM. In addition, since the length of the filter is almost equal to the one
in EAGLE XG and propagation losses are almost 10 times lower, this filter is expected to

show better performance when integrated in the full experimental setup.
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Figure 6.9: Normalized bar powers for wavelengths of 1510 and 1588 nm, for which the
parameters a and b can then be calculated. Red circle represents the experimental point,

dashed line the exponential fit.
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Conclusions and future developments

In this work, the fabrication and characterization of a Wavelength Division Multiplexer
fabricated via femtosecond laser micromachining has been presented. This component is
fundamental for the implementation of a heralded integrated single-photon source, as it
allows the division of heralding from heralded photons. The component should feature
low losses and high extinction ratio (ER), which is defined as the ratio between the power

transmitted in the target output port with respect to the one in the other port.

For the realization of this component, we decided to exploit the dependence on wavelength
of the coupling coefficient in standard directional couplers. In particular, we started the
experimental activity by analysing the behaviour of directional couplers as a function
both of the interaction distance and the wavelength. Once we have retrieved the coupling
coefficient in our femtosecond laser written devices, we run a multiparameter (interaction
distance d, interaction length L) simulations to find the optimal d and L values for the
fabrication of an efficient WDM.

The first part of the thesis involved the fabrication of the WDMs on the well-known
EAGLE XG borosilicate glass substrate. The WDMs were designed to operate at the
typical telecom wavelengths of 1550 nm and 1310 nm and in a narrower wavelength range
of 1510nm and 1588 nm. The best WDM showed FR values of 24dB and 22dB at
1550 nm and 1310 nm wavelengths, respectively. The device working at 1510 and 1588 nm
showed E'R values of 17 and 16 dB, respectivily. As expected, the latter device showed
lower values of the extinction ratio. Indeed, being the wavelengths to be divided closer
and the difference in the coupling coefficients smaller, a directional coupler with a longer
interaction length was required. In general, the longer the propagation distance, the
higher is the sensitivity to fluctuations during the fabrication process.

In the second part, driven by the need to achieve lower losses, a new material was studied,
namely Borofloat 33. In this case, before the realization of the WDM, it was necessary to
carry out an optimization almost from scratch, i.e. starting from the optimization of the
straight waveguides up to the directional couplers. The optimization was conducted for a
wavelength range of 100 nm around 1550 nm. Effectively, the use of Borofloat has led to a

clear reduction in propagation losses, measuring around 0.03 dB/cm, around a factor of 6
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less than the competitor EAGLE XG, which had propagation losses of around 0.16 dB/cm.
Although our fabrication process in Borofloat led to one of the lowest PL values found in
the literature for femtosecond laser written waveguides, the achieved mode confinement
led to much worse values of bending losses, with values comparable to EAGLE XG only
for bending radii of 60 mm. In addition, our fabrication process in Borofloat showed lower
reproducibility. In fact, even keeping the same parameters, the fabricated waveguides
showed not negligible differences both in guiding performance (PL, BL and coupling
losses) as well as in their morphology. Reviewing the various fabrications, these run-to-run
variations were attributed to a high sensitivity of the process on the writing depth, which
may limit the advantage of 3D capability of femtosecond laser micromachining. Since the
component we devised in this thesis was essentially planar, we decided to proceed with its
fabrication. In particular, we realized a WDM for dividing photons at 1510 nm from the
ones at 1588 nm with an extinction ratio of 19dB for both wavelengths. In conclusion,
this WDM showed in line or even better performance than the other femtosecond laser
written devices reported in literature.

Being propagation losses of laser-written waveguides in Borofloat so promising, future
developments would aim at the optimization of the fabrication process to enhance the
3D capability for this substrate. Reduction in bending losses would potentially make
this platform as a competitive technology for the realization of complex universal linear
optical networks [35]. In the general framework of the integrated heralded single-photon
source, the next steps require the optimization of the nonlinear crystal for the generation
of high purity and indistinguishable photons and the development of the filter for pump

suppression.
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