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Abstract

Integrated, reconfigurable photonic circuits are crucial devices in quantum optics and
quantum computing applications: in fact, they enable the implementation of different ex-
periments and quantum protocols on the same hardware. In particular, universal photonic
processors are reconfigurable circuits which are able to implement any unitary transfor-
mation on a given set of input signals. To this aim, an increase in computational power is
required to enable quantum advantage, and therefore compact and efficient devices need
to be developed in order to increase the number of input and output modes.

In this Thesis, I propose different solutions for the minimization of the optical losses of
universal photonic processors fabricated by means of femtosecond laser micromachining
(FLM). The preliminary fabrication of an 8-mode interferometric circuit with the standard
layout set the reference point for the different figures of losses. Optical waveguides and
directional couplers have been optimized for the typical emission wavelength of quantum
dot single-photon sources (925nm). In particular, the optimization involved the propaga-
tion losses for these waveguides, a new design of the directional couplers and the reduction
of coupling losses with standard fiber arrays, by acting on the fan-in/out section. I was
able to achieve propagation losses as low as 0.14 dB cm ™!, with almost negligible bending
losses. The directional couplers feature a flattened design to distance the two arms, al-
lowing to reduce their losses due to the small interaction distance by 40%. Finally, the
introduction of a tapering section for the waveguides has been suggested, together with a
new polynomial layout for the fan-in/out section, enabling the fabrication of waveguides
with almost negligible coupling losses.

This work aims to reduce the losses encountered when integrating many optical com-
ponents on chip within the FLM fabrication platform. These results are promising for
the implementation of low-loss, complex femtosecond laser written circuits for quantum

applications.

Keywords: Femtosecond laser micromachining; universal photonic processors; integrated

photonics
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Sommario

I circuiti fotonici integrati riconfigurabili sono fondamentali nelle applicazioni di ottica
e computazione quantistica: infatti, permettono di implementare diversi esperimenti e
protocolli quantistici sullo stesso dispositivo. In particolare, i processori fotonici univer-
sali sono dispositivi riconfigurabili che sono in grado di implementare qualunque trasfor-
mazione unitaria su un set di segnali in ingresso. In quest’ottica, ¢ necessario incre-
mentarne la potenza computazionale per raggiungere la supremazia quantistica, e quindi
aumentare il numero di modi attraverso lo sviluppo di dispositivi compatti ed efficienti.

In questa Tesi, propongo diverse soluzioni per la minimizzazione delle perdite ottiche dei
processori fotonici universali fabbricati mediante scrittura laser a femtosecondi. Il punto
di riferimento per i differenti termini di perdite ¢ dato dalla caratterizzazione di un cir-
cuito interferometrico a 8 modi, fabbricato con la struttura standard. Le guide d’onda
e gli accoppiatori direzionali sono stati ottimizzati per la lunghezza d’onda di emissione
tipica di sorgenti quantum dots a singolo fotone (925nm). In particolare, il processo
di ottimizzazione ha coinvolto le perdite di propagazione delle guide d’onda, un nuovo
design degli accoppiatori direzionali e la riduzione delle perdite di coupling con i fiber-
arrays, agendo sulla sezione di fan-in e fan-out. Ho ottenuto guide che mostrano perdite

di propagazione di 0.14dBcm™!

, con trascurabili perdite di curvatura. Un design appi-
attito per gli accoppiatori direzionali ¢ stato introdotto, che € stato in grado di ridurre
le perdite aggiuntive dovute alla piccola distanza di interazione del 40%. Infine, & stata
suggerita l'introduzione di una sezione di tapering per le guide che, insieme a una nuova
curva polinomiale per la sezione di fan-in/out, ha permesso di ottenere guide d’onda con
perdite di accoppiamento trascurabili.

Questo lavoro punta a ridurre le perdite incontrate quando numerosi componenti ottici
vengono integrati su un dispositivo. Questi risultati sono promettenti per I'implementazione
di circuiti ottici complessi a basse perdite per applicazioni quantistiche scritti per mezzo

di tecnologia laser a femtosecondi.

Parole chiave: Scrittura laser a femtosecondi; processori fotonici universali; fotonica

integrata
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Introduction

"Nature isn’t classical, dammit, and if you want to make a simulation of nature, you’d
better make it quantum mechanical”. This sentence from a Richard Feynman’s 1981 talk
highlights the need of building machines which operate at the same level of the systems
that they are studying: the quantum mechanical level. Nowadays, manipulation and
transmission of information is carried out by machines which follow the laws of classical
physics. On one hand, it is true that the computational power of such devices has grown
enormously over the years, but one must face the fact that some tasks are still out of
reach for these machines, since their complexity becomes too expensive in terms of com-
putational resources |1, 2|. Moreover, one finds that there are some features that have no
classical counterpart: for instance, that is the case of quantum cryptography [3], which
can ensure complete security of the communication between two entities, or quantum
teleportation [4], by which it is possible to transport quantum information from a place
to another arbitrary distant one.

These arguments highlight the importance of investing and researching on quantum in-
formation processing and communication. In particular, the use of photons as quantum
particles for computation and implementation of quantum protocols has risen over the
years because of their interesting properties, such as the long decoherence time and op-
eration without the need for cryogenic temperatures. Therefore, the design of platforms
capable of handling many photons has become of great importance, with the integrated
optics approach as the leading solution. Among the different integrated optics fabrication
techniques, femtosecond laser micromachining (FLM) has affirmed itself as a competi-
tive platform for the rapid prototyping of photonic quantum circuits. This technology
allows to fabricate high-quality waveguides on dielectric substrates, without the need of a
lithographic process or clean-room facilities, making it a rapid and cost-effective solution.
Moreover, it is an intrinsically three-dimensional technique, enabling the design of more
complex circuits designs which are out of reach for other fabrication techniques.

The aim of this Thesis work is to optimize the fabrication process of femtosecond laser
written waveguides and the design of universal photonic processors, which are complex

interferometric circuits capable of implementing any unitary transformation between N
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input and output modes. This work can open the way to devices with a smaller footprint
and and lower optical losses, i.e. smaller circuits with higher number of modes, leading
to an increase in computational power, which is a fundamental requirement for their im-
plementation in a quantum network or computational platform.

The Thesis is structured as follows: in Chapter 1, I recall the basics of quantum comput-
ing and information, along with a brief introduction to the concept of universal photonic
processor and the possible implementation schemes. In Chapter 2, I will give a review of
the femtosecond laser micromachining technology and its state of the art. In Chapter 3,
I will introduce the experimental setup and the methods for the optical characterization
of the waveguides. In Chapter 4, I start from the characterization of an 8-mode reconfig-
urable photonic circuit to highlight the different losses terms, which will be the objective
of the optimizations throughout this Thesis. In Chapter 5, I will present a new design
for the directional couplers aimed to reduce the optical losses due to the small interac-
tion distances. Finally, in Chapter 6, I will focus on coupling losses, addressing both the
optimization of tapered waveguide sections and the fan-in/out segments of the device, in
order to reduce the overall optical losses at the fiber-to-chip interface.

The fabrication and characterization processes have been carried out at the Physics De-

partment of Politecnico di Milano.
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1.1. Quantum computing and information

In this chapter I will present the core concepts at the heart of quantum computing,
starting from the qubit and its implementation using photons, followed by some qubit
manipulation strategies. Finally, the focus will shift on some complex interferometric

layouts that can serve as photonic processors for quantum computation.

1.1.1. The qubit

In classical computation, machines rely on bits, which are physical systems with two no-
table macroscopic states, to which we attribute the values 0 and 1. Classical bits can only
assume just one of these two values.

The qubit (abbreviation for quantum bit) is the quantum mechanical counterpart of the
bit: given a two-level quantum system, the qubit state is described by the linear superpo-
sition of the two discrete states of this system, which are labelled |0) and |1), using Dirac

notation. The generic state of a qubit |¢) is described by the following equation:

[¥) = «l0) + 3[1) (1.1)

The states |0) and |1) are orthonormal and together form the computational basis of the
qubit. a and ( are complex coefficients called probability amplitudes and their meaning
is easily understood by taking the square modulus of |1): [¢]? = |a|?>+ 8|2 |a|? and |B/?

represent the probability to measure the system in the state |0), |1) respectively!.

This definition readily highlights one of the most important differences from the clas-
sical bit: the qubit can exist in a linear superposition of |0) and |1). Anyway, from a

single qubit only one bit of information can be extract (as for classical bits), because after

Since |a|? and |3|* are classical probabilities, they must be normalized, in the sense that the proba-
bility to measure the system in either one of the states must be unitary. This translates in the following
normalization condition: |a|? + |3]? = 1.
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the measurement the qubit state will collapse either on state |0) or |1). The real power

of the qubits arise when two or more are used together.

1.1.2. Entanglement

Entanglement is another characteristic that only arises when considering quantum bits [5,
6]. Let us consider 2 qubits: taken individually, each of them can be described by the
wavefunction written in Eq. (1.1). If we want to describe them collectively we can use a
single wavefunction which is defined on an Hilbert space of dimension 22. Let us label the

two qubits A and B, respectively. Two different situations can be distinguished:

e The wavefunction which describes the two qubits can be written as the tensor prod-

uct of the individual qubits wavefunction:

tor) = |¥a) @ [¢B) (1.2)

which can be developed as:

o) = 5(10.4) + |L4))~7=(108) + L8)) = 5(10.408) + [1405) + [0415) + [La1s)

(1.3)

where the coefficient \/Li ensures normalization. In this case the overall state is called

separable.

e The overall wavefunction cannot be factorized as the product of the single qubit

wavefunctions. An example is the following:

1

V2

This is an example of an entangled state: in this case, a measurement can make the

[Vtot) = (1040B) + [1413)) (1.4)

system collapse in either |0405) or |[1415). In fact, if a measurement on the systems
gives the value 0 for the qubit A, then the value of the qubit B will also be 0, and

viceversa for the other case.

It is worth nothing that separable states are analogous to "classical" ones: let us consider
two coins, which represent our two qubits, with heads and tails as the states |0) and |1).
If from a toss comes up heads, the other coin still has equal chances of coming up either
with heads or tails. On the other hand, the state described by Eq. 1.4 shows a correlation

that is only present in quantum mechanics: if from a toss comes up heads, the other coin
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surely will come up with heads too.
This property is exploited in quantum computation and qubit manipulation strategies as

will be showed in the following Section.

1.1.3. Single qubit gates

The state of a qubit described by Eq 1.1 can be better visualized if the coefficients o and
[ are redefined in a more convenient form:
0 0

o =cosy B = sin 3 e’ (1.5)

In this way, a and (8 identify coordinates on a sphere of radius 1, which is called Bloch
sphere, depicted in Figure 1.1.

Once a set of qubits has been created, as a next step one wants to find a way to ma-
nipulate them in order to perform operations. That is the role of qubit gates, which
are unitary transformations (in Section 1.2.3 the definition of unitary transformation will
be addressed) applied to the set of qubits. They are represented by unitary matrices of
dimension 2, where N is the number of qubits on which they operate.

Single qubit gates are all the possible unitary transformations which can be performed on
the space of the single qubit. In the Bloch sphere picture, single qubit gates represent all
the possible rotations of the state of a qubit on the sphere. In the following, some notable

single qubit gates will be described using the matrix notation:
Oé: _ mi1 M2 (0% (16)
p ma1 Mmaz| |f

Phase shift operator

This kind of operator introduces a phase shift § between the states |0) and |1):

. 1 0
U,s = ) 1.7
s [O e“] (1.7)
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1)

Figure 1.1: Picture of the Bloch sphere. The orthogonal states |0) and |1) are at the opposite
poles of the sphere. 6 is the angle between [1)) and the z-axis, ¢ is the angle between |¢)) and
the x-axis. Together, they univocally define a point on the sphere surface.

Pauli operators

Pauli matrices are notable operators which can be defined in all two-level systems. They

are written in this way:

o fo o =i 1o
= [1 0] o [z 0] 7 lo —1] (18)

Pauli operators represent 7 rotations around the related axis in the Bloch sphere. They
are important because generic single qubit gates are linear combinations of 6., 6,, . and

the identity operator I.

Hadamard operator

The Hadamard gate is a linear combination of 6, and &,:

. 1 (1 1
i L _1] 19)
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This operator project the initial states |0) and |1) into the linear superposition of states:

- 1
H0) = —=(|0) + 1))
) ‘{5 (1.10)
H 1) = —=(|0) — 1))

Sl

2

1.1.4. Two-qubit gates

Two-qubit gates, as the name suggests, perform operations on a set of two qubits: there-
fore, they are represented by 4x4 matrices. A subset of these gates follows the control-
target paradigm: they couple a control qubit to a target qubit according to a con-
ditional dynamics: that is, the transformation on the target is implemented only if the
control is measured in a certain state.

The most prominent example of such a two-qubit gate is the CNOT gate, which imple-
ments the 7, transformation on the target qubit only if the control qubit is measured in
the state |1):

UCNOT |0>c |¢>T = |0>c |¢>T
UCNOT |1>c W))T = |1> o WJ)T

Since it operates in the space of two qubits, in matrix form it is represented by a 4 x 4

(1.11)

matrix:
1000
) 0100
U, - 1.12
“NOT =19 0 0 1 (1.12)
0010

Two diagonal blocks ca be recognized: the 2 x 2 identity and the &, operator.

Single and two-qubit gates are the building blocks quantum computation: in fact, a
generic transformation involving N qubits can be decomposed in a sequence of CNOT
gates and single qubit gates [7].

In the following Section I will present two ways of implementing qubits using photons and

their advantage with respect to other quantum particles.

1.1.5. Photon-encoded qubits

As described in Section 1.1.1, a qubit can be any two-level quantum system. Nevertheless,
there are several candidates in order to build a qubit, such as trapped atoms [8], cold

ions [9], electrons [10] or photons [11].
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Photons present a number of advantages: compared to other candidates they show a far
longer decoherence time (which is the time for which the quantum object loses its features
due to interactions with external fields or particles) because of their reduced interaction
with the surrounding environment, they can be easily manipulated using well-known
optical components and work at ambient temperature. Moreover, the use of photons
for quantum computation has been greatly enabled by advancements in single photon
sources and single photon detectors [12, 13].

There are many ways in which a qubit can be encoded using photons, for example:

e Polarization encoding. This is an example of single-rail encoding, since the two
logical states |0) and |1) occupy the same spatial mode. The generic qubit state
can be written as a linear superposition of the |H) (horizontal) and |V) (vertical)

polarization states of a photon:
V) =al|H)+3|V) (1.13)

e Path encoding. This kind of encoding is called dual-rail encoding: the photon is

delocalized into two distinct spatial modes, which can be labeled a and b:

[¥) = a[1),[0), + 510}, [1), (1.14)

This kind of encodings are easily implemented in integrated optics, since both single- and
dual-rail encoding can be realized with optical waveguides.

The main difficulty in using photons resides in their weak reciprocal interaction: this
translates in the need of non-linear phenomena which can increase the complexity of im-
plementation. Fortuitously, the work by Knill et al. [14] illustrates how it is possible to
perform quantum computation with only linear optical elements by using ancillary pho-

tons and post-selection.

In the following, the focus will shift on how integrated optics tackles qubit transfor-
mations, and the schemes which allow to implement arbitrary unitary transformations on

a set of N qubits, which is the first step for the realization a quantum photonic processor.
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1.2. Integrated reconfigurable photonic circuits

Reconfigurability means changing the way something is arranged to work, in order to
adapt to different tasks. It becomes a major advantage when dealing with integrated
optics (which has become increasingly important over the past decades, due to its com-
pactness, stability and possibility to control simultaneously a large number of optical
modes), since without the need of substituting the optical circuit one can perform differ-
ent experiments using the same integrated device.

Reconfigurable photonic circuits present a vast number of applications: when dealing
with a specific application, it is possible to design a self-configuring algorithm which can
compensate for fabrication tolerances and enhance the performances of the circuit [15].
It is possible to program such devices to implement optical quantum gates [14], simulate
physical phenomena (like quantum transport simulations [16]), to train artificial neural

networks [17] or build universal photonic processors.

In this framework, universal photonic processors are devices which are capable of per-
forming any unitary transformation between N input and output optical modes. In this
Section the directional coupler and integrated Mach-Zender interferometer (MZI) will be
presented, since they are the main components of an integrated optical circuit. Then a
brief explanation of what unitary operators are and their importance will be given. Fi-
nally, an overview of how to implement such unitary transformations in an optical system

will be detailed.

1.2.1. The directional coupler

The directional coupler is the integrated optics equivalent of a beam splitter: it is a device
which couples two optical modes, whose sketch is shown in Figure 1.2: the interaction
takes place in the region where the waveguides are brought closer together. The interaction
distance d and the interaction length L are tailored to modulate the strength of the
interaction, which occurs by means of evanescent coupling. Let us suppose that light
is coupled only in one waveguide: in the interaction region, the evanescent tails of the
propagating electric field can couple to the other waveguide and start propagating. In the
following its description will be addressed using the coupled-mode theory and its optical

transfer matrix will be retrieved.

Given the electric field amplitudes A;(z), A2(z) propagating in the two waveguides of
the directional coupler (labelled with the indexes 1,2), where the z-coordinate is chosen

as the propagation direction, it is possible to define the optical transfer matrix of the



10 1| Universal photonic processors

N\ e

d

SN

Figure 1.2: General scheme of a directional coupler. The two main geometrical parameters of this
device are the interaction length L and the interaction distance d, which define the interaction
region.

device, which links the field amplitudes after the interaction distance L with the initial

amplitudes:

(1.15)

By exploiting the coupled mode theory [18], it is possible to derive the matrix M, which

has the following expression:

M- [ cos (kL) —isin (kL)] (1.16)

—isin (kL)  cos (kL)

where £ is defined as the coupling coefficient and depends on the geometrical parameters
of the device.
After the field distributions A; are recovered, it is possible to calculate the optical power

in each waveguide as a function of position, since:
[Ai(2)]? o Py(2) (1.17)

If one focuses on the power distribution at the end of the directional coupler Py (L), Ps(L),
the condition for a 50:50 power splitting between the two waveguides can be found by

setting P (L) = P»(L), and the transfer matrix of the directional coupler becomes:

1 |1 —
Msap = NG [—z’ | ] (1.18)

Such configuration is called 3 dB coupler.

1.2.2. Integrated Mach-Zehnder interferometer

A Mach-Zehnder interferometer (whose scheme is depicted in Figure 1.3) is a composite

optical device which is composed by three different sections:
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3dBDC Phase shifter 3dBDC

__u ¢2 u__
—_— NS ¢ -/ N——

Figure 1.3: General scheme of a Mach-Zehnder interferometer, where the three main components
are highlighted, from left to right: a 3dB directional coupler, a phase shifter, which introduces
a phase shift between the two modes of the MZI, and another 3 dB directional coupler.

e A 3 dB directional coupler.

e A phase shifter.

e Another 3 dB directional coupler.

In order to find the transfer matrix of the overall device, one can multiply together the

transfer matrices of the isolated components, starting from the last one:
Myrzr = Mzap - Mps - Mzap

where the Msyp was obtained in Eq. 5.9, and the transfer matrix of a phase shifter is just

the following diagonal matrix:

110
Mps — "1 [0 eiAd)] (1.19)

where ¢ is the phase accumulated by the field in the first waveguide in the section between
the directional couplers and A¢ = ¢; — ¢ is the phase difference accumulated between
the optical fields in the two waveguides.

Now it is possible to compute the overall transfer matrix of the MZI:

e_iqSl
2

Mz = (1.20)

1—e2?  —j(1+4 e'29)
—i(1+eB9) B —1q

This expression can be rearranged in a simpler form by exploiting the well-known Eulero

iz —ix .
formulas cosz = % and sinx =

el _e—iT

21

MMZI = ie‘wlei% [_ (121)
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Where the therm ie*¢1¢i5” can be neglected, since it is a phase term which is in common
to both modes and does not introduce any phase shift between them.

In this form is clear that the MZI behaves like a tunable directional coupler: in fact, a
directional coupler is a rigid device, once L and d are set. A MZI can instead be tuned
by modulating the phase difference between the two adjacent modes and can work, for
example, as a filter or as an optical switch. If an additional phase shifter is placed at the
beginning of the device on one of the two waveguides (such phase shifter is commonly
called ‘external’, while the one in the device ‘internal’), the MZI becomes fully recon-
figurable and capable of implementing any 2 x 2 unitary transformation on the optical

modes by actively controlling the external and internal phases.

1.2.3. Unitary operators

A unitary operator is a transformation between two Hilbert spaces which preserves the

norm. That is, given a unitary operator U:

|Uz]| = |]] (1.22)

In finite dimensional Hilbert spaces, unitary transformations are represented by unitary
matrices, i.e. matrices whose inverse is equal to its hermitian conjugate?. It is worth
noting that in real tridimensional vector spaces unitary matrices represent rotations.

Unitary transformations are really important in quantum mechanics, because they pre-
serve the normalization of the system state. Since for every quantum physical system
the probability amplitudes are related to classical probabilities of finding the system in a
certain state, unitary operators ensure that the sum of all these probabilities is still one

after the transformation. All the operators introduced in Section 1.1.3 are unitary.

1.2.4. Optical implementation of any unitary transformation

It is well-known that any lossless optical system can be described by a unitary opera-
tor. What is not so trivial is the opposite: given any unitary operator, is it possible to

determine a lossless experimental setup representing that operation?

2The hermitian conjugate is the conjugate transpose of the matrix [19]:

Ul=ut=w"HT (1.23)
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Reck implementation

Reck and his collaborators proposed a solution to this question in their work of 1994 [20],
who presented a simple, general circuit layout by using only MZI and phase shifters.
The starting point of this proof is that the experimental realization of the generic two-
dimensional unitary U(2) is well-known: it can be realized with a MZI by placing an
external phase shifter on one of the two optical modes, as discussed in the previous
Section. The transfer matrix of such MZI becomes:

e sin (w) € cos (w)

M = (1.24)

cos (w)  —sin(w)

Where the parameter w corresponds to the internal phase shift % of Eq. 1.21 and ¢ is
the external phase shift acting on one of the two modes.

The goal is to find a method to factorize any U (V) matrix into a product of block matrices,
each containing only MZI transfer matrices as defined in Eq. 1.24. Then the experimental
setup can be retrieved by adding a cascade of MZIs.

To this purpose, Reck et al. defined the matrices T,,,: these are N-dimensional identity
I, Ippand Iy, withp = N,N—-1,...,2,q=N—-1,N-2,....1,

which are substituted by the corresponding beam splitter matrix elements. Let us write,

matrices with elements I,

as an example, the expression of a matrix T3 for N = 4:

10 0 0
01 0 0
Ty = | | (1.25)
0 0 e“sin(w) € cos(w)
0 0 cos(w) —sin(w)

The purpose of this matrix is to perform a unitary transformation on a 2-dimensional

subspace of U(N), leaving the complementary (/N — 2) subspace unchanged.

The algorithm operates the following sequence:
1. The unitary matrix U(N) is multiplied from the right with a succession of T,

matrices, withg=N —1,N —2,...,1:

UN)-Tyn-1-Tnn—2-- TN (1.26)

)

This step has the aim of zeroing all the elements of the last row and column except
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(a) (b)

Figure 1.4: (a) Reck scheme, with the MZI highlighted in the red square as the unit cell of
the circuit. (b) circuit representation of the T}, matrices, which correspond to specific MZI
transformations. Each diagonal of MZI performs the Step 1 of the algorithm [21].

for the diagonal one which can be done by tuning all the wy,, ¢n, of the beam
splitter matrices. The effective dimension of the matrix U has been shrinked to

(N — 1), since all the elements of the last row and column are now zero.

2. The previous step is repeated recursively, each time for a 7}, matrix with decreasing
value of p: in this way the effective dimension of U is sequentially reduced. With the

last MZI transformations (corresponding to p = 2), U becomes a diagonal matrix.

3. Now an appropriate diagonal matrix D can multiply the resulting matrix in order

to obtain the identity matrix:

UN) - Tnn-1-Tnn-2---Toy1- D=1I(N) (1.27)

4. Finally, the unitary operator U(N) can finally be retrieved by inverting Eq. 1.27:
UN)=(Tyn-1-Tyn-2- - Toq- D)7 (1.28)

The resulting experimental setup is retrieved by sequentially adding MZI along a diagonal
which couple the p, ¢ inputs, as shown in Figure 1.4b. The final sequence of phase shifters
on each mode at the end of the circuit the diagonal matrix D. At the end, the circuit is
composed by a triagular mesh of MZI as depicted in Figure ?77?.

This algorithm, although powerful, presents a number of limitations: first, the bottom
modes of the circuit of Figure 1.4a propagate for a longer distance than others before
entering the MZI: this asymmetry results in bigger propagation losses than the other
modes, which can lead to a deterioration of the performances. Secondly, the optical

depth of the interferometer, defined as the number of MZI encountered in the longest
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interferometric path, is equal to 2N — 3. It is important to minimize this figure of merit,
because a smaller optical depth means that a larger interferometer can be fabricated on
the same area and propagation losses in the device are reduced.

Lastly, it is worth noting that the number of beam splitters needed to implement any
N(N-1)
2

unitary operator is Ngg = , which scales quadratically with the number of modes.

Clements implementation

In 2016, Clements et al. [22] presented a different procedure of unitary operator decompo-
sition, claiming that their design occupied a smaller area and had a smaller optical depth.
Their idea still relies on the same 7}, matrices defined by Reck et al. and on their two
important properties: a 7T}, mixes the rows p, ¢ of the unitary matrix U, and the internal
and external phases of the MZI can be tuned such that any element in rows p, ¢ can be
set to zero. The exact same reasoning can be made using Tp_ql: in this case columns p, ¢
of U are mixed.

The idea is to nulling successive diagonals of U, in such a way that successive transforma-
tions do not alter the already nulled elements. By alternating applications of T, (applied
to the left of U) and T,,' (applied to the right of U), one obtains a diagonal matrix D:

( I movC I 7H)=D (1.29)

(p,9)€ St (p,9)€ Sr

where Sy, Sk defines a particular ordered sequence of two-dimensional transformations.

Now Eq. 1.29 can be rewritten as:

Uv=( ] 5H2C [T T (1.30)

(p,g)e ST (p,9)€ SE

where the ordered sequence has been reverted respect from the previous one, separately
—1

for Tpy, T,y

Since the matrix D consists of single mode phase shifts, one can always find a matrix D’

such that ijllD = D'T,,, so that the decomposition is finally completed:

U=D'(]] T (1.31)

(pa)€S

An example of construction of such universal interferometer is depicted in Figure 1.5 for a
5 x b universal interferometer: as can be seen, the design is much more compact than the

one of Reck, it has rectangular layout which is no more asymmetric and also the optical
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Figure 1.5: Example of a Clements decomposition algorithm by successive applications of beam
splitters from the left and from the right. On the final picture the Clements scheme is completed.
A sequence of single mode phase shifters has to be inserted at the output of the circuit and is
not present in the figure [22].

depth has decreased from 2N — 3 to just V.

Bell implementation

As seen in previous Sections, both Reck and Clements schemes for universal photonic cir-
cuits were realized using MZI with an internal and an external phase shifter: the internal
phase controls the splitting ratio (the percentage of power coupled to each output mode)
between the two arms of the MZI, while the external one the relative phase between the
outputs. On the other hand, removing the external phase shifter and using a MZI with
two internal phase shifters would be advantageous in term of the overall compactness of
the device. The problem is that such a structure, called symmetric MZI (sMZI), is no
more a 2 X 2 universal circuit: in fact, the relative phase between outputs is no more

tunable if the external phase shifter is removed.
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’

Figure 1.6: Clements scheme implemented with sMZI, represented by blue squares in the figure,
where a diagonal of phase shifters Q) appears in the center of the circuit. The yellow triangles
are the external phase shifters needed to achieve universality [21].

In 2021, Bell and his collaborators found that the Clements scheme could still be im-
plemented using sMZI [21], requiring just a small number of external phase shifters which
do not contribute to the optical depth, because they can be placed at the edge of the
circuit, as will be explained in the following.

After the Clements decomposition using sMZI, a diagonal of phase shifters (denominated
Q) appears in the center of the circuit as shown in Figure 1.6: the idea, then, is to re-
locate these phase shifters at the edges of the circuit. This can be achieved by modifying
the circuit design as shown in Figure 1.7(b): if a phase shift of +¢ is required on a path
between two layers of sMZI, it can be achieved by adding +¢ on both the modes of the
specific sMZI on the left connected to the interested path and introducing a —¢ phase
shift on the path immediately below. At this point the same reasoning can be applied by
introducing a pahse shift of —¢ on both branches of the sMZI on the right: to balance
it, another phase shift of opposite sign has to be put on the immediately lower path. By
iterating the process, the phase shifter is moved at the edge of the circuit, where it can be
implemented. If this operation is repeated for all the phase shifters in the Q®*) diagonal,
it is possible to remove all the phase shifts from the center of the device and obtain the
circuit layout depicted in Figure 1.7(a).

This implementation, at a cost of a more complex control strategy, effectively halves the
circuit length with the removal of the external phase shifters and offers an in increase in

integration density, opening the way to more complex interferometers.
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(a)

(b)(i)

(ii)

(iii) -

Figure 1.7: (a) Bell scheme, with external phase shifters placed at the edges of the circuit, where
there are sections of waveguides not involved in a MZI. (b)(i-iii) Steps by which a desired phase
shift +¢ between layers of SMZI can be achieved by moving the phase shifter at the edge of the
circuit [21].
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2 ‘ Femtosecond Laser
Micromachining

Femtosecond laser micromachining (FLM) is a powerful technique which exploits the high
peak intensity of the short laser pulses and their interaction with a transparent media:
when femtosecond laser pulses are focused inside the material, a nonlinear absorption
process takes place and the local refractive index of the material increases, inducing a
permanent refractive index change. By translating the sample with respect to the laser
focus it is possible to write waveguides and complex circuits inside the material.

Since the first demonstration of Davis et al. [23], which first used FLM to fabricate optical
waveguides in a glass substrate, this technique has been exploited in many fields of applied
research [24]: it can be used to fabricate microchannels for microfluidic applications [25],
optical quantum memories [26] and exploited in additive manufacturing like two-photon
polymerization [27].

This powerful technique has grown interest for its versatility and its peculiar characteris-
tics: among its advantages, it is worth to mention that it is a mask-less technique, without
the need of a lithographic process or clean room facilities. This enables fast and cost-
effective prototyping of different photonic circuits. Moreover, it is an intrinsically three
dimensional technique, which, unlike silicon photonics, allows the design of non-planar
circuit schemes.

In the following, a model for the interaction between femtosecond pulses and transparent
media will be introduced, followed by the description of optimal conditions for waveguide

writing. Finally, a brief overview on the state of the art for FLM will be presented.

2.1. Femtosecond laser pulse interaction with a trans-
parent material

The modifications induced by FLM are based on nonlinear absorption processes, which
involve absorption of photons with energy smaller than the energy gap of the target ma-

terial. In order to trigger such processes, the laser beam needs to be focused in a small
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(@) (b) ©

Figure 2.1: Different nonlinear absorption processes. (a) Multiphoton ionization. (b) Tunneling
ionization. (c¢) Avalanche ionization [28].

volume in the medium in order to achieve high pulse peak intensities and highest prob-
ability of nonlinear absorption. In this way, it is possible to achieve modifications with
small cross-sections that can be used to guide light.

Focused femtosecond laser pulses are capable to reach peak laser pulse intensities of
~ 10TW cm~?2 and trigger the optical breakdown of the transparent medium. The per-
manent local refractive index change is the consequence of a two-step process: first, the
energy of the laser pulses is absorbed by electrons in the medium with subsequent plasma
formation. Then, the accumulated energy is released to the medium lattice during the

plasma relaxation process, leaving a permanent modification.

2.1.1. Plasma formation

The nonlinear absorption process leading to the free electron plasma formation can be
attributed to three different mechanisms: multiphoton absorption, tunneling ionization

or avalanche ionization, all of which are depicted in Figure 2.1.

Multiphoton ionization

In this process, n photons are absorbed such that their total energy is larger than the
energy bandgap of the material, thus being able to promote an electron from the valence
band to the conduction band:

nhv > Eg,, (2.1)

where h is the Planck constant !, v is the laser photon frequency and E,,, is the energy

bandgap of the material.

lh = 6.62618 - 1073* Js
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Tunneling ionization

In this regime, the electric field of the laser is so strong that it deforms the electronic band
structure and reduces the potential barrier between the valence and conduction band,

allowing an electron to be promoted to the conduction band via quantum tunneling.

Avalanche ionization

Electrons in the conduction band can absorb single photons by linear absorption, since
they are in the conduction band continuum. If an electron acquires enough energy FE;
such that:

E.> E,+ Egp (2.2)

where FE. is the energy of the conduction band minimum, then it can excite a valence elec-
tron by impact ionization. At the end, there will be two electrons in the minimum of the
conduction band which can undergo linear absorption and then excite other two electrons
in the valence band, leading to an avalanche process. In order for this mechanism to start,
enough seed electrons already present in the conduction band need to be present. These

can be provided by the two other absorption mechanisms or by defect states or impurities.

It is worth nothing that multiphoton and tunneling ionization can occur separately or to-
gether, depending on the incident laser light intensity and its optical frequency. Keldysh [29]
showed that the predominance of a process over the other can be predicted by evaluating

the so-called Keldysh parameter ~. This parameter is defined as:

w [meenegEgqp
= e 2.3
v B i (2.3)

where w is the laser angular frequency, e is the electron charge, m, is the effective electron
mass in the medium, c is the speed of light, n is the refractive index of the material, ¢,
is the void electrical permittivity and I is the laser intensity. One can distinguish two

different regimes:

e 7 < 1.5 : this is the case of higher laser intensity and lower laser frequencies. In

this regime tunneling ionization is the dominant process.

e 7> 1.5 : at lower laser intensities and higher frequencies, multiphoton absorption

becomes the dominant process.

For v ~ 1.5, the nonlinear absorption process is a result of the combination of the two

mechanisms.
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(©)

Figure 2.2: (a) Transversal (left panel) and longitudinal (right panel) cross-section of a fem-
tosecond written waveguide with low pulse energies. Arrows mark the guiding region and the
surrounding cladding [31]. (b) Scanning electron microscope images of nanogratings structures
formed with incident light polarized parallel (left panel) and perpendicular (right panel) to the
scan direction [25]. (c) Image of a binary data pattern stored inside fused silica. Black dots are
void spaces left in the glass by irradiation with high energy femtosecond pulses [32].

2.1.2. Relaxation and modification

After the formation of the free-electron plasma, the absorbed energy is released to the
material lattice. Since this process occurs on the picosecond time scale, which is much
longer than the time needed for the absorption of energy from the laser pulses, the ab-
sorption and release of energy are completely decoupled [30].

The mechanisms of energy dissipation are not fully understood yet. Anyway, it is possible
to distinguish three different regimes in fused silica substrates, according to the deposited
energy (which in turn depends on different fabrication parameters, such as the repetition

rate of the laser, pulse energy and duration):

e Smooth refractive index change: for low pulse energies (<250nJ) around the
energy threshold required for nonlinear absorption, smooth refractive index changes
are observed in fused silica (typically around 1072), which are associated to localized
melting and subsequent densification of the irradiated region |23, 33|. In this regime
the glass maintains its optical quality and transparency, making it the preferred

choice for waveguide writing, as seen in Figure 2.2a.

e Birefringent refractive index change: for higher pulse energies (~ 200—500 nJ),

the formation of periodic nanostructures dependent on incident light polarization is
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Figure 2.3: Effect of different focusing depths on the waveguides profile written in the transversal
configuration. The aspect ratio is given as zp/wp. As the focusing depth is increased, the
waveguide profile becomes more and more elongated because of spherical aberration [36].

observed, as can be seen in Figure 2.2b: this particular behaviour is attributed to

the interference between the laser electric field and the free-electron plasma [34].

e Void formation: for even higher pulse energies (>5001J), after the electrons have
released their energy to the lattice, high pressures and temperatures are generated
inside the focal volume, with subsequent shockwaves and microexplosions inside
the glass, which leave an inner region with a lower density surrounded by a highly
densified region. These almost void structures can be exploited to fabricate three-
dimensional optical memories or photonic crystal structures [32, 35|, as shown in

Figure 2.2c.

2.2. Waveguide writing

Waveguide inscription is achieved with the smooth refractive index change regime, as
explained in the previous Section, which is the one employing low-energy femtosecond
pulses and it has been used for all the experiments performed in this Thesis work. Never-
theless, the pulse energy is not the only important feature when dealing with waveguide
fabrication: in the following, the main experimental parameters for the fabrication of
waveguide structures will be addressed, along with the possible writing configurations

and post-processing treatments.
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2.2.1. Focusing condition

As seen in Section 2.1, in order to reach the needed high peak intensities for nonlinear
absorption, femtosecond laser pulses are focused inside the material. For this purpose,
a microscope objective can be used, conveniently compensated both for spherical and
chromatic aberrations. In the linear propagation approximation, the spatial profile of the
laser beam can be approximated by a Gaussian beam, of which the diffraction-limited
beam waist radius wy (which is the minimum transversal size of the focused beam) and
the Rayleigh range zy (longitudinal size of the focused beam) are given by the following

equations:
M2 IRUED)
7T NA 0= ™ N A2

where M? is the Gaussian beam propagation factor?, X is the free-space laser wavelength,

Wo (2.4)

n the refractive index of the material and N A is the objective numerical aperture.

From Equation 2.4, it is can be noticed that by using objectives with higher NA it is possi-
ble to obtain tighter focusing spots. Nevertheless, in presence of aberrations Equation 2.4
can be no longer valid and the focal spot can be seriously degradated: spherical aberra-
tions are the most important to be controlled, since chromatic aberrations are absent or
mildly present because of the monochromatic laser beam. In fact, the air-glass interface
is the origin of such aberrations: because of the refractive index mismatch, waveguides
properties become strongly depth-dependent [36, 38]. as can be seen in Figure 2.3.

In order to counter the effect of the spherical aberrations, one can use correction collars
for the objective, which compensate for spherical aberrations at a given focusing depth,
or make use of immersion objectives: such objectives work immersed in a liquid, typically

water or oil, in order to reduce the refractive index mismatch at the glass interface.

2.2.2. Writing configurations

After a short review of the focusing conditions required for waveguide writing, I present
also the two possible writing configurations when fabricating waveguides with FLM: lon-

gitudinal and transverse configuration, both shown in Figure 2.4a, 2.4b.

Longitudinal configuration

In the longitudinal configuration, the sample material is scanned along the direction

parallel to the incident laser beam. This writing scheme holds the advantage of producing

2This parameter gives a measure of the quality of any arbitrary laser beam. The value M? = 1
corresponds to a perfect Gaussian beam. In general, laser modes have a value for M? which is greater
than one [37].
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(a) (b)

Figure 2.4: Schematic representation of the two different writing configurations in FLM. (a)
Longitudinal configuration. (b) Transverse configuration. Arrows represent the sample scanning
direction.

waveguides with intrinsic cylindrical symmetry, given the symmetry of the transversal
profile of a Gaussian beam. On the other hand, such waveguides length is limited by the
working distance of the objective lens, which can hardly be longer than a few millimeters:
this limitation makes this writing configuration not suitable for the fabrication of complex

schemes or directional couplers, which require longer paths.

Transverse configuration

In this configuration, the sample material is scanned along a direction which is orthogonal
with respect to the incident laser beam. The main advantage of this configuration is
that the length of the waveguides is limited only by the range of the translational stages.
Nevertheless, waveguides written in this configuration can have an elongated cross-section
along the direction parallel to the incident laser beam, as can be seen in Figure 2.3: in
fact, by looking into the expression of their aspect ratio:

20 n

™ = VA (2.5)
If one considers glass as target material, n = 1.5 can be assumed, while typical NA
objectives can vary from 0.25 to 0.85, which results in a non unitary aspect ratio, even
when using high NA obejctives. The methods to counteract this effect are, for instance,
adopting particular beam shaping techniques before the focusing optics [39] or exploiting

thermal accumulation effects, which will be detailed in the following Section.
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Figure 2.5: (a) Numerical model (for Schott AF45 glass substrate) of heating versus laser ex-
posure. The three main regimes are highlighted. For repetition rates >200 kHz, the effect of
cumulative heating can be appreciated. (b) Microscope image of modifications induced by static
laser exposure at different repetition rates (columns), number of absorbed pulses and corre-
sponding fluence accumulation (rows) [31].

2.2.3. The role of the laser repetition rate and thermal effects

The repetition rate of the laser (which is the frequency at which laser pulses exit the laser
cavity) is an important experimental parameter which influences the characteristics of the
fabricated waveguides, since its variation determines the thermal diffusion behaviour after
light absorption [40]. One can distinguish two main regimes: low and high repetition rate.
At low repetition rates (< 200 kHz), the time interval between two subsequent laser pulses
is bigger than the heat diffusion time, which is the time needed for the generated heat to
diffuse out of the focal volume (which is in the order of ~1ps). In this regime, material
modification depends only on single pulses: in fact, relaxation has already occurred in
the lattice when the next pulse impinges on the material. This leads to waveguides which
exhibit small, asymmetric cross-sections and high birefringence [31], as it can be seen in
Figure 2.5b. Moreover, slow scanning speeds (~ 0.1 mms™!) are required to write such
waveguides in order to deposit enough energy to achieve the desired modification, result-
ing in longer fabrication times.

On the other hand, at high repetition rates (~ 1MHz) successive pulses arrive on the
material while the heat is still diffusing out of the focal volume: this leads to an heat
accumulation process, as seen in Figure 2.5a, which produces waveguides with bigger
and more symmetric cross-sections, as depicted in Figure 2.5b, with overall better per-
formances than the previous ones. In addition, such high repetition rates allow faster

writing speeds (> 10mms™!).
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Figure 2.6: (a) Micrograph image, (b) mode profile and (c) refractive index profile of a waveguide
written with high repetition rate in a glass substrate (Corning Eagle2000) [41].

Finally, one can distinguish an intermediate regime in which cumulative heating still
allows for symmetric cross-sections and low birefringence, while keeping the waveguide
diameter close to the beam waist size. This solution can be an optimum compromise for

high-perfomance waveguides, since it combines the properties of both regimes.

2.2.4. Thermal annealing process

As seen in the previous Sections, during FLM the glass is subjected to heating in the focal
volume: especially when working in the high repetition rate regime, temperatures become
high enough to cause localized melting and subsequent re-solidification after relaxation.
During this process, mechanical stress in the glass substrate can accumulate, leading to
an intricate refractive index profile in the modified region, typically with a central region
of strong positive index contrast surrounded by a cladding ring of negative index change
and an outer region of a small positive index change, as shown in Figure 2.6. This kind
of profile leads to a deterioration in the waveguide properties, such as high losses and a

multimodal behaviour.

2.2.5. Thermal annealing process

In order to address this problem, a thermal treatment of the glass substrate is needed.
Here are listed the main characteristic temperatures which can be reached during such

procedure:

e Strain point: at this temperature, the glass is still solid and maintains its shape

and internal stresses are released in few hours.

e Annealing point: temperature at which internal stresses are released in several
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Figure 2.7: Viscosity of different types of glass substrates versus temperature. Grey dotted lines
highlight characteristic temperatures of each substrate [42].

minutes.

e Softening point: at this temperature, the glass is soft enough to deform under its

own weight.

e Working point: temperature at which the glass is sufficiently soft to be shaped by

blowing or pressure

Each of these temperatures are characteristic of the material, as shown in Figure 2.7
for different types of glass substrates. In particular, the thermal annealing process has
been found to be the better one for relieving the accumulated stress: the glass is brought
rapidly to a temperature slightly above the annealing point for a few minutes, in order
for the internal stress to be released, then it is brought below the strain point through a
low thermal gradient (this part of the process can take several hours), in order to ensure

that the glass cools adiabatically.

This kind of thermal treatment applied to FLM waveguides was first performed by Arriola
et al. [41], which divided the waveguides fabrication process in two main steps: first, they

fabricated large, multimode waveguides on a boro-aluminosilicate glass substrate (Corning
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Figure 2.8: Temperature profile of the annealing process, which is composed of three steps: a
first heating of the glass up to 600°C in 6 hours (at a rate of 100°C/h), then up to 750°C in 2
hours (75°C/h). Then the glass is cooled down in 120 hours at a rate of -6°C/h [41].

Eagle2000) using high energy pulses (90nJ) and low translation speed (500 mm min~')
Then, the glass underwent the thermal annealing process shown in Figure 2.8. After this
step, the waveguides have been imaged with an optical microscope and characterized with
a laser source at 1550 nm. As can be seen in Figure 2.9, the outer ring of positive index
contrast had disappeared, leaving just the core with a surrounding region of negative index
change, and the waveguides shown single mode behaviour at that wavelength. Moreover,
they found out that the annealing process not only reduced drastically the insertion losses

of the waveguides, but also reduced their birefringence due to the accumulated stress.

2.3. State of the art

FLM waveguides show an index contrast of dn ~ 0.01 — 0.001, which is really similar to
that of standard telecommunication optical fibers: this allows an efficient fiber-waveguide
coupling which, combined with the other characteristics described in Section 2.1, has
affirmed FLM as a viable platform for the fabrication of integrated optical components

over the years. This Section will focus on the state of the art of passive and reconfigurable

photonic circuits and their comparison with other photonic platforms.
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Figure 2.9: (a) Microscope image of a waveguide before the annealing process. (b) Same waveg-
uide picture after the annealing process, where it can be seen that the outer ring has disappeared.
(c) Mode field profile at 1550 nm [41].

2.3.1. Directional coupler

As explained in Section 1.2, the directional coupler is one of the building blocks of any
integrated optical device. The first demonstration of realization of a directional coupler
written by FLM was performed by Streltsov et al. [43]: they fabricated an asymmetric
directional coupler, with a straight mode and a curved one, whose scheme is depicted
in Figure 2.10. The directional coupler showed a power splitting ratio of 1.9dB and a
birefringence which was attributed to the ellipticity of the waveguides cross-sections, due

to the transversal writing configuration.

However, birefringence is not always an undesired effect: as seen in Section 2.1.2, the
tailoring of the laser exposure parameters allow for a precise control of the induced bire-
fringence, due to the formation of nanogratings. In this framework, Fernandes et al.
fabricated birefringent directional couplers as polarization beam splitters [44]: as shown
in Figure 2.11, the splitting ratio of the directional couplers is strongly dependent on the
input light polarization, because of the different coupling coefficients kg, ky (defined in
Section 1.2.1) for horizontal and vertical polarization, respectively. Such devices showed
different birefringence values and propagation losses depending on the polarization state
of the laser beam used for fabrication: for linear polarization, parallel to the scanning
direction, the value of the birefringence was (5.2 + 0.5)x107°, and propagation losses
were about 0.7dBcm™!. On the other hand, for linear polarization, perpendicular to the
scanning direction, waveguides showed an higher birefringence value of (2.1 4 0.1)x107%,
associated with higher propagation losses of 1.2dBecm™!. Such a behaviour can be har-

nessed for holography [45, 46| or to build polarization sensitive optical elements [47].
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Figure 2.10: Schematic layout of the directional coupler of Streltsov et al.; the bent waveguide
is composed of three segments: two curved waveguides with a radius of 50 mm and a central
straight segment with a length of 9mm. The interaction distance between the waveguides is
3.5 pm [43].

On the other hand, in several applications (like polarization-encoded qubits manipulation)
a complete polarization insensitivity is required. The matching condition kg = ky in or-
der to achieve equal power splitting between orthogonal polarization states was achieved
by Pitsios et al. [48|, by accurately tailoring the geometric layout of the circuit.

However, they reported slightly different rotations of the polarization states when entering
different inputs: this was attributed to the modification of the first waveguide near the
interaction region during the inscription of the second one. In 2018, Corrielli et al. [49]
addressed this problem in order to achieve a complete symmetric polarization insensi-
tive directional coupler (SPIDC). The first attempt aimed at the compensation for the
unwanted modification on the first waveguide: by writing an additional, non-guiding ab-
lation near the second waveguide (as shown in Figure 2.12), it is possible to replicate the
same effect that the inscription of the second waveguide had produced on the first one, in
order to equalize ky and ky. Another solution for the birefringence compensation relies on
the waveguides post-processing by thermal annealing: as explained in Section 2.2.5, the
thermal treatment relieves the stress accumulated in the glass substrate, and allow for a
value of the birefringence of ~1.2x107°, which is almost 20 times smaller than the typical
values measured for FLM waveguides [50]. Such SPIDCs can be exploited in quantum
information experiments [51] or complex interferometric circuits, like universal photonic

processors, where the polarization insensitivity is a key requirement for their operation.
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Figure 2.11: Measured splitting ratio as a function of the interaction length of the polarization
beam splitter, for a waveguide separation of 8 pm. Blue, solid line refers to vertical polarized
mode, while the red, dotted line refers to horizontal polarized mode [44].
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Figure 2.12: Schematic of the SPIDC. (a) the directional coupler without the additional damage
track, with only the additional modification on the first waveguide. (b) the directional coupler
with the extra damage track which leads to birefringence equalization. On the bottom there are
the microscope pictures of the respective situations [49].

2.3.2. Universal photonic processors

Integrated universal photonic processors are part of a fervent and dynamic research ac-
tivity: what is very interesting in the scenario of quantum optics experiments is the
implementation of complex circuits. These circuits can realize a big plethora of transfor-
mations and can be realized with different interconnections of directional couplers |20, 22].
Among the many platforms which are available for fabrication of these devices, two main
categories can be defined: silicon-based and glass-based. In the following, an overview
of the state of the art for this fabrication platforms is presented, with focus on universal

photonic processors and their performances.
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In particular, two main figures of merit can be investigated in order to assess the per-
formances of a photonic circuit: the insertion losses of the device and the fidelity of the
implemented unitary transformations.

Insertion losses of the device need to be kept as low as possible, in order to be able to
detect output light with suitable detectors. This is most important when working with
single photons sources, since the injected power is really low.

On the other hand, the fidelity is a measurement of the similarity between the target
matrix and the implemented one. In order to test it, one can implement a large vari-
ety of unitary transformations: given a target transformation U; and the corresponding
output intensity |U,,|?> measured experimentally, the similarity between the two can be
compared with the theoretical output |U;|? by defining the amplitude fidelity:

1 norm
f = NTT(lUZ’T : |Uezp| ) (26)

Where N is the number of modes and |U.,,|""™ is the experimental output is normalized

to the input/output coupling efficiencies.

Silicon-based universal photonic processors

In an article of 2021, Taballione and her collaborators reported the fabrication of a 12-
mode universal photonic processors based on stoichiometric silicon nitride SizN, [52]
exploiting silicon photonics TriPleX technology [53]. This fabrication process enabled

waveguides with propagation losses as low as 0.1dBcm™!

and curved waveguides with
radii down to 100 pm. The circuit is designed for single-mode operation at 1550 nm. In
Figure 2.13 a sketch of the circuit is reported. The phase shifters exploit the thermo-optic
effect, by which the local refractive index of the material can be changed by heat gener-
ated by the Joule effect, due to power dissipation of a series of resistors placed on top of
the waveguides.

This device showed total insertion losses of ~ 5dB, while its average fidelity, computed
by implementing Haar matrices (which are known to cover uniformly the space of unitary

transformations) sets around 0.904 + 0.024.

As can be seen, the performances of this device are not optimal: ~ 4.2dB of the to-
tal insertion losses come from coupling losses to input and output fibers, since the modes
produced with silicon photonics do not match very well with the modes of standard
telecommunication fibers, and the overall fidelity is not really high, since one transforma-

tion out of ten fails to be implemented. Anyway, the work of Taballione et al. procedeed
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Figure 2.13: Functional design of the 12-mode photonic processor. Blue lines represent MZI,
while red vertical lines are the phase shifters [53].

Figure 2.14: Image of the 20-mode universal photonic processor of Taballione et al. [54].

with the fabrication of another universal processors with 20 modes, reported in an ar-
ticle of 2023 [54]. This device is fabricated on the same silicon nitride substrate, but
advancements in the technology allowed the fabrication of waveguides with propagation

~1. The total insertion losses of the whole device set around

losses as low as 0.07dB cm
2.9 £ 0.2dB, and the fidelity of this device, again measured by implementing random
Haar unitary matrices, was F = 0.974 £ 0.005.

This new 20-mode photonic processor marks the big improvement made in the fabrication
of such devices, with insertion losses much lower with respect to the previous device and
a greatly improved fidelity, although not optimal. Moreover, this device sets out as the

largest, fully functioning photonic processor present in the literature.
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(b) The interferometric circuit layout

(@) The overview of the device

(c) The electrode pattern layout

mudtiradl

Figure 2.15: Schematic layout of the 4-mode photonic processor of Dyakonov et al.(a)Overview
of the full device, comprised of electrical connections. (b) Functional layout of the circuit. (c)
resistor patterning for the phase shifters fabrication [55].

Glass-based universal photonic processors

FLM is a fast-growing technology which was developed later than the well-established
litography process used to fabricate silicon chips. One of the first examples of a reconfig-
urable photonic circuit written in glass by exploiting FLM is reported in a paper of 2018
by Dyakonov et al. [55]. They fabricated and characterized a fully reconfigurable 4-mode
photonic processor. The sketch of the circuit design is depicted in Figure 2.15.

The fabricated waveguides showed propagation losses of 0.8 dB cm ™! with radii of curva-
ture of 80 mm: the need for big curvature radii is one of the limitations of this technology,
due to the low refractive index contrast between the guiding region and the substrate.
This entails a bulkier design with respect to the silicon-based devices. On the other hand,
glass-inscribed waveguides show very good coupling with available optical fibers, showing
coupling losses of ~ 0.05dB. The phase shifters are implemented by deposition of a gold
film and patterning of the resistors with the same femtosecond laser used for waveguide
inscription. However, such thermal phase shifters dissipated a huge amount of electrical
power (in the order of few Watts) to achieve a 27 phase shift.

Test of reconfigurability were performed by evaluating the amplitude fidelity: its average
value is around 0.85 4+ 0.034, which again is not an optimal value for such devices. The
insertion losses of the circuit are in the order of 8 dB, which are bigger than the 8 mode
device of Taballione et al. because of the high propagation losses: in fact, the coupling
losses to input and output fibers account only for 0.1 dB, because of the optimum coupling

between the fiber and waveguide modes.

Since this preliminary work, many other attempts to optimize the fabrication process
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Figure 2.16: Sketch of the 6-mode universal photonic processor. (a) Schematic layout of an
individual MZI, where grey boxes represent the isolation trenches and the orange patterns the
gold resistors. (b) Microscope image of a column of 3 thermal shifters. Trench structures and
gold resistors can be seen [56].

and increase the number of input and output modes were performed. Here it is presented
the joint work of researchers of the Politecnico di Milano Department of Physics and Con-
siglio Nazionale delle Ricerche - Istituto di Fisica Nucleare (CNR-IFN), who presented
two 6-mode universal photonic processors with unprecedented levels of control and recon-
figurability, with one working at 785 nm and the other at 1550 nm [56]. They fabricated
the waveguides with minimum bending radii of 30 mm and added isolation trenches (hol-
low spaces at the sides of the waveguide section where resistor are placed, which will be
addressed in Section 3.2.3) in order to increase the thermal isolation of each resistor and
avoid thermal cross-talk: they reached a 27 phase shift with a maximum of 63 mW of
dissipated power. A sketch of the design is depicted in Figure 2.16. Both circuits show
total insertion losses lower than 3dB (2.5dB for the circuit at 1550 nm) and an average
fidelity F = 0.999 by exploiting ad-hoc optimization algorithms. It is worth nothing
that such a level of control is among the few examples present in the literature. Another
important feature of these devices is the almost complete transparency to the different
polarization states of light. This feature is extremely important when manipulating pho-
tonic quantum states to preserve their coherence. This 6-mode universal circuit highlights
the big improvements made on this platform: the curvature radius of the waveguides has
been shrinked from 80 mm to 30 mm, the dissipated power is two orders of magnitude

lower than the Dyakonov processor and the fidelity is close to unity.
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3 ‘ Experimental Methods

3.1. Fabrication setup

3.1.1. General scheme

A schematic representation of the FLM setup is shown in Figure 3.1. The fabrication
setup can be divided into three main blocks: the laser source, a beam attenuator together
with a series of mirrors for laser beam steering and manipulation and motion stages, which
enable the movement of the sample with respect to the laser beam.

After femtosecond laser pulses exit the laser source (for further details on the laser source
see Section 3.1.2), they go through a rotating /2 waveplate and a polarizing beam splitter,
which allow the control of the optical power impinging on the sample. The waveplate is
controlled by a miniature gear-driven rotatory stage (AEROTECH MPS75GR), while the
polarizer is manually actuated.

The laser beam is lifted from the optical table and directed to the microscope objective by
a series of mirrors, accurately positioned and adjusted in order to have an optimal beam
alignment throughout the whole setup. All the experiments performed in this Thesis are
conducted using a water immersion setup. The objective used in all fabrications is a
20X Water Immersion objective (ZEISS) with NA = 0.5. The glass substrate is fixed
to a custom-made holder, which is filled with deionized water and mounted on a gimbal
adjuster, allowing for the control of the holder inclination around the x and y axis. The
alignment of the laser focus on the glass sample is performed with the help of a CCD
camera (Edmund Optics), which is mounted behind the second to last mirror in order
to collect the back-reflected light from the sample. Both the sample and the objective
are mounted on translational stages for precise control of their relative position during
the fabrication process. Moreover, a powermeter (Ophir Nova II) can be inserted into
the beam line, just before the objective, in order to measure the incident average beam

power.
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Figure 3.1: Schematic representation of the fabrication setup. In the bottom right, the reference
system of the motion stages is depicted.

3.1.2. Laser source

The laser source used in this fabrication setup is the compact commercial femtosecond
laser system PHAROS, produced by Light Conversion. The system consists of a Kerr lens
mode-locked oscillator, a regenerative amplifier, a stretcher-compressor module, a chiller
for temperature control and a power supply unit.

The laser gain medium is a Yb:KGW (ytterbium, doped potassium gadolinium tungstate)
crystal, directly pumped by continuous wave laser diodes, and the laser cavity is consti-
tuted by a monolithic aluminum block to ensure stability and comprises chirped mirrors
for group velocity dispersion compensation. The laser oscillator delivers a train of fem-
tosecond pulse with a duration < 80fs at a repetition rate of 76 MHz.

Pulse amplification is achieved by the chirped pulse amplification (CPA) technique [57],
which allows to obtain ultrashort pulses with high peak intensity. The CPA process con-
sists of three steps: first, the incoming pulse is stretched in the temporal domain and
becomes chirped (in a chirped pulse the components at different wavelength are displaced
in time, which means that some ‘colors’ arrive earlier than others), then the elongated
pulse goes through an amplification stage and, finally, the pulse is back-compressed and
all the frequencies are aligned back together, resulting in a femtosecond pulse with an high
peak intensity. The regenerative amplifier is based on another Yb:KGW crystal pumped
by two solid state diode lasers.

The stretcher-compressor module is based on a single diffraction grating that can be ad-
justed to introduce a positive or negative chirp, which allows for the control of the pulse
duration.

The output wavelength of the laser system of 1028 £+ 5nm, a maximum single pulse en-
ergy of 0.2mJ and a maximum average output power of 10 W. The repetition rate of the
laser can be tuned from single-shot to 1 MHz through a Pockels cell pulse picker. The

configuration of all the main parameters of the laser system can be performed through
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the Pharos user interface software from the computer connected to the system.

3.1.3. Motion stages

The translational stage consists of three independent linear translators along the x, y and
z directions which exploit air bearing mechanisms for achieving smooth and uniform move-
ments. The motion stage connected to the z-coordinate (AEROTECH ABL1500Z-050),
which controls the position along the z-coordinate of the objective, allows the movement
of the laser focus depth inside the sample. This stage has a maximum range of 50 mm,
with a nominal resolution of 1 nm and maximum speed and acceleration of 300 mm/s and
20 m/s?, respectively.

The other two stages (AEROTECH ABL1500WB-200 for the x direction, and AEROTECH
ABL1500-100 for the y direction) allow the movement of the sample in the zy plane, which
is perpendicular to the laser beam (this fabrication setup operates in the transversal con-
figuration, described in Section 2.2.2). Maximum travel ranges are of 100 mm and 200 mm,
respectively for x and y direction, with a nominal resolution of 1 nm. Maximum velocity
and acceleration, identical for both stages, are 2 m/s and 20 m/s?.

All translation stages are controlled with the proprietary software (AEROTECH CNC

Operator Interface), which runs scripts written in the G-code programming language.

3.2. Chip post-processing

3.2.1. End facets polishing

Light coupling to the inscribed waveguides strongly depends on the conditions of the
sample. Frequently, after the fabrication process the input and output facets present
glass chipping and roughness. Moreover, along the sides of the substrate, edge effects
and unwanted reflections of the impinging laser beam cause a tapering of the waveguide
cross-section. In order to overcome these problems, surface polishing of the glass facets is
regularly performed to reduce scattering losses and enhance coupling efficiency.

This procedure is performed by using a polishing machine, which exploits rotating abrasive
disks. By mounting the sample perpendicularly with respect to the moving disks, it is
possible to obtain optical-grade polishing by using a sequence of abrasive disks with

decreasing roughness, down to 0.3 pm.
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Figure 3.2: (a) Photomicrograph image of the cross section of the isolation trenches, which are
the black rectangular shapes, while the waveguides are positioned in the thin glass segment be-
tween the trenches. (b) Photomicrograph image of the cross section of the bridge waveguide [58].
(¢) Schematic layout of the curved isolation trenches, where p is the waveguide pitch, d;,; is the
interaction distance of the MZI and L; is the length of the isolation trenches. Gray sections
above the waveguides are the micro-heaters top view [59].

X

3.2.2. Microscope inspection

In the first place, after the fabrication procedure the glass sample is visually characterized
with an optical microscope, in order to have a preliminary assessment of the outcome of
the fabrication and the quality of the waveguides. One can check both the input-output

facets and have a top view of the sample.

The inspection of the input-output facets allows to check the roughness of the surfaces and
to evaluate the cross-section of the fabricated waveguides. This check is mostly important
after the polishing step described in Section 3.2.1 in order to verify the optical quality of

the input and output surfaces.

On the other hand, a top view of the sample is useful to look at the overall layout of the
fabricated circuit, and to highlight possible interruptions or damages of the waveguides,
which would seriously impair the functioning of the device. Such interruptions can be
caused by the presence of unwanted particles, e.g. dust or other remains, on the glass

surface which deform the laser focus.
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All the aforementioned characterizations are performed with a Nikon ECLIPSE MEG600
microscope equipped with a PixeLINK PL-B871 CCD camera for image acquisition. The
microscope can mount for different Nikon Plan Flour objectives: 4X, 10X, 20X and 40X.

3.2.3. Isolation trenches fabrication

Active phase control in coupling structures, i.e. directional couplers and MZI, can be im-
plemented in many different ways, exploiting several physical phenomena like the acousto-
optic [60], elasto-optic [61] or thermo-optic effect [62]. In particular, thermal phase shifters
have proven to be a convenient choice for their easier integration in optical circuits and
their simple handling through electrical connections |58, 63]. However, the main problem
of this kind of phase shifters is the thermal cross-talk between adjacent waveguides, which
deteriorates the control performances of the device.

In order to address this problem, isolation trenches (Figure 3.2a) are added to the sides
of the waveguides above which the micro-heaters will be placed. They are fabricated in
the ablation regime by removing rectangular boxes of glass with the same femtosecond
laser system described in Section 3.1, with a repetition rate of 20 kHz and pulses with an
energy of ~1pJ. The procedure is performed in water, since water-assisted ablation has
been proved to enhance the efficiency of this process and the effectiveness of the removal
of glass debris resulting from the irradiation [64]. Since this removal of material has to
be performed near the waveguiding regions, caution has to be taken in order to have a
precise alignment and avoid damages to the optical circuit: for this aim, multiple markers
are realized on the sample by surface ablations during the fabrication process. These
markers can then be imaged by collecting the back-reflection of the laser beam on the
CCD camera.

Another possible configuration for thermal isolation is shown in Figure 3.2b, where glass
is removed also under the interested waveguide, creating a bridge structure which further
enhances heat confinment under the micro-heater. Recently, a curved layout for the iso-
lation trenches (which is depicted in Figure 3.2c¢) has been proposed, in order to place
micro-heaters on the arm of a MZI with ‘null’ arm length, i.e., without straight waveguide

segments and the possibility to shrink the dimension of the device [59].

3.2.4. Metallic coating and resistor patterning

The fabrication of thermo-optic phase shifters follows the procedure of Ref. [65]. In
order to improve the performances of the device, a double-film technology is adopted:
micro-heaters are realized by employing chromium, which has a high resistivity, while

the interconnections are made of copper, which has a lower resistivity. This procedure
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Figure 3.3: Schematic representation of a fiber array input facet. The V-groove keeps the fibers
at a constant pitch, and they are kept in place by clamping between two pieces of glass.

enables to increase the integration density of the thermal phase shifters with respect to
the single-film technology with a gold layer and to decrease the costs for the fabrication.
The deposition of both cromium and copper is performed at the PoliFAB laboratories!,
using an e-beam evaporator (Evatec BAK640) and a lithographic process. After the
metals deposition, the sample undergoes a thermal annealing process that improves the
stability of the micro-heaters resistances. Finally, since chromium and copper are prone
to oxidation, especially when operating for long times at high temperatures, a passivation
process is performed: the deposition of a layer of silicon nitride on the sample prevents
oxidants to reach the underlying electrical circuit and preserves the performance of the
device. The electrical connections between the copper pads and the external control

circuit are established by wire-bonding [66].

3.2.5. Fiber pigtailing

Fiber pigtailing consists in permanently coupling fiber arrays to the input and output
modes of the integrated optical device, in order to enable easy interfacing with external
laser sources or detectors by means of standard optical fiber connectors. Fiber arrays are
devices for holding multiple fibers at a fixed pitch: this is achieved by mounting them
side by side on a V-groove, as shown in Figure 3.3.

This introduces a critical fabrication constraint: the distance between adjacent modes of
the integrated device has to be chosen to match the pitch of the fiber array, in order to

achieve optimal coupling between fibers and sample.

The fiber array is mounted on a specific fiber holder and it is manoeuvred by means

of the sub-micrometric manipulators shown in Figure 3.4: this fine control of the three

Thttps://www.polifab.polimi.it
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spatial coordinates and the three rotational angles enables to maximize the light cou-
pling between the fibers and the device. Eventually, when the optimal coupling has been

reached, the fiber array is glued to the glass substrate using a UV-glue.

3.3. Optical characterization

3.3.1. Optical characterization setup

In order to test the optical properties of the fabricated waveguides and devices, classical
light was coupled into the glass samples: this allows to evaluate the mode profile, the
optical losses of the waveguides, the output power distribution and the polarization re-
sponse. The coherent light used for characterization is provided by a laser diode thermally

stabilized at 23.5°C by means of a temperature controller.

All the optical characterizations reported in this Thesis have been performed by adopt-
ing the so-called fiber-butt coupling configuration: light is coupled from an optical fiber
directly into the integrated device, by aligning the end of the fiber with the input facet
of the sample.

In the first place, the light from the laser diode is coupled with a series of mirrors and
an objective lens to a single mode fiber. The other end of the fiber is peeled and cleaved,
exposing the core and the inner cladding: the fiber tip is then brought as close as possi-
ble to the input of the waveguide, in order to maximize the coupling. The light exiting
from the waveguides output is then collected by another objective and focused onto a
powermeter (Ophir Nova II) or a CCD camera for mode profiling. The schematic of this

coupling configuration is shown in Figure 3.4.

In order to control the relative position between the fiber and the sample, or the sample
and the collection objective, the fiber and the objective are mounted on two six-axis
hexapods (PT H-811). These hexapods allow for the precise control over the movements in
the z, y and z-axis and the associated rotations. The sample is mounted on a manipulator
with two linear axes (y and z) and three rotational axes to ensure its correct positioning
with respect of the input fiber. An optical zoom camera (Opto 100-ZOS7-25) is then used
to obtain the top view of the sample and check the relative position between the input facet
and the exposed tip of the fiber. The hexapods, together with the sample manipulator
and the camera, can be controlled through the proprietary software (PI MikroMove).
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Figure 3.4: Schematic representation of the fiber-butt coupling configuration. The camera
exploited for the top-view of the sample and the fiber tip is not shown in the figure.

3.3.2. Mode profiling

Measurements on the mode profile of the waveguides give information about the confine-
ment properties of the fabricated waveguide. The mode profile is taken by imaging the
output power distribution of a waveguide on the CCD camera. The images of the modes
are taken via the CCD proprietary software (uEye Cockpit), and care has to be taken in
order to avoid saturation of the sensitive pixels, with a consequent falsed image.

Mode profiling is useful to check the behaviour of the fabricated waveguides, such as
the cross-section symmetry, its size or to discriminate between single or multi-mode be-
haviour. If an image of the input fiber mode is taken as well, it is possible to estimate

the coupling losses of the device (for further details, see Section 3.3.3).

3.3.3. Losses characterization

Femtosecond laser written waveguides inherently suffer from optical losses. Therefore,
the analysis and characterization of these losses is fundamental to assess waveguide per-
formances. This is especially important when dealing with single photon sources and

detection, since the time required for the experiments scales as a power law of the losses.

The first information about the losses of the device is given by the measurement of the
insertion losses (IL), which are the total losses introduced by the presence of the waveg-

uiding structure. IL are defined as:

P,
out

where P, is the measured output power from the optical fiber before the sample and P,,;

is the measured output power from the device. IL are the result from the contribution of
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different terms:

e Fresnel losses (FL): these are losses due to the refractive index mismatch at the
interface between air and glass (both at the input and at the output of the device)
which causes partial reflection of the incident light. In the case of normal incidence
(as it is for all the measurements performed in this Thesis) it is possible to compute

the reflectance of the interface as:

2
R = <nglass - nair) (3 2)
Nglass + Nair
where ng.ss and ng;, are the refractive indices of glass and air, respectively. The

FL, computed in dB, can be computed as:

POU
FL|4z = —10log,, ( 5 t) (3.3)
= —10log;, <%) (3.4)
= —10log, (T') (3.5)

where T is the interface transmittance, defined as T'=1 — R.
If ngiqss = 1.5 for the glass substrate and nq;, = 1 are taken, FL result to be in the
order of 0.18dB, which has to be doubled in order to take into account both the

input and output interfaces.

e Coupling losses (CL): this term is due to the mismatch between the fundamental
mode of the waveguiding structure and the mode of the optical fiber (the fiber used
for waveguides characterization in this Thesis is the single mode fiber SM 780HP
Thorlabs).

CL can be computed as:

| [ EwgEypy dx dy|?
CL = —101 3.6
ez %810 (ff B2 dudy [J | By, dzdy (3.6)

where E,,,, Ey, are the electric field distributions of the waveguide and fiber modes,
respectively. Since the fundamental guided mode does not have any sign inversion,
the electric field distribution in the zy plane (which is the plane transversal to the
propagation direction) can be retrieved by the intensity distribution through the

following relation:

E(z,y) =C\/I(z,y) (3.7)
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where [(z,y) is the intensity distribution of the guided modes in the xy plane and
C is a real-valued constant. I(z,y) can be retrieved by imaging the output modes
of the device and the fiber on a CCD camera: in doing so, one has to cake care in
maintaining fixed the distance between the collection objective and the camera, in
order to keep constant the magnification ratio of the objective. Once both images
are acquired, the computation of the CL is performed numerically with a MATLAB

script.

e Propagation losses (PL): these losses are due to the propagation in guiding
structures, which can be attributed to small inhomogeneity in the core refractive
index profile or defects that cause scattering of light or coupling to radiation modes
(which do not propagate). The power attenuation follows an exponential law with

respect to the propagation length in the sample:

P(L) = P(0)e™" (3.8)

where « is the attenuation coefficient and [ is the propagation length. PL per unit

length can be defined as:

10 P(L
PL|dB/cm = _f lOglO <L> (39)

where L is the length of the device and P(L), P(0) are the power at the output and at
the input of the sample, respectively?. The direct characterization of PL can be done
by performing a so-called cut-back measurement: a sample containing only straight
waveguides is fabricated, then the output power is measured for different waveguide
lengths by cutting the sample after every measurement. PL are then represented
by the slope of the resulting straight line given by the linear interpolation of the
measurements. However, this method is not always feasible, because it is time
consuming and destructive. Another way to compute PL is by retrieving them
indirectly by subtraction from the IL of the other terms:

IL\gg — FL|qg — CL
Pl = 8 = o =l

(3.11)

2The relation between the attenuation coefficient and the propagation losses is given by the following
relation:

PL|4B)em = 10acpy,-110g10(€) = 430001 (3.10)
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e Bending losses (BL): this term is due to the distortion of the waveguide mode
when there is a bend in the path. This distortion introduces another source of losses,
due to partial coupling with radiation modes, and can be described theoretically with

an exponential behaviour with respect to the radius of curvature of the bend [67]:

BL|4Bjem = Cre” " (3.12)

where R is the radius of curvature and C4, C5 are constants that depend on the
properties of the waveguide. BL can be computed by comparison of the insertion

losses of straight and curved waveguides with the same length:

IL|ygc — IL|ap,s
le

BL|dB/cm - (313)
where [, is the length of the curved segment and IL|4p ¢, I L|4p s are the measured
insertion losses for curved and straight waveguides, respectively. By fitting the
experimental measurements for different radii of curvature, it is possible to retrieve
the constants C, Cs.
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4: ‘ Preliminary fabrication of a

8-mode photonic circuit

In this Chapter, the fabrication and characterization of a 8-mode universal photonic circuit
will be introduced. First, I will present the circuit layout and its fabrication parameters,
then I will present the experimental optimization process of the waveguides, aimed at
achieving low optical losses, and the experimental data about the device performances,

together with the related issues which will be addressed in the following Chapters.

4.1. Reconfigurable circuit design

4.1.1. Circuit layout

In Section 1.2.4, the different implementation schemes of a universal photonic processor
have been presented. For this Thesis work, the Clements scheme has been chosen, because
it is the standard and more robust layout present in the literature. As can be seen in
Figure 4.1, there are 8 layers of MZI, fabricated with directional couplers with a radius
of curvature of 15mm. Each MZI is preceded by a straight segment of 1 mm, where the
micro-heaters for the external phase shifters can be fabricated. The distance between
adjacent modes is of 127 nm, both at the input and output facets, in order to match the
inter-waveguide pitch of standard fiber-arrays. Then, a fan-in (and fan-out) structure is
present to reduce the adjacent waveguides separation to 80 pm: reducing the waveguide
pitch is useful to reduce the device footprint, and 80 pm is the optimal trade-off between a
small footprint and the precision required to fabricate isolation trenches and resistances,

which becomes more stringent as the waveguides are brought closer.

4.1.2. Directional coupler characterization

Since the directional couplers of the interferometric circuit need to have 50% reflectivity, I
performed a first fabrication of directional couplers with interaction distance ranging from

4 to 11 pm, in order to find a thinner fabrication window. The characterization of the
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Interaction distance [pm] || Reflectivity [%]
4.95 45.36
5.00 46.76
5.05 46.85
5.10 48.30
5.15 52.04
5.20 52.55

Table 4.1: Values of the directional coupler reflectivity for different interaction distances.

The highlighted values are the optimal ones for the reconfigurable interferometric circuit.

reflectivity was performed by injecting light into one input and by collecting the output
power from each of the two waveguides. The computed reflectivity R was retrieved with

the following formula:
Pbar

- Pbar + Pcross

where P, is the output power from the same waveguide in which the light was injected,

R (4.1)

while P...s is the output power from the arm of the directional coupler in which the
light was not injected. From this measurement, the 50% reflectivity was found to be
around 5 pm. Then, several devices have been fabricated, each with a different directional
coupler interaction distance, ranging from 4.95 um to 5.2 ym, in order to find the optimum
distance for equal power splitting between the two arms. Along with the interferometric
circuit, a straight waveguide and a directional coupler have been fabricated in order to
verify the quality of the fabrication: the straight waveguide provides the information
about propagation and coupling losses, while the directional coupler is needed to assure
that the selected interaction distance is the correct one for equal power splitting. The
associated directional coupler reflectivities are listed in Table 4.1. The optimum device

resulted to be the one with an interaction distance of 5.1 pm, with a reflectivity of 48.3%.

4.2. Waveguides optimization and device characteri-

zation

In order to achieve high-performances integrated photonic circuits, low-losses waveguides
are a fundamental requirement, especially when dealing with single- or multi-photon ex-
periments, where the measurement time is seriously affected by the optical losses of the
device.

The optimization process was designed to obtain single-mode behaviour at a wavelength

A = 925 nm, compatible with quantum dot single-photon sources emitting at that wave-
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Figure 4.1: (a) Schematic layout of the 8-mode interferometric circuit. The unit cell, composed
by the reconfigurable MZI and the external phase shifter segment, is highlighted. The fan-in
section is highlighted in orange. (b) Focus on the fan-in section, where the different waveguide
pitches before and after the fan-in are indicated.

length, which will be the light sources of the device. To this aim, good coupling with
external optical fibers and low propagation losses are needed. Moreover, the investigation
of bending losses has been conducted for a bending radius of 15 mm (see Section 4.2.2 for
further details). Such a small bending radius is of interest in order to reduce the overall
footprint of the device.

Among the large number of fabrication parameters which can be tuned to optimize the
waveguide inscription, I focused on three, which are easy to control and proved very effec-
tive in the literature: the beam irradiation power, the fabrication speed and the number
of scans. Other variables were referred to the literature or previous experience of the
research group with the same substrate and wavelength.

The fabrication process has been performed with the setup introduced in Section 3.1: the
laser repetition rate was set to 1 MHz, while the pulse duration to 180 fs. The waveguide
inscription employed the multi-pass technique which, through several passages of the laser
beam on the same waveguide path, produces waveguides with an higher index contrast

and better confinement properties. This allows to achieve small bending radii with mini-
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Figure 4.2: Insertion losses for femtosecond laser written waveguides with 3 scans and a fab-
rication speed of 10mms™!, 15mms~' (left and right panel, respectively). For each straight
waveguide, the three different contributions to the insertion losses have been highlighted (see
Section 3.3.3).

mum bending losses after the annealing treatment [41].

The waveguides were inscribed in 1 mm thick, 100 mm long alumino-borosilicate glass
samples (EagleXG, Corning). Moreover, they were inscribed at a depth of 35pum be-
low the sample surface: such a small depth increases the efficiency of the thermal phase
shifters, since waveguides have to be placed near the sample surface in order to achieve a

desirable refractive index modulation with low power dissipation.

4.2.1. Propagation and coupling losses optimization

In order to characterize propagation and coupling losses, straight waveguides have been
fabricated, with an irradiation power ranging from 310 mW to 380 mW. This range has
been chosen based on previous experience of the research group, which showed that for
irradiation powers below 310 mW waveguides exhibited high insertion losses, while for
irradiation powers above 380 mW they showed either multiple guiding regions or multi-
modal behaviour, making them unfeasible for our purposes. The fabrication speeds which

have been selected are 10, 15 and 20 mms™!

, while the number of scans were 3, 6 and
9. The waveguides have been characterized with a laser diode at 925nm and the setup
described in Section 3.3. The acquisition of the images of the fiber and waveguide modes
allowed to estimate the coupling losses via their overlap integral.

From this large multi-parameter optimization, what emerged was that for a fabrication
speed of 20mm s~ the waveguides exhibited high insertion losses, while for a number of
scans higher than three the waveguides showed multimodal behaviour for an irradiation

power greater than 340 mW. The best results have been achieved in the case of 3 scans
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Figure 4.3: Insertion losses for straight (red dots) and curved (blue diamonds) femtosecond laser

written waveguides with 3 scans and a fabrication speed of 10 mms™!.

and with a writing speed of 10 and 15mms™!, as depicted in Figure 4.2, where the in-
sertion losses of each waveguide have been separated into their different components (see
Section 3.3.3). It is worth nothing that, for irradiation powers above 360 mW, the waveg-
uides written at 15mms~! showed multiple guiding regions, making them unsuitable for

our tasks.

It can be noted that coupling losses are extremely low for all the waveguides, show-
ing the optimal coupling between the femtosecond laser written waveguides and 780HP
optical fiber, with a value of the overlap integral greater than 99%. The major contribute
to the insertion losses is given by the propagation term: waveguides written at 10 mm s—*
show consistently lower losses with respect to the ones fabricated at 15mms~!. For the
first ones, propagation losses are almost comparable throughout the whole power scan,
altough a minimum can be noted in the interval between 320 mW and 340 mW.

From this characterization, the optimal waveguide would be the one fabricated at 320 mW,
10mms~!, with coupling losses of 0.135dB and propagation losses of 0.11dB cm™!. How-
ever, the investigation of curved waveguides is necessary in order to have a complete
characterization and find the optimal waveguide which will be used for the fabrication of

the interferometric circuit.
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4.2.2. Curved waveguides characterization at 15 mm radius

Since the radius of curvature of the waveguides is the main parameter which ultimately
sets the footprint of the device, the goal of this optimization was to find the optimal fab-
rication parameters in order to achieve negligible bending losses at this minimum radius
of curvature.

However, further explanations on the meaning of this parameter is needed, since the curve
layout of the waveguides fabricated in this Thesis is not composed by two subsequent cir-
cular arcs with fixed curvature radius, commonly called S-bends. In fact, half period of
a cosine function was chosen chosen: this choice is motivated by the fact that the cosine
arc allows for an adiabatic change of the waveguide curvature throughout the curved seg-
ment, while S-bends present an abrupt change of sign in the curvature at the junction
point between the two arcs. This discontinuity may cause further losses to the waveguide
structure, which is obviously undesirable [68]. However, with the cosine layout, the radius
of curvature cannot be defined unequivocally, as it continuously changes along the curve
and it is not fixed to a single value as in the circular arcs case. In this Thesis, we will
refer to curves with an effective radius r.ss of curvature as the cosine-curve that connects
the two end points of a circular S-bend with a fixed radius 7.

Curved waveguides have been fabricated alongside with the straight waveguides in the
same fabrication of the previous Section. The results are depicted in Figure 4.3: as can
be seen, the optimal waveguide identified in the previous Section shows really high bend-
ing losses, while the other ones present almost negligible additional losses.

From the combination of the analysis of the propagation and coupling losses and the
behaviour of the curved waveguides, the optimal waveguide was the one fabricated at
340 mW, which presented coupling losses of 0.032 dB, propagation losses of 0.14dB cm™!
and bending losses of 0.054dBcm™! (computed by using the method described in Sec-
tion 3.3.3). Finally, the optimal parameters adopted for the fabrication of the intefero-

Fabrication parameters
Substrate EagleXG
Laser system Pharos
Repetition rate 1 MHz
Pulse duration 1701s
Power 340 mW
Fabrication depth 35 um
Writing speed 10mms™!
Number of scans 3

Table 4.2: Optimum inscription parameters for single-mode waveguides at 925 nm.
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metric circuit are reported in Table 4.2.

4.2.3. Reconfigurable interferometric circuit characterization

The device which has been characterized was the optimal one described in the previous
Section: by the inspection of the straight waveguide it was possible to compute both
the coupling and propagation losses of the device, which resulted to be 0.074dB and
0.16 dB cm™!, respectively. On the other hand, the insertion losses of each mode of the
device were acquired by summing up the output power coming from all the output modes
when the fiber was coupled to one input mode. By averaging over all modes, the device
presented insertion losses of 2.329 + 0.123 dB.

However, if one sums up all the different terms of losses described in Section 3.3.3 (by
assuming the value of the bending losses to be the one found in the optimization process of
the previous Section), the value of the insertion losses results to be lower of approximately
0.6 dB. The missing, additional term of losses can be attributed to the small interaction
distance between the two arms of the directional couplers. In fact, such a small distance
is in the order of the waveguides cross-section diameter: during the fabrication process,
the inscription of the second arm of the directional coupler influences also the previously
fabricated arm, inducing further modifications in the interaction region, which result
in additional losses when light passes through the optical component. This flaw could
be detrimental in the case of devices with high number of modes, since the number of
directional couplers scales quadratically with the number of modes (see Section 1.2.4). In
the following Chapter this particular problem will be addressed, and different solutions

will be presented.
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5 ‘ Directional coupler
optimization

In this Chapter, I will present the analytical treatment of the directional coupler, along
with two different solutions to the problem of the additional losses introduced in Sec-
tion 4.2.2: in both cases, the aim has been to find a way to increase the interaction
distance while keeping the reflectivity of the directional couplers at 50%. In this way, the
inscription of the second arm of the directional coupler should have a weaker impact on
the first one, thus reducing the additional losses. It is worth nothing that in both cases
the interaction length of the directional couplers has been maintained ‘null’, which means
that there is no straight segment in the interaction region, in order to avoid an increase in
the device footprint and mostly to avoid curvature discontinuities in the waveguide path,
since the cosine curve at its minimum (or maximum) has a nonzero second derivative,
which is different from the one of straight segments: as explained in Section 4.1.2, this

may be another cause of losses, which should be avoided.

5.1. Coupled mode theory

In the description of the directional coupler, we can consider the two optical waveguides to
be not too close one to the other: this approximation in general is called weakly coupling
condition. Under this hypothesis, we can consider the overall electric field distribution as
the linear superposition of the fundamental modes of the two separate waveguides, each

sustaining a single mode:

E(.T, Y, Z) = Al(z)El (LU, y)eiwlz + A2(Z)E2(LE, y)eiiﬁﬂ (51)

where (1, [ are the propagation constants in the two waveguides, A; is the amplitude
term which depends on z, F; is the field distribution in the z-y plane.
By exploiting the coupled mode theory [18], it is possible to write the following system of
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equations for the evolution of the coefficients A, A,:

dA .
—1 = —ikllAl — ik12A262AﬂZ
dz
aA (5.2)
—2 == —ikQQAQ — ik21A1€_iABZ
dz
where A = 1 — B2 and k;; is the coupling coefficient, which is defined by the following
overlap integral:
L ko [[ EfAnZE;dxdy

(5.3)

where An; is the difference between the refractive index in the j-th waveguide and the

refractive index in a generic point (z,y):

Anj(z,y) = n; —n(z,y) (5.4)

The system of equations 5.2 can be simplified by assuming the two waveguides identical

(a reasonable approximation when dealing with femtosecond laser written waveguides).

In this case, ]{511 = ]{?22 = 0, AB =0 and k?lg = le =k:

dA,

“ (5.5)
dds _ ik,
dz

Now the system can be solved in order to find the spatial evolution of A;(z): by recasting

the problem in matrix form:

(5.6)

And solving Eqs. 5.5, the following progagation matrix M of the directional coupler is

obtained:

M= [ cos (kz) —isin (kz)] (5.7)

—isin (kz)  cos(kz)

After the field distributions A; are recovered, it is possible to calculate the optical power

in each waveguide as a function of position, since:

| Ai(2)]* o< Pi(z) (5:8)

If one focuses on the power distribution at the end of the directional coupler Py (L), Py(L),

the condition for a 50:50 power splitting between the two waveguides can be found by
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Figure 5.1: (a) Plot of the squeezed cosine function for different values of the parameter a. (b)
Plot of the function for a = 0 (the standard cosine function), for @ = 2.5 and for a — oo, which
corresponds to a square wave.

setting P (L) = P»(L), and the transfer matrix of the directional coupler becomes:

1 1 —
Msap = 7 [—i ) ] (5.9)

Such configuration is called 3 dB coupler.
Moreover, it can be found that the coupling coefficient k(z) depends exponentially on
the interaction distance, since its expression involves the overlap integral between the

exponential tails of the modes of the separate waveguides [69]:

k(z) = e 74 (5.10)

where «, v are positive parameters and d(z) is the distance between the two waveguides.
It is worth nothing that, if one keeps a ‘null’ interaction length, then the reflectivity of
the directional coupler depends mainly on the coupling coefficient k(z), which depends
exponentially on the interaction distance d(z): in such a configuration the reflectivity
becomes really sensible to changes in the distance between the waveguides, making the

fine control of this parameter crucial.

5.2. The ‘squeezed’ cosine curve layout

The first attempt to solve the problem relies on a new type of curve layout, aimed at

increasing the length of the interaction region of the directional coupler while nominally
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Figure 5.2: Plot of the insertion losses of single, curved waveguides with different values of the
parameter a.

maintaining a ‘null’ interaction length and an effective radius of 15mm. The proposed

curve has the following analytical expression:

14 a?

fla) = \/— cos T (5.11)

14+ a?- cosa?

This curve is parameterized by the parameter a, whose effect can be visualized in Fig-
ure 5.1la, where curves with different values of this parameter are plotted: for a = 0,
one obtains the standard cosine curve. On the other hand, by tuning «a it is possible to
flatten the cosine antinodes. In such ‘squeezed’ curve, the coupling region becomes longer
than the one of the standard cosine curve, thus allowing an increase of the interaction
distance to achieve equal power splitting. However, the value of this parameter cannot
be increased indefinitely: indeed, the higher the value of a, the more the curve tends to
a square wave (as depicted in Figure 5.1b) introducing bending losses which compromise
the waveguides performances. In the following, the characterization of this new type of
curve will be addressed, along with its insertion losses and additional coupling losses while

varying the interaction distance and the a parameter.
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Figure 5.3: Plot of the reflectivity curves of directional couplers with different values of the a

parameter. The red horizontal line marks the 50% reflectivity value. The inset highlights the
portion of the curves around the 50% reflectivity value.

5.2.1. Single waveguide losses characterization

In order to verify what is the highest value of a for which the bending losses do not
increase, curved waveguides have been fabricated, with different values of the parameter,
ranging from a = 0 (which is the reference point of this experiment) to a = 1, with an
extra waveguide with a = 1.5, which was already thought to be a value of squeeze too
high to give acceptable bending losses. The effective radius of curvature of the waveguides
has been kept at 15 mm. Insertion losses have been measured for all the waveguides, and

the results of this characterization are shown in Figure 5.2: from this plot, it becomes

evident that for a > 1, bending losses begin to increase due to the increased steepness
of the curve, and for a = 1.5 the waveguides become really lossy and unusable, with

insertion losses greater than 12dB. The optimal range for this parameter, for which all
the following experiments have been performed, was set to be 0 < a < 0.9.

61
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Parameter a || R = 50% interaction distance [pm]
0 5.1
0.5 5.2
0.6 5.3
0.7 2.35
0.8 0.4
0.9 2.45

Table 5.1: Values of the directional coupler interaction distance at 50% reflectivity for

different values of the parameter a, retrieved from the fit of the experimental data.

5.2.2. Interaction distance characterization

After the identification of the optimal values of the parameter a, the next step is to
characterize the reflectivity curve of the directional coupler for this new curve layout: the
expectation is to observe a shift of the reflectivity towards higher interaction distances.
To this aim, for each value of the parameter from a = 0 to a = 0.9, fifteen directional
couplers have been fabricated with different interaction distances, from 4 pm to 11 pm,
with a step of 0.5 um, in order to cover the full dynamic of the reflectivity curve. The
characterization of the reflectivity was performed with the same method described in
Section 4.1.2. Then, the experimental data have been fitted with Equation 5.10 in order
to obtain the reflectivity curve needed to extract the interaction distance associated to
R = 0.5. The results are depicted in Figure 5.3, where only the data for a = 0 and
a = 0.9 are reported for easiness of visualization: as expected, by increasing a, the
reflectivity curve experiences a shift towards higher interaction distances, meaning that
this new curve design effectively increases the interaction length of the directional coupler.
In Table 5.1 all the values of interaction distances with the associated value of a are
reported, expect for a < 0.5, for which the associated interaction distance was about
5.11m, and thus too close to the standard one. In particular, for a = 0 the computed
interaction distance d for R = 0.5 was d = 5.1 pm, while for a = 0.9 it increased up to

d = 5.45 pm, which marks an increase of about 7%.

5.2.3. Additional coupling losses characterization

Finally, in order to measure the amount of losses due to the small interaction distance,
coupled, curved waveguides have been fabricated. In this configuration, many directional
couplers in series are present throughout the whole sample length, so that the effect of
the additional coupling losses is increased and therefore could be better distinguished.

Coupled waveguides have been fabricated for values of a from 0.5 to 0.9, because for
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Figure 5.4: Plot of the additional losses due to directional coupler imperfection as function of
the a parameter. The losses are normalized to the number of times the waveguides couple, so
that the represented losses are the one which light experiences everytime it enters a directional
coupler.

a < 0.5 the change in the interaction distance has been reputed too small to be effective,
and for a = 0, which is the reference point. Along with the coupled waveguides, single,
curved waveguides with the same parameters have been fabricated, in order to isolate the

additional term of losses, which is retrieved with the following equation:

- ILsingle

Ncoupling

ACL = ILcoupled

(5.12)

where ACL is the additional coupling losses term, I Lcoupied; I Lsingie the insertion losses
of the coupled and curved waveguide, respectively, and Neoypiing is the number of times
the coupled waveguides interact.

The results are shown in Figure 5.4: as expected, the ACL decrease with high values of
the a parameter, because the waveguides are kept at a higher interaction distance. In
particular, For a=0 (which corresponds to an interaction distance of 5.1 pm, the AC'L are
about 0.025dB/coupler!, while for a = 0.9 (which corresponds to an interaction distance

of 5.45pm) losses are around 0.015dB/coupler, meaning that AC'L are reduced of about

IThat is, every time light couples to the other waveguide of the structure, it experiences this amount
of losses.
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Figure 5.5:

Plot of the reflectivity curves of directional couplers with different values of the

curvature radius. The red horizontal line marks the 50% reflectivity value. The inset highlights
the portion of the curves around the 50% reflectivity value.

40%. For intermediate values, significant increases in the ACL value are not seen, while

spikes can be attributed to measurement errors and inaccuracy, since these data come
from an indirect measure based on Equation 5.12.

5.3. Bigger radii of curvature exploration

After the implementation of the idea presented in the latter Section, I tried to explore the
behaviour of the ACL of the directional couplers if the curvature radius was increased:
even though this is not a preferable solution, because the device footprint would increase,
it is possible that by increasing the curvature radius the interaction distance for 50%

reflectivity increases more than what has been achieved in the previous Section, enabling
the study of this term of losses at higher interaction distances.

This test has been performed with four different curvature radii: 15, 20, 25 and 30 mm.
The procedure is the same as the one presented in the previous Section: first, the char-

acterization of the reflectivity curve of the directional couplers is performed, then the
additional losses are characterized.
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Figure 5.6: Plot of the reflectivity curves of directional couplers with different values of the

curvature radius. The red horizontal line marks the 50% reflectivity value. The inset highlights
the portion of the curves around the 50% reflectivity value.

5.3.1. Interaction distance characterization

In order to characterize the directional coupler reflectivity curve, directional couplers with
the different curvature radii have been fabricated, with an in interaction distance ranging
from 4 to 11um. Once the experimental reflectivity had been recorded, with the same
method described in Section 5.2.2, the fit of the data allowed the reconstruction of the
reflectivity curves, as shown in Figure 5.6, where only the data for » = 15 mm and
r = 30 mm have been presented for ease of visualization. As can be seen, the shift of the
reflectivity curve towards higher interaction distances is bigger than the one presented in
Section 5.2.2, allowing to study the behaviour of the AC'L at larger interaction distances.
In Table 5.2, the R = 50% interaction distance associated with all the radii of curvature
is presented. With an interaction distance of 6.2pm at » = 30 mm, the increase is of

about 20% with respect to the interaction distance at » = 15 mm, which is of 5.1 pm.
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Radius of curvature [mm]| | R = 50% interaction distance [pm]
15 5.1
20 5.6
25 5.9
30 6.2

Table 5.2: Values of the directional coupler interaction distance at 50% reflectivity for

different values of the curvature radius, retrieved from the fit of the experimental data.

5.3.2. Additional coupling losses characterization

The characterization of the ACL is followed the same procedure of Section 5.2.3: single
and coupled waveguides have been fabricated at the different curvature radii and associ-
ated interaction distances. The number of directional couplers has been kept fixed for all
the radii of curvature, in order to obtain a more robust measurement. With this choice,
the length of the curved segments increases with the radius of curvature: I also tried
to explore the additional amount of losses due to the increased length of the curve, in
order to see if increasing the curvature radius is really effective for the optimization of the
directional coupler performances. Based on the results of the optimization of Section 4.2,
bending losses can be assumed negligible for such waveguides, so that the additional losses
above-mentioned can be attributed to propagation losses only. It is possible to compute

this term, which I will refer to as coupler propagation losses (CPL) as:

PL- 1,

N, coupling

CPL = (5.13)
where PL is the propagation losses term, [. is the length of the curved segment and
Neoupting 1 the same of Eq. 5.12. For this calculation the PL term used is the one found in
the optimization of Section 4.2, which amounts to 0.14dB cm~!. The results are depicted
in Figure 5.7: as can be seen, there is a continuous decrease of the ACL with increas-
ing radius of curvature, as expected, with a minimum value of about 0.01 dB/coupler at
r = 30 mm. However, the CPL increase almost linearly with the curvature radius, up
to 0.06 dB/coupler at r = 30 mm. With respect to the idea presented in Section 5.2,
increasing the radius of curvature results more effective in reducing the additional losses

of the directional couplers, at a cost of a larger device footprint.

In conclusion, two different methods have been presented, both with their advantages
and disadvantages: increasing the radius of curvature is certainly the best choice in order

to increase the interaction distance of the directional coupler, but it is detrimental in term
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Figure 5.7: Plot of the additional losses due to directional coupler imperfection (red dots) and of
the additional losses due to increased length of the curved segment (blue diamonds) as function
of the radius of curvature. Both terms of losses are normalized to the number of times the
waveguides couple, so that the represented losses are the one which light experiences everytime
it enters a directional coupler.

of the device footprint and if the curvature radius increases too much, then the additional
propagation losses due to the increased length of the directional couplers cancel (or even
exceed) the gain in the ACL. This is because at enough high interaction distances, the
ACL will become negligible, but the CPL will increase indefinitely with the curvature
radius.

On the other hand, the ‘squeezed’ cosine layout offers a little improvement in distancing
the arms of the directional coupler, but allows to keep a small curvature radius. An opti-
mal trade-off could be the implementation of the curve layout defined in Section 5.2 with
an intermediate radius of curvature, for example 20 or 25 mm, in order to reach higher

interaction distances at the cost of a small increase in the device footprint.
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6 Optimization of light injection

Injecting light into the interferometric circuit is performed by means of fiber arrays, as
explained in Section 3.2.5. The overlap between the mode of the fiber and the mode of
the waveguiding structure is important to ensure low coupling losses at the input of the
device (see Section 3.3.3 for further details). Such term has not always the lowest possible
value after a waveguide optimization process: in fact, the waveguide which presented the
overall better performances in Section 4.2 was the one with the lowest insertion losses,
but not the lowest coupling losses. It would be interesting to find a way to minimize the
coupling losses separately from the other terms, as it was done for propagation or bending
losses. This could be achieved by introducing a tapering segment at the input and at the
output of the waveguides, which is a transition section which enables the optimization of
the coupling between the fiber and the waveguide.

Furthermore, another matter which can be addressed is relative to the fan-in/out section
introduced in Section 4.1.1. The standard layout of this section is composed by three
parts: a straight segment, a sinusoidal bend and another straight segment: this structure is
simple and easily scalable, but its curvature presents discontinuities at the junction points
between the straight and the sinusoidal segment (as already described in the introduction
to Chapter 5), which can lead to additional losses of the device [68].

In this Chapter the aforementioned issues will be addressed, in order to find out if there

is some room for improvement in the light injection part of the device.

6.1. Fiber coupling optimization

6.1.1. The cut-back measurement

In Section 3.3.3, the method presented to characterize coupling losses was the numerical
evaluation of the overlap integral between the fiber and the waveguide modes. This
method has the advantage of being simple and fast, since it implies only to take the
image of the modes through a CCD camera. On the other hand, the computation can

give imperfect results due to the resolution of the camera or the accuracy of the evaluation
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Figure 6.1: Plot of the fit of the experimental data from a cut-back measurement. In the legend
the values of m and ¢ are given.

algorithm.
Another way to estimate the coupling losses is by performing a cut-back measurement,
which was presented in Section 3.3.3. For a straight waveguide, it is possible to write the

following equation for the insertion losses:

IL=PL-1+(FL+CL) & y=m-2x+q (6.1)

where [ is the waveguide length and PL, F'L and C'L are propagation, Fresnel and coupling
losses, respectively. It can be seen that this equation is the one of the straight line in
Equation 6.1 as a function of the waveguide length, with propagation losses as the slope
and the Fresnel and coupling losses as the intercept on the vertical axis. If one measures
the insertion losses at different waveguide lengths, by cutting the sample each time, then
it is possible to fit the experimental data with Equation 6.1 and retrieve the values of m
and ¢, as can be seen in Figure 6.1: the experimental data effectively lie on a straight line,
and the linear fit returns the value of the intercept ¢, which represents the coupling losses
and the Fresnel term (for further details, see the following Section), and of the angular
coefficient m, which represents the value of the propagation losses. I retrieved for this
terms a value of about 0.14 and 0.21 for ¢ and m, respectively. Both values are consistent

with previous data acquired from other measurements, confirming the robustness of this
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the fit of the experimental data of the cut-back measurement for different values of the fabrication
speed. The data corresponding to the actual optimal fabrication parameters is highlighted.

kind of procedure.

6.1.2. Coupling losses characterization

In order to create a tapering section at the input of the waveguides, there is the need to
dynamically change the fabrication parameters during the inscription of the waveguides.
This requirement allows the change of only two possible experimental parameters: the
fabrication speed and the irradiation power.

The experiment has been prepared in the following way: I performed a cut-back mea-
surement on the whole set of waveguides to characterize the coupling loss term. The
parameters values for the optimization have been chosen around the optimal parameters

L'and 6 scans: I

used for waveguide inscription, which currently are 340 mW, 15mm s~
selected values which are close to the optimal ones, in order to avoid detrimental elonga-
tion of the waveguide path to move adiabatically from one set to the other. In particular,
the selected fabrication speeds are 10, 13, 15, 17 and 20mms™!, irradiation powers are
in the range from 330 mW to 350 mW, with a step of 5mW, while the number of scans
has been kept fixed, because it cannot be changed dynamically during the fabrication.

The initial sample has been cut three times, in order to achieve four different waveguide
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Figure 6.3: (a) Plot of the coupling losses value as a function of the fabrication speed, for an

irradiation power of 340 mW. (b) Plot of the coupling losses as a function of the irradiation

power, for a fabrication speed of 20 mms™!.

lengths: 8.85, 6, 4.4 and 2.85 cm.

Since this measurement is very sensible to the the quality of the coupling with the exter-
nal fiber, great care has been taken in order to obtain the maximum coupling efficiency
by leveraging on the fiber-air-chip facet etalon. In this way, also of the contributions of
the Fresnel losses vanishes: in fact, the system fiber-air-input facet can be treated like
a Fabry-Perot interferometer [70]. Eventually, one can position the fiber so close to the
sample that it sits in one of the maxima of the transmittivity fringes with unitary trans-
mission. In this way, the intercept ¢ of Equation 6.1 is composed by the coupling losses
and the Fresnel term at the interface output facet-air.

The results of the fit are depicted in Figure 6.2: as it can be noticed, some values for
the coupling losses are close to zero, and therefore their contribution can be considered
negligible. In particular, the lowest value is obtained for an irradiation power of 340 mW

1

and a speed of 20mms™. More in detail, as shown in Figure 6.3a, 6.3b, where only

the data for the irradiation power of 340 mW and a fabrication speed of 20mms~! are
presented, it can be seen that for higher fabrication speeds the coupling losses decrease
(Figure 6.3a), while there is a minimum for the coupling losses at intermediate fabrication
powers (Figure 6.3b), suggesting that the actual irradiation power value is already the
optimal one.

In conclusion, this experiment suggests that a tapering section can be realized by starting
the waveguide inscription at an higher fabrication speed in order to increase the coupling
between the fiber and waveguide mode, then slowly decelerating to the optimized speed

for propagation and bending losses.
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Figure 6.4: (a) Plot of the standard fan-in section (blue curve) and resulting numerically com-
puted curvature (red curve). The vertical line highlights the junction point between the straight
and the cosine segment. (b) Plot of the polynomial fan-in section (blue curve) and resulting
numerically computed curvature (red curve). The vertical line highlights the junction point be-
tween the straight and the cosine segment, while the blue dot marks the junction point between
the two polynomial curves.

6.2. Fan-in optimization

6.2.1. Polynomial layout

As explained in the introduction of this Chapter, the main issue of the fan-in/out section is
related to the curvature discontinuity at the junction points between the cosine curve and
the straight segments. The idea is to replace the actual layout with one which preserves
the continuity of the waveguides curvature. This can be achieved by using polynomial
curves with null second derivatives at their end [71]|. In particular, the polynomials used

for this Thesis work are Bernstein polynomials, which are expressed in the Bernstein
basis |72]:
n

Bin(t) = ( >ti(1 — )" (6.2)

where n is the degree of the polynomial. A polynomial of degree 5 was adopted, since it

]

is built specifying the values for the first and second derivatives at each end-point.

As a preliminary tests, I found out that using two polynomials, merged with continuous
derivatives, instead of one resulted in a more flexible and controllable curve, that allows to
avoid unwanted overshoots and overlap between neighbouring waveguides in the context of
a complex circuit. The first test aimed at evaluate the change in the waveguide curvature

the fan-in section when using the standard layout or the polynomial layout. It has been
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Figure 6.5: Schematic layout of the waveguides fabricated to test the polynomial fan-in perfor-
mances.

performed with a mathematical simulation, whose results are depicted in Figure 6.4a,
6.4b: as can be seen, the standard layout presents a discontinuity in the curvature at the
junction point, while the polynomial layout presents a much smoother curvature. This
preliminary test suggests that there is indeed an improvement in the waveguide layout,
with possible reduction of the losses due to curvature mismatch in this section of the

device.

6.2.2. Different layout comparison

In order to test if the polynomial layout really brings an improvement in the device
performances, I fabricated the waveguides depicted in Figure 6.5 with the standard fan-
in/out and the polynomial geometries. In this way, it was possible to directly see how
the different fan-in layouts interface with the actual modes of the device. Different copies
have been fabricated in order to acquire some statistics.

Moreover, five different types of polynomial layouts have been tested, which are presented
in Figure 6.6: I tried to see if the position of the junction point between the two polynomial
curves which constitute the fan-in section influences their performances, since it may cause
fine changes in the overall curve.

The results are shown in Figure 6.7, where the insertion losses of the different curves are
plotted: as it can be seen, there is no major improvement in the insertion losses of the
polynomial layout, independently on the type, since the error bars of the waveguides are
overlapping. In conclusion, although a slight decrease in the mean insertion losses is seen,
there is no actual evidence that the polynomial fan-in improves the performances of the
interferometric circuit, even if further tests with a broader statistics could be able to bring

more impactful conclusions.



6| Optimization of light injection 75

® Typel ¢ Type2 B Type3 ® Type4d Type 5
0.40

0.35- ] . ] ] /
0.30- ] 1 ] ]

= 0.25- . 1

0.20 1 1 7

axis [a.u

>~ 0.15 1 T 1

y

0.10 1 1 7

0.05 1 1 7

0.00- T T T T T T T T T
0 10 O 10 O 10 O 10 O 10
x-axys [a.u]

Figure 6.6: Plot of the different types of tested polynomial fan-in, depending on the position of
the junction point between the two polynomial curves which make up the fan-in section.

2.06 1 T

NN
o o o
o N &

=
O
oo

H—e—
@

=
©
o

Insertion losses [dB]

=
O
N

1.92 1

Std Typel Type2 Type3 Typed Type5

Figure 6.7: Plot of the insertion losses of the waveguides with the standard and the different
polynomial layouts, as defined in Figure 6.6.



////M//////////é N 1 \\\\\\\ / \m\\ %
2N /// \ 117717/ s
//// N\ //// ////::_:::\\\ //) \\\ \\\\
NN 779477770770 00 /2 2
NN N e otrts
oty HH1100177 070070 2 2
SO 77752777777 000 2 2 2 2 27
J ///// /// N //// ////N///////////é __ ________,5\ I \\\\\\\ \\w\\ \\\\\\\\\\\\\\ =
~ 3N M s
N T e
—— f ot
—— = R
- ““\\\\\\\\\\\\\\\\\\m\\\w\w\\ 77 /////////////,/////////////// //// ///UU/
N RN R
1 NN
5577 NN
2 T I A O O



7

Conclusions and future developments

In this Thesis work I reported the waveguide optimization for enabling the scaling of
universal photonic processors by means of femtosecond laser micromachining.

In order to match the emission wavelength of quantum dot single-photon sources, which
will be interfaced with the final device, we developed single-mode waveguides at 925 nm on
an alumino-borosilicate glass substrate, yielding propagation losses as low as 0.14 dB cm ™!
and almost negligible bending losses for a curvature radius of 15 mm, which is the smallest
value present in the literature for this fabrication platform. Preliminary optical charac-
terization of an 8-mode universal photonic processor presented insertion losses of about
2.3 dB, exhibiting increased losses due to the small interaction distance between the arms
of the directional couplers.

After the device fabrication, I performed a series of experiments aimed at the optimization
of the existing circuit layout. First, the design of a new curve layout has been tested,
which was intended to increase the interaction distance of the directional couplers while
maintaining fixed the device footprint. This test proved to be effective, reducing the ad-
ditional losses due to the small interaction distance by 40%. My study also showed that
this technique, in combination with a slightly bigger curvature radius, would almost can-
cel out the directional couplers flaw, enabling the fabrication of structures with a higher
number of modes without undesired additional losses.

Regarding the fan-in and fan-out section, I optimized both its layout, with the implemen-
tation of a curvature-matched polynomial curve aimed at achieving a smoother design,
and the coupling between the fiber and waveguide modes, with the proposal of the intro-
duction of a tapering section. Both solutions are intended to reduce optical losses at the
input and at the output of the device. While the polynomial fan-in/out did not bring
any evidence that it was better than the standard one, although a small reduction in
the mean losses of the waveguides has been observed, the measurements for the fiber-
waveguide coupling showed that by increasing the fabrication speed while maintaining
the same irradiation power results in a decrease of the coupling losses.

Future works will be devoted to the validation of the different optimization procedures

in the context of a universal photonic processor. The implementation of an interfero-
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metric circuit will be performed with the optimized directional couplers, the polynomial
fan-in structure and tapered waveguides, in order to observe if the insertion losses of
the device can be further shrank below the 2dB threshold. This will open the way to
low-loss, femtosecond laser written interferometric circuit with an ever-increasing number
of modes, which will in turn be the building blocks for the future quantum information

infrastructure and photonic quantum computers.
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