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Abstract

Photon number state generation is a thriving field of research, since progress in
this area will directly affect the development of a wide set of applications. Sev-
eral methods are being sifted to increase the capabilities of single photon sources
and the integrated optics approach represents a promising strategy. This thesis
deals with the development of integrated optical components for the generation of
photon-pairs at telecom wavelength through spontaneous parametric down con-
version in nonlinear waveguides. Exploiting femtosecond laser micromachining
technique, a pair of waveguides in a nonlinear poled crystal was fabricated. A clas-
sical characterizationwasperformed through secondharmonic generationprocess
and an overlap between the two SHG curves above 99 % was retrieved, showing
comparable nonlinear properties between waveguides. To route and manipulate
photons, balanced directional couplers at the fundamental and down-converted
wavelength were realized in glass. A thermal phase adjuster was machined on the
gold sputtered surface of the first directional coupler to control the overall phase
and the output state of the source.
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Sommario

La generazione e la manipolazione di stati a singolo fotone rappresentano sia un
pilastro sia il collo di bottiglia nello sviluppo della tecnologia quantistica. La pro-
duzione on-demand di singoli fotoni è l’elemento cruciale in una serie di appli-
cazioni innovative: la generazionedi chiavi crittografiche, la possibilitàdi aumentare
esponenzialmente la potenza di calcolo e di superare il Limite Quantistico Stan-
dard. La pienamaturazione delle potenzialità delle sorgenti a singolo fotone è tut-
tavia ben lontana dall’essere raggiunta a causa di notevoli limitazioni tecnologiche
nella loro fabbricazione.

In questo contesto, il passaggio da componenti ottici bulk ad integrati rappre-
senta una delle strategie più promettenti per il superamento dello stato dell’arte
nella generazione di singoli fotoni. Attraverso l’integrazione su chip è possibile
realizzare circuiti ottici complessi con una riduzione delle dimensioni del singolo
componente e con un aumento della stabilità del dispositivo complessivo. Nonos-
tante la realizzazionedi circuiti lineari integrati abbia fattopassi dagigante, lo sviluppo
di sorgenti di luce quantistica su chip è ancora in fase embrionale.

In questo lavoro di tesi ci siamo occupati dello sviluppo dei componenti ottici
integrati per la produzione di una sorgente di coppie di fotoni basata sul processo
di spontaneous parametric down conversion alle lunghezze d’onda telecom. Per
la fabbricazione dei componenti ottici abbiamo utilizzato la tecnica della micro-
fabbricazione con laser a femtosecondi. Tramite questa tecnica, guide d’onda e
circuiti ottici possono essere realizzati in una vasta serie di substrati regolando i
parametri di processo e senza dover ricorrere a maschere fotolitografiche. La pro-
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totipazione di circuiti ottici tridimensionali ad alta qualità avviene in maniera di-
retta ed economica, rendendo questa tecnologia ideale per lo sviluppo di disposi-
tivi innovativi nel campo delle tecnologie quantistiche.
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Introduction

The generation and the manipulation of single-photon state represent both a cor-
nerstone and a bottleneck for the development of quantum photonics. The on-
demand production of single-photons opens the doors to a set of innovative appli-
cations: the production of a secure cryptographic key in the area of quantum com-
munication, the possibility to overcome classical computing and to go beyond the
standard quantum limit. However, considerable advancement still has to be ac-
complished to fully exploit the capabilities of single photon sources.

An effective approach to upgrade current state-of-the-art in single photon gen-
eration can be represented by integrated quantum photonics. Integrated optics
technologies permit the realization of scalable quantum circuits being advanta-
geous in terms of stability, complexity and footprint with respect to the bulk ap-
proach. In this framework, the realization of integrated linear circuits have made
great strides, while the development of sources of quantum light on chip is still in
the embryonic phase. Due to high brightness and intrinsic stability, spontaneous
parametric down conversion (PDC) in periodically poled non-linear waveguides
represents a promising approach to make progress in the field of integrated quan-
tum source.

The aim of this thesis is the development of the integrated optics components
of a photon-pair source at telecom wavelength, based on spontaneous parametric
down conversion in nonlinear waveguides. To attain our purpose, we employ the
femtosecond laser micromachining technique. This fabrication method allows to
inscribe optical waveguides in several transparent substrates just tailoring the pro-
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cessing parameters and with no need of dedicated photolithographic masks. In
particular, it allows the prototyping of high quality three dimensional optical cir-
cuits in adirect and cost effectivemannerproving as an ideal technology todevelop
innovative quantum design.

The thesis is organized as follows: Chapter 1 introduces basic concepts onquan-
tum state and single photon sources. Chapter 2 deals with the basic principles of
femtosecond laser micromachining technique in amorphous and crystalline me-
dia. Chapter 3 is dedicated to the description of the experimental setup and the
characterizationmethod. Chapter 4describes the idea regardingourphoton source
and its elementary components. The fabrication and the characterization of the in-
tegrated devices are discussed in Chapter 5 and 6.
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1
Single-Photon Sources

In this chapter a brief introduction to single-photon sources is presented. In sec-
tion 1.1 a general description of Fock states and their properties is provided. In
section 1.2 the ideal single-photon source, its typical practical configurations and
applications are described.
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1.1 Fock states

A number state or a Fock state is a quantum state in which the number of particles
n is a precisely fixed integer. In quantum optics the grainy nature of light appears
and photons reveal themself. What is a photon? A photon is defined as an elemen-
tary excitation of a single mode of the quantized electromagnetic field. The quan-
tization of the electromagnetic energy was first proposed by Planck in 1900 [1] to
explain the thermodynamics of the black-body radiation. In 1905 Einstein [2] ex-
ploited this concept to explain the photoelectric effect. Actually, the photoelectric
effect can be fully interpreted in the semi-classical approach, wherematter is quan-
tized and light behaves as a classical wave. The term ”photon” was first coined by
G.N. Lewis in 1926 [3]. In 1927 Dirac introduced the first formal quantization of
the electromagnetic field. After the introduction of the correlation experiment by
Hambury-Brown and Twiss in 1956 [4], a deep analysis of the quantum proper-
ties of light and in particular of the secondorder coherence started. Number-states
were finally described as a special case of squeezed light [5].

1.1.1 Properties of single-photon states

In order to understand the optical properties and the advantages of single-photon
sourceswith respect to standard light source, a brief reviewofquantumoptics basic
notions is presented.

Electromagnetic field quantization

Amode of the electromagnetic field in a cavity with volume L3 can be quantized as
an harmonic oscillator. Operators a†

k⃗,⃗ε
and a⃗k,⃗ε respectively, create and annihilate a

photonwithwave vector k⃗, angular frequencywk andpolarization ε⃗. In theHeisen-
bergpicture, the electric fieldoperator canbedecomposed in twoHermitian-conjugate
terms:

E⃗(⃗r, t) = E⃗(−)(⃗r, t) + E⃗(+)(⃗r, t), (1.1)
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where

E⃗(−)(⃗r, t) = i
∑
k⃗,⃗ε

√
ℏwk

2ε0L3 ε⃗ a
†
k⃗,⃗ε

ei(⃗k·⃗r−wk t) (1.2)

After the definition of the magnetic field operator with an analogue procedure,
the quantized electromagnetic field can be described by theHamiltonian operator
in the following formula:

HR =
1
2

∑
k⃗,⃗ε

ℏwk(a†k⃗,⃗ε a⃗k,⃗ε + a⃗k,⃗ε a
†
k⃗,⃗ε
) (1.3)

The average number of photons in a given mode is described by the photon
number operator n̂ = a†a. The eigenstates of this operator are called Fock states
and are defined by:

a†a |n⟩ = n |n⟩ , (1.4)

where n is the number of photons in the number state |n⟩. The annihilation and
the creation operation can be applied to |n⟩ according to:

a |n⟩ =
√

n |n − 1⟩ (1.5a)

a† |n⟩ =
√

n + 1 |n + 1⟩ (1.5b)

a |0⟩ = 0 (1.5c)

Statistical properties of light

Neglecting spatial coherence aspects, the characterization of the statistical prop-
erties of light into a given state can be defined by the following three functions of
time:

• ISTANTANEOUS INTENSITY:

I(t) = 2ε0c⟨E(−)(t)E(+)(t)⟩ (1.6)

5



Figure 1.1.1: Photon number distribution for three sources with an average
photon number ⟨n⟩ = 1 : (a) Thermal source, (b) Coherent light source and
(c) Single-photon state.

• FIRST ORDER CORRELATION FUNCTION :

g(1)(τ) =
⟨E(−)(t + τ)E(+)(t)⟩
⟨E(−)(t)E(+)(t)⟩

, (1.7)

which is insensitive to photon statistics and is proportional to the average
number of photons and the coherence length of the source.

• SECOND ORDER CORRELATION FUNCTION [6] :

g(2)(τ) =
⟨E(−)(t)E(−)(t + τ)E(+)(t + τ)E(+)(t)⟩

⟨E(−)(t)E(+)(t)⟩2
(1.8)

Depending on the value of g(2)(0), different light sources can be classified as
super-Poissonian, Poissonian and sub-Poissonian. An example for each class fol-
lows:
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1. Thermal light: The field of a conventional macroscopic source as a lamp
can be represented by the superposition of many incoherent waves, each
produced by an independent emitter with a random phase and delay.

E⃗ =
∑

i

ei φi E⃗0(t − ti) (1.9)

Assuming the same time-dependence for each emitter, the total field corre-
lation function is identical to that of an individual emitter and its Fourier-
transform corresponds to the spectrum of the macroscopic source. Averag-
ing over all the phases, the following relations can be retrieved:

g(2)(τ) = 1+ [g(1)(τ)] (1.10a)

g(2)(0) = 1+
(Δn)2 − ⟨n⟩

⟨n⟩2
= 2 (1.10b)

The value g(2) (0) shows that thermal light has large intensity fluctuations
arising from the boson character of photons. The number of photons in a
given mode is ruled by the Bose-Einstein distribution of black-body radia-
tion:

pTL(m) =
⟨n⟩m

(1+ ⟨n⟩)(m+1) , (1.11)

being ⟨n⟩ the average number of photons in the mode. Therefore, the zero
photon state is the one with the highest occupation probability.

2. Coherent light: A stabilized laser light is classically depicted as a wave with
constant amplitude and phase, leading the first and the second-order corre-
lation function value to unity. Actually a laser output amplitude appears ex-
tremely regular, because the fluctuations of its photon number is negligible
on macroscopic scale respect to the average number of photons. In quan-
tum framework, a laser can be represented by a coherent state |α⟩, which is
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an eigenstate of annihilation operator:

â |α⟩ = α |α⟩ , (1.12)

where α is a complex number.

As any other state, a coherent state can be expressed as a linear combination
of Fock states according to the following equation:

|α⟩ = e−|α|2/2
∑

n

αn
√

n!
|n⟩ (1.13)

The number of photons in a coherent state follows a Poisson distribution
and therefore the probability of finding m photons in a given mode is:

p(m) =
⟨n⟩m

m!
e−⟨n⟩, (1.14)

where ⟨n⟩ = Δn2 = |α|2. In this case g(2) (0) is equal to unity. An intrinsic
noise, Δn2 = ⟨n⟩, is associated to a macroscopic laser source and it is called
shot noise.

3. Squeezed light: Being a mode of the electromagnetic field in a cavity quan-
tized as a harmonic oscillator, it can be described by two non-commuting
operators, i.e. the electric field and vector potential or amplitude and phase.
According to Heisenberg uncertainty principle, quantum mechanics allow
the realization of squeezed states of light, where quantum fluctuations in
one quadrature can be reduced (as comparedwith those of a coherent state)
at the expenseof enhancedfluctuationson the conjugate component. There-
fore, squeezed light with decreased amplitude fluctuations must present an
increase of phase noise. An ideal amplitude-squeezed source is one that
delivers a regular stream of photons equally spaced in time. As a conse-
quence, the fluctuations of the number of photons emitted by an amplitude
squeezed source are weaker than those of a coherent state and they follow
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a sub-Poissonian distribution. Applying equation 1.8 to a photon-number
state:

g(2)(0) = 1− 1
n
, (1.15)

being equal to zero for an ideal single-photon source (n = 1).

hbt interferometer

Typically, the secondorder correlation functiong(2)(τ) ismeasuredby theHambury-
Brown and Twiss interferometer, whose setup is depicted in figure 1.1.2. Incident
light is divided by a 50-50 beam splitter and it is collected by two single-photon de-
tectors. The coincidence events are recorded and the distribution of pairs of con-
secutive photons is obtained. The advantage of exploiting coincidences between
two detector is that coincidences are insensitive to dead-time and after-pulses. In
fact, using an ideal detector, anti-bunching would be easy to demonstrate: the
stream of emitted photons is recorded with a time resolution better than the flu-
orescence time. With real photon-counting detector (e.g. SPAD), a period of
blindness occurs after the measurement of one photon (dead-time) and spurious
counts (after-pulses) can be produced by stray charges released upon the detec-
tion avalanche. Non-idealities in the detection stage destroy the photon statistic
leading to the recording of a Poissonian distribution, even if photons are produced
by a sub-Poissonian source. The second-order correlation function is in principle
different from an histogram of coincidences. In fact it gives the distribution of all
pairs of photons and not only of consecutive pairs. Nevertheless the two distribu-
tions are related and nearly equal for short delays allowing the evaluation of g2(0)
by means of the HBT interferometer.
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Figure 1.1.2: A schematic of the HBT interferometer. The incident light is
divided by a 3dB beam splitter (BS) and detected by two single-photon detectors
D1 and D2. The correlation of light intensities is measured varying the optical
path length difference τ between the BS and the two detectors.

1.2 Implementationofsingle-photonsources

1.2.1 Ideal single-photon source

An ideal single-photon source [7] has to fulfill the following requirements:

• ON DEMAND PRODUCTION: Each single-photon can be emitted at
any arbitrary time defined by the user. The probability of emitting a single
photon is 1, while the probability of multiple-photon emission is 0. There-
fore, the emission quantum yield must be unity and the excited state of the
emitter must be prepared with certainty.

• INDISTINGUISHABILITY: Subsequent photons have to be emitted in
the same spatialmode and in the samecoherent frequencywavepacket. This
requirement must be satisfied in order to exploit quantum interference as
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stated byHong-Ou-Mandel effect. Two photon impinging at the same time
on the two input ports of a balanced beam splitter interfere in such a way
that they both exit from the same output port as depicted in Fig. 1.2.1. In
fact, if the two photons are indistinguishable, a completely destructive in-
terference occurs and the coincidences on the two output detectors drop to
zero for zero delay. The shape of the dip is directly related to the power spec-
trum of the single-photon wavepacket. The spectrum of the source should
be Fourier-transform limited and for a two-levels emitter its broadening is
generally associated with:

1. Dephasing: The collisions of the emitter with the bath lead to the loss
of coherence. The coherence time T2 of the source is represented by
the following equation:

1
T2

=
1
2T1

+
1
T∗
2
, (1.16)

where T1 is the fluorescence time and T∗
2 characterizes the pure de-

phasingprocesses. In this framework, eachphoton canbe represented
as a short incoherent wavepacket emitted at random time during T1,
resulting in a reduction of two-photon interference dip to T2/2T1.

2. Spectral diffusion: Due to the fluctuations of the optical resonance
frequency, twophotons emitted in a time interval longer than the spec-
tral diffusion timewill be distinguishable: i.e. they differ in the central
frequency.

• REPETITIONRATE: It should be arbitrary fast and it is hopefully limited
only by the temporal duration of the single-photon pulses.

• REPRODUCIBLESOURCES:Thepossibility ofworking simultaneously
with several photons is quite desired in quantum applications and thus it
is preferable that a single-photon source is reproducible. Therefore, differ-
ent sources should generate indistinguishable photons. The same result can
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Figure 1.2.1: A schematic of photon coalescence effect. Two single-mode
photons simultaneously enter in the two ports of a 3 dB beam splitter. They
give rise to transmitted or reflected amplitude. If they are indistinguishable,
the two paths in (c) and in (d) interfere destructively. Only paths (a) and (b)
contribute to observed amplitudes and thus both photons emerge at the same
output port.

be obtained storing indistinguishable photons emitted from a single-source
and emitting them at the same time when required.

1.2.2 Deterministic sources

There are a huge variety of systems that have been studied as on-demand single-
photon sources. Most of them are composed by a single emitting nano-object,
which is pumped into an excited state by an external control and spontaneously
relax to a lower-energy state emitting a photon. Generally, in order to achieve high
repetition rate and avoid excitation events with null emission, two conditions have
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to be fulfilled:

1. The emission quantum yield of the system must be as high as possible. The
emission yield of the nano-object can be increased placing it in a resonant
cavity and exploiting the enhanced spontaneous emission through Purcell
effect.

2. The excited statemust be prepared with unitary probability after each emis-
sion cycle.

1.2.2.1 Single atoms

Single-atom emitters [8] are designed to work in strong coupling regime, where
the cavity enhances single-photon emission into a single spatial mode. The isola-
tion,manipulation and trapping of single atoms require sophisticate and expansive
setup. Atoms are first trapped into a magneto-optical trap and cooled in order to
reduce collisions with residual gas, which cause dephasing and thus a broadening
of the emitted spectrum. When the magneto-optical trap is switched off, gravity
makes the atoms fall inside a high-finesse optical cavity, where an optical trap is ac-
tivated. The atom is characterized by purely electronic eigenstates: twometastable
ground states |g⟩ and |u⟩ and one excited state |e⟩ in the so called Λ configuration.
The transition of |u⟩ → |e⟩ is resonant with the pump laser pulse, while the reso-
nance of the optical cavity is set close to the transition of |g⟩ → |e⟩. The atom-
cavity system is characterized by a 3-level Hamiltonian: |e, 0⟩ , |u, 0⟩ and |g, 1⟩.
The atomic state |u⟩ can be transferred to |g⟩ via stimulated Raman adiabatic pas-
sage (STIRAP [9]). During STIRAP, a single photon is generated in the cavity
mode and leaves it through an output mirror. The final state |g, 0⟩ is reached and
emission is blocked until a recycling procedure is performed to bring the system
back to the state |u, 0⟩. If a single atom is trapped in the cavity, the sourcewill never
emit two or more photons at the same time. The emitted photons will present
transform-limitedwavepackets andwill be in principle perfectly indistinguishable.
Because atoms are all identical, single-atom emitters can be produced in quantity
for a scalable system. Which are the limitations? Despite the high efficiency of
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single-photons generation, the losses on exiting the system can cut down the emis-
sion probability to 0.05. Atom-based sources require to work at cryogenic tem-
perature in ultra-high vacuum. Furthermore, the operation time is limited by the
dwell time of an atom in a cavity mode.

1.2.2.2 Single ions

As for single atoms, the combination of involved eigenstates (in the Λ configu-
ration) and multi-step excitation procedure (far-off resonant Raman scattering or
small detuning STIRAP) inhibits multi-photon events from a single-ion. Further-
more, the strong confinement provided by radio-frequency ion trap ensures stable
ion localization in the center of optical cavity and thus the isolationof a single emit-
ter. The indistinguishability [10] between different pulses and sources is almost
perfectly guaranteed; thus the scalability in the number of single-ion emitters is
not an issue. Being strong coupling regime not straightforward for charged parti-
cles, an efficient collection of light is problematic. Moreover, the high spontaneous
decay rates for the involved resonant transitions compete with the emission of ra-
diation in the cavity mode lowering the probability of emitting a single photon
during each pump cycle. The effect of such a drawback is enhanced by the not null
probability that ions remain in the ground state at the end of the excitation pulse
without emitting a single photon.

1.2.2.3 Organicmolecules

Photon antibunching in condensed matter was first observed in a single-molecule
system. The eigenstates involved in the emitting transition are not purely elec-
tronic, but they involve phonons and vibrations. In principle, they can be approxi-
matedby a three-level system: a singlet ground state |S0⟩, a singlet excited state |S1⟩
and a triplet intermediate state |T1⟩. Due to the presence of additional vibrational
levels for each state, the single-photon emission presents a very broad spectrum.
As long as themolecule is excited from |S0⟩ to |S1⟩ and radiatively decays to |S0⟩, a
train of single-photons is generated. Unfortunately, when the molecule is trapped
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in thedark state |T1⟩ (with lowprobability because it is forbiddenby electric dipole
rules), the emission rate drops and the anti-bunching is deteriorated on longer
time scale. To overcome this issue, different solutions were proposed: the use of
high intensity pulsed laser or the application of a strong sinusoidal electric field to
shift the molecules absorption on and off the laser resonance. Despite molecular
photo-stability is critical, operation time can be extended to hours with the appro-
priate engineerization of the material and working condition. Indistinguishabil-
ity [11] is achievable between photons emitted by the same molecule exploiting
the so-called zero-phonon line (ZPL), which characterizes the transition from the
groundvibrational state of the ground to the lowest excited electronic state. Due to
the strong dependence of molecules on their environment, further improvements
are required to increase the number of identical sources. Cryogenic temperatures,
even if not strictly necessary, are recommended to work with a Fourier-transform
limited emission.

1.2.2.4 Color centers

Defects inside an insulating inorganic material lead to the formation of localized
electronic states and present intense absorption and fluorescence bands. The elec-
tronic wavefunctions and the photophysical properties of colour centers are com-
parable to those of organic molecules, but their photostability is much improved.
Among the systems which present individual defects, diamond is deeply studied
due to its mechanical stiffness and stability.

When one of the carbon atoms is replaced by a nitrogen and one of its neigh-
bours is missing, a nitrogen vacancy (NV) colour center [12] is formed. The zero-
phonon emission line is centered around 637 nmand the spectrum is broader than
100nm. Furthermore, thepresenceof adark state in the energy-system is responsi-
ble for a decrease in the emission rate and for bunching in the correlation function.

Thenickel-nitrogen vacancy colour center [13] has an emission line around 800
nm and presents a spectral bandwidth of few nanometer, smaller than the one of
the NV centers even at room temperature.
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The spatial aberration and the small collection solid angle associated with high
refractive index of diamond leads to a drop in single-photon collection efficiency
and thus bulk diamonds have been replaced by diamonds nanocrystals, which are
also easier to manipulate. Moreover, the associated background reduction leads
to a decrease in g2(0). NV color centers are not identical and thus the scalability
in the number of sources is limited. However, a tuning of the spectrum to make
emitted photons indistinguishable can be performed applying an external electric
field.

1.2.2.5 QuantumDots

Semiconductor quantum dots [14] are tiny islands of low-band-gap semiconduc-
tor embedded in a high-band-gap semiconductor (e.g. InGaAs in GaAs). A typ-
ical procedure for the fabrication of quantum dots (QDs) exploits the process of
Stranski-Krastanov growth, which allows the realization of uniformly sized three-
dimensional structures. Small dots present discrete energy spectrum with few
quantized levels for the holes and the electrons. In the weak-excitation regime, an
exciton can be produced on-demand and the recombination of the trapped elec-
tron with the hole leads to the emission of a single-photon. The excitation (opti-
cal or electrical) efficiency is close to unity, but the emission efficiency is gener-
ally smaller. Using standard growth techniques, the QDs can be easily incorpo-
rated into a resonant cavity in order to increase the extraction factor and thus the
emission rate. In fact, when the source frequency matches the cavity mode one,
an enhancement of spontaneous emission due to Purcell effect [15] can be ob-
served. In addition, the cavitymode directs the emissionmode into a single spatial
mode and an increase of collection occurs. A QD can also capture two electrons
and two holes to form a bi-exciton state, which decays by radiative cascade emit-
ting two photons with different energies. This effect can be exploited to produce
polarization-entangled photon pairs [16], even if several arrangements must be
employed to remove the polarization splitting in the emission cascade. Because
of multiple-exciton lines, cryogenic temperatures are usually required in order to
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work with single-photons. Furthermore, at higher temperature the exciton can
escape towards the wetting layers or the substrate. In addition, at low tempera-
tures the emission spectrum is closed to be Fourier-transform-limited. The indis-
tinguishability between different QDs is not particularly high due to the hosting
uncontrolled solid-state matrix. Each QD is thus different from the others and to
achieve systems scalability a fine tuning of single emitters is necessary.

1.2.3 Probabilistic sources

Currently, themostwidely employed single-photon sources for quantum informa-
tion science are probabilistic sources based on nonlinear phenomena: i.e. sponta-
neous parametric downconversion and four-wave mixing. As a result of the non-
linear interaction between a medium and an excitation laser, it is possible to gen-
erate correlated pairs of photons, which can be exploited to create pseudo-single
photon states. A photon of the pair is used as a trigger for detecting its twin: the
heralding photon of the pair heralds the existence of the heralded photon. Due to
the statistical nature of the photon-pair production process, this kind of source is
not on-demand and most of the time no photons are produced. Furthermore, the
probability of generating multiple-pairs is not negligible. Even if the specifics of
photon number distribution is dependent on the details of the source, an inspect
of the output state of spontaneous parametric downconversion process can help
to understand the general behaviour of probabilistic sources:

|ΨSPDC⟩ =
√

1− |λ|2
∞∑
0

λn |n, n⟩ , (1.17)

where |λ|2 is proportional to the laser pump power and |n⟩ is the n-photon Fock-
state. Theprobabilityof generatingn-photonpairs is givenbyP(n)=(1-|λ|2)/|λ|2n,
while the probability of creating (n+1)photonpairs is givenbyP(n+1)= |λ|2 P(n).
Since the ratio P(n+1)/P(n) increases with |λ|, the pump power and the average
single-pair production must be kept below unity to avoid multiple-pair produc-
tion. Decreasing the mean number of pairs generated, the second-order correla-
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tion function g(2)(0) of the heralded source can be made arbitrary close to zero.
Therefore, probabilistic sources present a trade-off between brightness and pu-
rity g(2)(0). The exploitation of number-resolving-photon detectors, which allow
to distinguish multiple-pair generation from single-pair generation, represents a
smart strategy to bypass the above trade-off. Another way of dealing with proba-
bilist emission is to couple the heralded source with a photon storagemechanism;
this combination will move the pair source toward deterministic operation. In re-
gards to emission rate and g(2)(0), losses in the photon-path must be considered
since they perturb the photon number distribution of the source: i.e. the single-
pair emission is more sensitive to losses with respect to multiple-pair one. An her-
alded photon can be lost during its propagation leading to a null measurement.
Stray light or dark counts can behave as false heralds resulting in a void detec-
tion. In addition, unheralded photons will be emitted due to losses in the herald-
ing channel. To overcome this issue the heralded channel should be opened only
when triggered by a herald [17].

1.2.3.1 Spontaneous ParametricDownConversion

The interaction of a pump laser pulse with a non-centrosymmetric χ(2) nonlinear
media can lead to the conversion of the incident pump photon into two lower en-
ergy photons. The two daughter photons, which are generated simultaneously
[18], are called signal and idler. In this process called spontaneous parametric
downconversion(SPDC)photonenergy andmomentumconservation(Fig.1.2.2)
impose: ℏwp = ℏws + ℏwi

ℏ⃗kp = ℏ⃗ki + ℏ⃗ks

(1.18)

where the indices p, s, i stand for the pump, signal, and idler photons. Themomen-
tum conservation law is also called ”Phase-Matching” condition.

If the downconverted photons have equal frequency (wi = ws = wp/2), the pro-
cess is called degenerate. Otherwise, it is said to be nondegenerate. In this case, a
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Figure 1.2.2: (a) Schematic of non-collinear SPDC. A pump photon interacts
with a nonlinear χ(2) material and it is converted into an idler and signal photon.
(b) Energy conservation condition; (c) Phase-Matching condition and (d) Quasi-
Phase-Matching condition

continuum of other energy andmomentum pairs is achievable, determined by the
dispersion relations of the material under the constraints of the above conserva-
tion laws.

For SPDC using bulk nonlinear crystals, there are two types of birefringent
phase-matching:

Figure 1.2.3: Schematic of angular phase-matching in bulk crystals. The pump
field direction and the optical crystal axis (o.a) form an angle θ. The downcon-
verted photons emerge at angles θi and θs. a) In Type I configuration the signal
and idler photons have the same polarization. b) In Type II configuration they
have an orthogonal polarization. Photons emerging from the intersections are
naturally entangled [19].
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• TYPE I: the daughter photons have the samepolarization orthogonal to the
one of pump photon as depicted in Fig. 1.2.3a. In the case of degenerate
SPDC, the pair of photons emerges in a cone centered on the pump beam
andwhoseopening angle dependson the angle between thepumpdirection
and the optical axis of the crystal.

• TYPE II: the downconverted photons have orthogonal polarization and
thus they are emitted in two cones, one ordinary and the other extraordi-
nary polarized. Varying the incident pump angle, the two cones tilt towards
the pump and intersect along two symmetric directions as represented in
Fig. 1.2.3b. Where the two cones intersect, a Bell entangled state is ob-
tained:

|ψ⟩ = |H1,V2⟩+ eiφ |V1,H2⟩√
2

, (1.19)

where the phase term is induced by crystal birefringence.

In order to obtain photon pairs with desired wavelength and phase-matching
properties, the crystal can be engineered through periodic poling [20]. This tech-
nique employs a periodic reversal of the ferroelectric polarization to induce a pe-
riodic inversion of the sign of the second order nonlinear coefficient allowing to
achievephase-matchingwhere it is otherwise impossible [21]. Thephase-matching
condition thus becomes:

k⃗p = k⃗i + k⃗s +
2π
Λ

· u⃗, (1.20)

being Λ the poling period and u⃗ the unitary vector along the propagation axis. This
condition is called ”Quasi-Phase-Matching” [22] and it is represented in 1.2.2d.
This additional degree of freedom allows to generate twin photon with the same
polarization of the pump photon also in the collinear configuration (Type 0). An-
other advantageof this configurationwith respect tobirefringencephase-matching
is that it permits to exploit the largest nonlinear coefficient in the materials. For
example, in LiNbO3 the d33 coefficient is thus available leading to an increase of
photon-pair yield. In addition to QPM, a further improvement to bulk SPDC is
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the use of waveguides. In fact, in bulk SPDC, as represented in Fig. 1.2.3, the pho-
ton pairs are typically generated in multimode cones surrounding the pump laser.
Due to the presence of different spatial modes, a post-generationmodal filtering is
required. The implementation of waveguiding structures in χ(2) materials partially
resolves this issue, since waveguide SPDC sources can provide a single transverse
mode beam. Furthermore, waveguides allow to confine the pump beam over the
whole interaction length, rather than only near the focal point. As a consequence,
an improvement of conversion efficiency, up to four order of magnitude over the
bulk birefringent phase-matching configuration, is achievable [23]. In addition,
they pave the way to the integration of SPDC sources and other optical elements
into small-scale devices.

1.2.3.2 FourWaveMixing

Four-wave mixing (FWM) is the dominant nonlinear process in centrosymmet-
ric materials (e.g. glass), which do not present second order nonlinearity χ(2).
The χ(3) nonlinear response of glass can lead to the spontaneous conversion of
two pump photons into a correlated pair of photons, known as the signal and the
idler, when the constraints of energy and momentum conservation are satisfied.
Notwithstanding the low value of χ(3) nonlinearity in glass, the long interaction
length achievable in optical fibers allows to efficiently generate photon pairs with
FWM[24]. Obviously, a collinear geometry is required to work with optical fiber.
The spectral properties of the generated photon pairs are strongly dependent on
the dispersion properties of the fiber. Working near the zero-dispersion wave-
length of the fiber, it is possible to obtain both degenerate (even close to the pump
wavelength) and strongly nondegenerate daughter photons. Photon pair gener-
ation has been demonstrated also in photonic crystal fiber, which ensures higher
flexibility (i.e. broad tunability of phase-matching fromvisible toC-band) exploit-
ing the controlledmodification induced on dispersion by the proper design of the
fiber structure [25]. Since the generatedphotons are generated in the fundamental
mode of the fiber, they can be efficiently coupled into standard single mode fiber.
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Exploiting FWM, heralded single photon sources have also been demonstrated
in dispersion shifted fibers, birefringent single-mode fibers [26] and silicon-on-
insulator (SOI) waveguides [27]. In addition, two-photon states and in partic-
ular, polarization-entangled photon states can be generated by employing fiber-
based sources. A limitation to brightness and purity of FWM based-source is the
so-called Raman scattering. Throughout its propagation, a pump photon can be
inelastically scattered by the glass leading to the emission of a phonon and a red-
shifted photon. When the wavelength of the Raman scattered pulse overlaps with
the wavelength of the idler, an increase in the background count rates occurs. Dif-
ferent strategies can be exploited to mitigate the effect of Raman scattering [28,
29].

1.2.4 Applications

Amajor drive in the development of compact, efficient and reliable single-photon
sourceshasbeenprovidedby several exciting applications,which relyon thequantum-
mechanical effects related to Fock states (i.e squeezing and entanglement). Al-
thoughotherphysical systemspresent thesequantumproperties, photons are ideal
candidates in data transmission and metrology, since they exhibit very low deco-
herence. Here we report few examples of single-photon source applications.

Quantum information

Quantum-information science deals with the encoding, manipulation and mea-
surement of information using quantum-mechanical objects. It could allow to per-
form computational tasks and simulation more efficiently than in the case of clas-
sical computing. The fundamental unit in quantum information is the qubit: a
quantum two-level system prepared in a coherent superposition of its eigenstates
|0⟩ and |1⟩.

|ψ⟩ = α |0⟩+ β |1⟩ , (1.21)
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where α and β are complex amplitude. Due to their ability to transport informa-
tion over long distances, their negligible decoherence and the possibility of being
encoded in several degrees of freedom (polarization, time bin or path [30]), the
choice of photons as qubits seems an excellent one. However, the photon-photon
interaction is very weak and the realization of logic gates for quantum computa-
tion scheme, in which two qubits have to strongly interact, had appeared as a really
challenging task until the discovery of Knill, Laflamme andMilburn in 2001 [31].
Knill et al. showed that single-photon sources, passive linear optics and single-
photon detectors are sufficient for implementing reliable quantum algorithms. In
their scheme, the photons must undergo quantum interference on beamsplitters,
which implies that they must be indistinguishable. Furthermore, very high effi-
ciencies are needed. In fact, it has been successively shown that if all the other
components are perfect, quantum computation is possible if the overall efficiency
of source and detector is greater than 2/3 [32].

Quantum cryptography

QuantumKeyDistribution (QKD) is a securemethod for the exchange of a secret
key between two distant partners, Alice and Bob. Its safety is guaranteed by the
impossibility of measuring an unknown quantum-mechanical state without mod-
ifying it. Thus, in an ideal experimental system, an eavesdropper, traditionally re-
ferred to as Eve, cannot intercept Alice and Bob’s secret key without introducing
detectable errors in the communication. The ideal scheme of QKD demands sin-
gle photons, since the presence of multiple photons in the channel can compro-
mise the security of the communication by allowing Eve to gain information [33].
The first protocol for QKD proposed by Bennett and Brassard (BB84) [34] has
been progressively modified in order to relax the single-photon requirement and
reduce the potential leakage of information to Eve. Although these schemes, such
as those based on decoy states[35] and privacy amplification[36], have shown
their effectiveness even with attenuated laser, long distance key-sharing, which re-
quires quantum repeaters[37], heavily relies on single-photon.
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Quantummetrology

The Heisenberg uncertainty principle ΔAΔB ⩾ 1
2 |⟨[A,B]⟩| between the standard

deviation of two arbitrary observables has a built in degree of freedom, which is
unexploited in classical approach. In fact, one can squeeze the standard deviation
of one observable provided one stretches that of the conjugate one. This allows to
define an optimal measurement strategy for a desired quadrature.

Using a coherent state with an average number N of photons, the weakest mea-
surable absorption of a medium is determined by shot noise. Working with an
ideal single-photon source, the number of photons sent into the absorber is well-
known andfixed leading to aBinomial distribution of the detected counts and a re-
duction of the associated standard deviation. The combination of a perfect single-
photon source and a perfect detection would give access to the measurement of
arbitrary small absorptions [7].

Exploiting quantum entanglement and in particular a NOON state ¹ it is possi-
ble to overcome the Rayleigh diffraction limit. Classical lithography is limited to
writing features of a λ/2 size or greater, where λ is the optical wavelength. The res-
olution limit for a NOON state is reduced to λ/2N [38]. Furthermore, the use of
a NOON state allows to measure a phase with a precision of 1/N outperforming
the 1/

√
N precision limit possible with N unentangled photons [39].

¹A NOON state is a many-body entangled state:

φNOON =
|N⟩1 |0⟩2 + eiNθ |0⟩1 |N⟩2√

2
, (1.22)

which represents a superposition of N particles in mode 1 and 0 in mode 2 and viceversa. Multi-
photon states can be created by interference of indistinguishable single-photons at a beam splitter.
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2
Femtosecond LaserMicromachining

In this chapter femtosecond laser direct writing technique is presented. In section
2.1 the interaction between a femtosecond laser pulse and a dielectric material is
introduced. In section 2.2 the main parameters involved in the waveguide fabrica-
tion process will be described. Section 2.3 contains an overview on the principles
and methods for the realization of waveguides in crystalline structure.

25



Introduction

The optical properties of a small volume inside a transparent substrate could be
modified in a permanent way by tighly focused femtosecond laser pulses : this
demonstration byDavis et al. in 1996 [40] paves the way to femtosecond lasermi-
cromaching (FLM) of transparent materials. The relative translation between the
substrate and the focus of the laser beam allows direct optical waveguide writing
due to the capability of inducing an increase of the refractive index localized in the
focal volume. The advantages of this technique over other competing processes
are:

• RAPID PROTOTYPING: FLM is a single-step and maskless fabrication
technique. It doesn’t require any clean room facility. Due to the simple fab-
rication setup it allows rapid prototyping and small scale production with a
significant cost reduction and process speed-up.

• FLEXIBILITY: Relying on the nonlinear nature of FLM and tailoring the
writing parameters, in principle almost any type of transparentmaterial can
be processed, i.e. glasses, crystals and polymers.

• 3D GEOMETRY: Due to the nonlinear interaction between the femtosec-
ond laser pulses and the processedmaterial, the irradiated volume is limited
around the focal volume of the laser beam and so it’s possible to write at ar-
bitrary depths inside the substrate. A degree of freedom is thus added with
respect to other fabrication techniques and therefore innovative configura-
tions and structures are allowed.
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2.1 Femtosecond laser interaction

in bulk dielectrics

FLM is based on the nonlinear interaction of a train of femtosecond laser pulses
with a transparent material. A strong laser beam is focused beneath the surface
of the substrate and, if the photon energy E = hν is less than the bandgap energy
Eg between the valence and the conduction band, linear absorption phenomena
are inhibited and nonlinear photoionization occurs promoting an electron from
valence to conduction band. The process can be divided in three steps: generation
of free electron plasma, energy relaxation and material modification.

Figure 2.1.1: Schematic of the interaction between a femtosecond laser pulse
and a transparent material. (a) Multiphoton absorption (b) Tunneling ionization
(c) Inverse Bremmstrahlung and avalanche photoionization. The image is taken
from [41]

Free electron plasma formation is mainly induced by two mechanisms: multi-
photon absorption and tunneling ionization. In the former process, typically in
the low laser intensity and high frequency regime, m photons
(mhν > Eg) are simultaneously absorbed by a valence electron allowing its pro-
motion to conduction band. At higher intensity the strong field applied to the
material can induce a distortion of the band structure causing a reduction of the
potential barrier between valence and conduction band and allowing the band to
band tunnelling of an electron. Evaluating the Keldysh parameter [42] for typi-
cal waveguide writing condition, it is possible to deduce that both processes con-
tribute to nonlinear ionization. The seed of free electrons is thus sprouted and
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it can be amplified through avalanche photoionization process. The free electron
can absorb light through inverse Bremmstrahlung and thus acquire several pho-
tons in a linear sequential way until its energy exceed the bandgap energy Eg. The
hot electron is now ready to excite a bound valence electron through impact ion-
ization and promote it in the conduction band. As long as the laser is present and
strong enough, the process repeats causing the formation of an electron avalanche.
Avalanche ionization contributes in the growing of free electron density until the
plasma frequency gets close to the laser frequency ν and thus the remaining energy
of the laser pulse is transferred to the plasma through free carrier absorption. In
a time-scale of 10 ps the electron-ion plasma relaxes and the energy is transferred
to the lattice inducing a modification of the material in a microsecond time-scale.
Different physical phenomena (e.g. densification [43], colour center formation
[44], ion exchange/migration effects [45]) are involved in the alteration of the
optical properties of the substrate, but the precise role of each of them is strongly
dependent on the material properties and the exposure parameters. In general, it
is possible to identify three main regimes of material modification. Working with
low pulse energies a smooth and isotropic refractive index increase [46, 47] can be
obtained and this modification fits the requirements for the realization of optical
waveguides. At higher pulse energies birefringent refractive index change and the
formation of nanogratings can be observed [48]. A further increase in the pulse
energies leads to the generation of micro-explosions and the formation of empty
voids inside the substrate[49].

Using sub-picosecond pulses entail two advantages: deterministic breakdown
and the decoupling of absorption process to lattice heating process. For longer
pulses it is difficult to reach the pulse peak intensity required to trigger nonlinear
photoionization, which provides seed electrons for avalanche ionization and al-
lows plasma generation in a deterministic way around the focal volume. In fact,
the creation of the free electron plasma is still possible, but the seed is provided
by thermally excited electrons or by the presence of impurity or defect states in-
side the material. Their concentration is typically low and their number fluctuates
in time and space inducing stochastic breakdown through avalanche ionization.
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Furthermore, since the temporal scale of plasma relaxation is in the order of 10 ps,
the free electron carriers formation and the lattice heating processes are temporally
decoupled leading to a more precise micromachining.

2.2 Waveguidewriting parameters

2.2.1 Focusing

Incident femtosecond laser pulses are focused inside the substratewith an external
systemof optics in order to achieve a small focal spot and trigger nonlinear absorp-
tion. Chromatic and spherical aberration cause a deviation of the intensity distri-
bution near the focus and can be partially compensated using amicroscope objec-
tive. In the approximation of linear propagation and null spherical aberration, the
spatial intensity profile of a femtosecond laser beam can be represented in Gaus-
sian optics. The diffraction-limited minimum waist radius w0 and the Rayleigh
range z0 of the beam are given respectively by:

w0 =
M2λ
NAπ

(2.1)

z0 =
nM2λ
NA2π

, (2.2)

being M2 the Gaussian beam propagation factor, λ the laser free space wave-
length, NA the numerical aperture of the focusing objective and n the refractive
index of the glass. An objective with an higher NA allows theoretically to obtain a
tighter and less elongated focus. The depth of the focus beneath the substrate sur-
face is another key parameter in waveguide fabrication. In fact, an additional con-
tribution in spherical aberration is introduced by the index mismatch at air/glass
interface and it is translated into a strong depth dependence of device properties.
This effect is stressed for higher NA objectives, but it can be limited using an oil-
immersion objective due to the reduction of the refractive index mismatch for the
stacked structure. However, this kind of objectives has a limited working distance
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and available depth range. Another solution is represented by dry objectives with
collars that enable the correction of spherical aberration at different processing
depths.

In the choice of working depth the effect of nonlinear propagation should be
taken into account and it can be represented through the nonlinear refractive in-
dex n2 of the material. An intense laser beam is focused inside a dielectric with
a strength dependent on the peak power. If the peak power exceeds the critical
power for self-focusing:

Pc =
3.77λ2

8πn0n2
; (2.3)

the pulse collapses to a focal point, nonlinear ionization process is activated and
free electron plasma is produced. The free electron plasma behaves as a diverging
lens balancing the Kerr-lens self-focusing and causing the formation of light fila-
mentation. This effect leads to the creation of elongated and distorted focal spot
and makes writing of waveguide in nonlinear media very challenging (i.e. chalco-
genide glasses [50], heavy metal oxide [51], silicon crystals [52]).

2.2.2 WritingConfiguration

Two standard configurations [53] can be identified for the fabrication of optical
waveguides through FLM:

1. LONGITUDINAL: In this geometry, the sample is translated along the
incident beam propagation direction. Therefore, the realized waveguide
shows an intrinsic cylindrical symmetry due to the transverse symmetry of
the Gaussian intensity profile of the fabrication beam. The main drawback
of this configuration is that the processing length is limited by the working
distance of the employed objectives.

2. TRANSVERSE: In this configuration, the sample is translatedorthogonally
to the beam propagation direction. Thewaveguide cross-section is strongly
asymmetric depending on the shape of the focal spot, in particular on the
ratio between the Rayleigh range z0 (depth of the focus) and beamwaist w0
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(half of the focus width). The elliptical cross section leads to an intrinsic
waveguide birefringence and the supported guided modes couple with less
efficiency to standard optical fibers. In order to obtain a symmetric cross
section, beam shaping techniques or multiscan writing approach should be
adopted. In principle, the limitation in the waveguide’s length is removed
(bounded only by working area of the sample translation stages and propa-
gation loss inside the substrate) with an huge increase in design flexibility.

2.2.3 RepetitionRate

The repetition rate [54] of the pulse train is a crucial parameter in waveguide fab-
rication with FLM and it is possible to classify two different processing regimes:

In the low repetition rate regime (<100 kHz) the material modification is al-
most completely determined by the interaction with a single femtosecond laser
pulse. In fact, the heat piled in the focus is totally dissipated through thermal dif-
fusion before the next pulse arrival. As a consequence the shape of modified re-
gion matches the shape of the irradiated focal volume and the waveguides written
in the transverse geometry exhibit an asymmetric (elliptical-like) cross sections.
Furthermore, the low repetition rate allows only low processing speeds (around
10-100 μm/s) entailing an increase of the overall fabrication time. Despite these
disadvantages, this regime is widely used in waveguide fabrication because of the
widespread availability of regeneratively amplified Ti:Sapphire lasers at 800 nm,
which produce highly energetic femtosecond laser pulses with 1-200 kHz repeti-
tion rate.

Heat accumulation effects arise when the repetition rate is increased up to tens
ofMHz in order tomake the timebetween two consecutive pulses shorter than the
heat diffusion time (around 1 μs). Therefore the heat deposited in the focal vol-
umedoesnot have time todiffuse away andpulse overlap induces thermal accumu-
lation effects, which allow to obtain cylindrically symmetric waveguides without
the need of beam shaping techniques due to isotropic heat diffusion. Annealing
and decreased thermal cycling related to high-repetition rate and high local tem-
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perature increase allow to fabricatemore uniform and symmetric waveguides with
benefits both on the propagation losses andon the coupling losses to optical fibers.
Moreover it is possible to increase the writing speeds up to 50-100 mm/s. Fem-
tosecond laser oscillators without amplification stage are typically employed and
so only low energy pulses are available. In order to reach the threshold intensity
for nonlinear absorption, tight focusing is required and the use of high-numerical
aperture oil-immersion objectives allows to fabricate structures only in the close
proximity to the surface.

An intermediate regime (from hundreds of kHz to few MHz) can be observed
employingYb-based laser systems. These sources deliver femtosecond laser pulses
with few μJ pulse energy and thus tight focusing is no longer required. Longwork-
ing distance objectives can be employed allowing to completely exploit the 3D ca-
pabilities of FLM. In this regime, due to the combination of energetic pulses and
thermal effects, higher refractive index contrast waveguides can be fabricated with
high processing speeds and with uniform and symmetric structure.

2.2.4 Beam shaping andmultiscan techniques

Beam shaping and multiscan techniques have been developed to fabricate waveg-
uides with symmetric cross-section, even in transverse writing configuration and
in the low-repetition rate regime. Since the waveguide cross-section is directly re-
lated to the spatial distribution of the induced electron plasma in the single-pulse
interaction regime, beam shaping techniques rely onmolding the inscription laser
beam to control the corresponding cross-section.

The first technique [55, 56] employs a cylindrical telescope before the focusing
objective exploiting its demagnification ratio to adjust the beam waist ratio and
varying thepositionof the secondcylindrical lens to tune the astigmatic difference.

In the slit beam shaping technique [57, 58]a micrometer controlled adjustable
slit is placed in front of the focusing lens and is orientated along the sample trans-
lation direction allowing the reduction of the NA of the focusing in the plane per-
pendicular towaveguide axis. A change in theNAof the focusing is directly related
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to amodification of the focused beamwaist and exploiting this effect a beamwaist
ratio of ∼ 10 is achievable, which is the estimated value for the fabrication of a
symmetric waveguide cross-section.

Previous techniques work with a fixed waveguide cross-section along a fixed
sample translation direction forbidding symmetry conservation for bended struc-
ture. A possible solution is represented by the replacement of the cylindrical tele-
scope or the slit with a computer controlled active optics (e.g spatial lightmodula-
tor and deformablemirror [59]). This arrangement allows tomaintain symmetric
cross-section waveguides even changing sample translation direction by synchro-
nizing the phase and the amplitude profile of the laser beamwith the sample trans-
lation. Another solution is the so called spatialtemporal focusing (STF) technique
[60], which allows the control of the focal Rayleigh range independently of the
focus beam waists and translation direction. Forcing spectral chirp before the ob-
jective lens and exploiting the gradient of the temporal focusing induced by pulse
duration stretching, it is possible to create a spherical peak E-field distribution of
the focus in the material.

The greatest flexibility in controlling the waveguide cross-section is achievable
through multiscan technique [61, 62]. The single scan asymmetry is corrected
by scanning the sample multiple times (around 20 for single mode waveguide)
slightly varying the sample position. The combination of multiple material modi-
fications allows to obtain an overall square and symmetric cross-section. Further-
more the use of this technique is not limited to single pulse regime, but it has also
been employed in the previously described intermediate regime.

As previously stated, symmetric waveguide profile can be obtained in the trans-
verse writing geometry exploiting isotropic thermal diffusion induced by thermal
accumulation in intermediate/high-repetition rate regime, even without resorting
to any beam shaping technique.
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2.2.5 Other parameters

In addition to the previous parameters and techniques, the optimum processing
window forwaveguide fabrication in a givenmaterial is dependent on a lot of other
factors. Translation speed influences the total energy deposited per unit of volume
at a fixedpulse energy and it affects the achieved refractive indexmodification. The
spatial distribution of the energy density in the focal volume is strongly affected by
pulse duration through nonlinear pulse propagation process. Thewavelength [63]
of the incident laser beam is another parameter that should be taken into account
in the fabrication process due to its strong influence on the order of multipho-
ton absorption in high bandgap materials. The laser-substrate interaction can be
influenced by the writing direction due to a pulse front tilt in the incident beam
according to the so-called quill effect [64]. Also the incident writing polarization
[65] should be weighed in the definition of the fabrication procedure.

2.3 Fabrication in crystallinematerials

This section will provide an introduction on FLM in crystalline media, which are
very interesting materials for integrated optics applications due to their unique
properties, such as birefringence and high nonlinear response.

2.3.1 Crystals modification

Theinteractionof femtosecond laserpulseswith regular crystalline lattice is strongly
different than the one with amorphous structures. In fused silica the modification
of the exposed material is mainly related to its densification. The rapid cooling of
themelted glass in the focal volume freezes it in the high temperature state leading
to an increase of the density and thus of the refractive index. In principle, a pertur-
bation of an ordered crystalline structure is followed by a reduction of its density
in the modified region. The morphological changes induced by the irradiation of
crystals can be classified into two types. The first type is characterized by a weak
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modification at the focal volume and by an increase of the extraordinary refractive
index. After its first observation in LiNbO3, the origin of this kind of modifica-
tion was deeply investigated. Burghoff et al. [66] associated this change to the
combined effects of defects in the crystalline lattice and the ferroelectric nature
of LiNbO3. Lattice defects lead to a reduction of spontaneous polarization Ps. In
general, Ps is related to a decrease of the refractive indices due to the electro-optic
effect according to the following relations:

δno = − 1
2
n3o g13 P2s (2.4a)

δne = − 1
2
n3e g33 P2s , (2.4b)

where g is the quadratic electro-optic coefficient. Therefore, a reduction of spon-
taneous polarization results in an increase of ne and no. This effect is counterbal-
anced by an expansion of the unit cell and thus a reduction of the refractive index.
At low laser fluence, the lattice structure is preserved and the volume increase re-
mains negligible allowing the realization of a positive extraordinary refractive in-
dex change. Being the effect of spontaneous polarization reduction smaller for no,
a positive variation of the ordinary refractive index has never been observed. It is
important to notice that isolated point defects can be annealed at temperatures
around 200 °C. Stronger perturbation makes the volume change the dominant
mechanism leading to a decrease of both refractive indices in the irradiated region.
A stress field is induced in the region surrounding the exposed volume leading to
an increase of the refractive index. This modification of the material is typically
called Type II configuration and has been reported in a number of crystals. This
approach allows the fabrication of waveguides exploiting the lateral areas of the
tracks, which are characterized by an increased refractive index. Further explana-
tion on waveguide geometries in crystals is provided in the following paragraph.

35



2.3.2 Waveguide configurations

According to Chen et Vàzquez de Aldana [67], a different classification of FLM
waveguides in crystalline materials is introduced. In this case, waveguides are not
classified by the sign of the refractive-index change, but by the disposition of the
induced tracks.

Figure 2.3.1: Schematic of the different fabrication configurations of waveg-
uides in crystals through FLM: (a) Type I (Directly written waveguides) (b) Type
II (Stressed-induced waveguides) (c) Type III (Depressed cladding waveguides)
(d) Type IV (Ablated ridge waveguides). In the insets the cross-sections of the
waveguides are sketched, where the shadows are the irradiated regions and the
dashed lines delineate the waveguide cores. The image is taken from [67]

• Type I : In this configuration the guiding structure is directly fabricated in
the exposed region. A positive refractive-index change (Δn > 0) is induced
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in the irradiated focal volumeby femtosecond laserwriting. Although an in-
dex increase is very common in amorphousmaterial, themechanisms seem
more complex in crystals andType Imodifications have only been obtained
in few materials (LiNbO3 [68, 69], ZnSe [70], Nd:YCOB [71]). Further-
more, the positive Δn can be obtained only along a particular axis support-
ing only one polarization direction. Another drawback of Type I waveg-
uides is the lack of thermal stability: thermal deterioration occurs working
at high temperature limiting their use in high-power applications. Since the
interaction with femtosecond laser pulse is usually related to a strongmodi-
ficationof the focal volume, the destructionof the periodic lattice structures
in the waveguide core can occur leading to a degradation of the associated
bulk properties, such as nonlinear response. However, the bulk features can
still be maintained with the proper choice of the processing parameters.

• Type II :The femtosecond laser pulses - crystal interaction produces a nega-
tive refractive-indexmodification in the exposed focal volume causedby the
lattice expansion and the resulting local density reduction. The region sur-
rounding the track typically present a slight increase of the refractive index
due to stress-induced effects. Exploiting these properties, the waveguide
core is typically located in the region between two highly damaged tracks
following the so-called ”double-line” or ”dual-line” approach [66]. Since the
waveguide core is not directly affected by femtosecond laser pulses, the bulk
properties [72] are preserved. Type IIwaveguides can be realized in a broad
set of crystals, generally support both horizontal and vertical polarization
and they survive treatments at moderately high-temperature.
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• Type III : In this configuration [73] the waveguide core is confined inside a
quasi continuous low-index potential barrierwall, composedof a number of
near damaged tracks (Δn < 0 as in Type II configuration). The quasiclosed
cross-section of the depressed cladding waveguides can be engineered ad-
justing the arrangement of the tracks in order to support single mode (or
highly multimode) guidance from visible to mid-IR wavelengths for both
TE and TM polarizations. Furthermore, it is possible to obtain circular
cross-section waveguides, which couple well with optical fibers.

• Type IV : High-intensity femtosecond laser pulses can be employed to etch
crystals in selected regions in order to produce ablated ridge waveguides
[74]onplanarwaveguide layer, which canbeproducedbyother techniques.
Postablation treatment is required to reduce the high roughness of the side-
walls and the resulting losses. Amultiscan configuration can be used to fur-
ther reduce sidewall roughness.
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3
Experimental Setup

The experimental techniques and methods employed during the work described
in this thesis are disclosed. Section 3.1 deals with the presentation of the setup
used for the realization of the integrated photonic devices. In Section 3.2 the ex-
planation on how to characterize the produced waveguides is explained.
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3.1 Fabrication setup

The experimental setup used to fabricate the optical circuits presented in this the-
sis is sketched in Figure 3.1.1. A femtosecond pulsed laser beam at 1030 nm is
generated by a cavity-dumpedmode-locked oscillator and it is carried by a system
of dielectric mirrors to the machining area. Here, the writing beam is focused by a
microscope objective inside the sample, which is glued above a three dimensional,
computer driven, linear motion system. A precise setup alignment in the trans-
verse fabrication geometry is achievable by a set of mirrors and a gimbal-based
adjuster (GM100, Thorlabs) mounted on the translation stages.

Figure 3.1.1: Schematic of the fabrication setup. A femtosecond laser beam
at 1030 nm is delivered to a three dimensional high-precision translation stage,
where the processing substrate (SUB) is fixed. The beam is tightly focused inside
the material by means of a microscope objective (OBJ). The laser power can
be controlled through a Glenn-Thomson polarizer cube (PBS) and a halfwave
plate (HWP), while a mechanical shutter (SH) synchronized with the motion
system allows a fast laser switching. Two flip mirrors (FM) permit to deviate the
laser beam to a second harmonic generation stage (SHG) allowing to perform
the fabrication process at 515 nm wavelength. Here, a 15 mm focal lens (L1)
focuses the beam into a temperature controlled lithium triborate crystal (LBO)
and the generated light is collimated by a 30 mm focal lens (L2). The image is
taken from [75]
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To obtain a precise and reproducible setting of the fabrication frame of refer-
ence, a CCD camera is used to collect the collimated back-reflected light of the
laserbeamwhen it is focusedon the substrate surface. Amechanical shutter (SH05,
Thorlabs) synchronized with the motion stage is employed to enable or block the
laser beam in specific regions during the fabrication process. The average energy
per pulse impinging on the substrate can be tuned along the laser path rotating
an halfwave plate placed next to a Glenn-Thomson polarizer. In addition, two flip
mirrors allow to redirect the beam through a second harmonic generation stage in
order to choose as processing laser wavelength the fundamental (at 1030 nm) or
its half (at 515 nm).

3.1.1 The laser source

Thelaser source is a cavity-dumpedmode-lockeroscillator [76]developed in a col-
laboration between the Max Planck Institut of Heidelberg (Germany) and High-
QLaser GmbH (Austria). The active medium is a KY(WO₄)₂ crystal, doped at 5
% concetration with Ytterbium. The laser emission wavelength is 1030 nm. The
pumping system is based on a InGaAs multiemitter laser diode bar at 980 nm and
the employed optical pump power is in the order of 15 W. The 8.9 m long cavity
is wrapped in a footprint of 90 cm x 50 cm by a sequence of mirrors. The passive
mode-locking regime is ensured by the utilization of a SESAM (SEmiconductor
SaturableAbsorbingMirror) as the endmirror of the cavity and it allows to achieve
a mode-locking pulse train at 17 MHz. Cavity dumping of the laser pulses is per-
formed through the combination of a Pockels cell and a thin film polarizer. An
external electronic driver is synchronized to themode-locking pulse train and acts
on the Pockels cell with adjustable voltage and repetition rate. Thepolarization ro-
tation induced by the Pockels cell makes a part of the pulse energy to be reflected
by the thin film polarized and be extracted from the cavity. The repetition rate
of the laser system can be tuned from few KHz to 1.1 MHz, spanning the integer
submultiples of 17 MHz. Acting on the pump power and the dumping ratio it is
possible to adjust the pulse energy (up to 1 μJ) and the pulse duration (from about
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250 fs to about 400 fs) according to the pseudo-solitonic regime sustained by the
cavity [77].

3.1.2 Themotion stage

Aerotech 3DFIBERGlide three-axismotion stage provides the relativemovement
between the laser focal spot and the sample. Due to the combination of air-bearing
and brushless linear electric motor, an arbitrary 3D path with high accuracy and
smoothness in a volume of 100 x 150 x 5 mm³ is achievable. Optical encoders to
1 nm resolution constantly monitor the stages position and allow an active con-
trol of the motion with errors below 100 nm. The system is computer controlled
and is programmable by G-Code language (typically used in CNC machining) to
perform the designed microfabrication.

3.2 Characterization setup

In this paragraph a brief introduction to the characterization measurements re-
quired to test theproperdevice functions and the relative instrumentation adopted
is provided.

3.2.1 Opticalmicroscope

The first evaluation of the fabricated devices is performed through an optical mi-
croscope. From the top surface observation it is possible to verify the uniformity
of the waveguides and to check if errors occurred during the fabrication process
in terms of interruptions or defects in their paths. Side view of the sample al-
lows to analyze the cross-section of the waveguides and infer qualitative informa-
tion on the fabrication process. To this target a Nikon ME600 microscope was
used, equipped with an optional Differential Interference Contrast (DIC) mod-
ule, which enables enhanced vision of small index contrasts by exploiting interfer-
ence phenomena. A high resolution CCD Camera (PixeLINK B871) is mounted
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Figure 3.2.1: (a) End-fire coupling configuration for waveguide characteriza-
tion. A microscope objective (OBJ) focuses the incoming laser beam into the
waveguide (WG) input facet. Another microscope objective collects the output
light and images it either on a power meter head (PM) or on an imaging cam-
era (IC). b) Fiber-butt coupling. In this case, light is coupled to the device by
directly facing the input facet to a single mode optical fiber (SMF). The image
is taken from [75]

on the microscope for picture acquisition with a computer.

3.2.2 Device coupling

Themeasurement of the radiation confinement properties of the waveguiding de-
vices is one of the crucial step in their characterization. Light is coupled into the
optical circuits as sketched in Fig.3.2.1. End-fire coupling configuration is repre-
sented in Fig. 3.2.1 a) and it consists in focusing a collimated laser beam to the
input facet of the waveguide through a microscope objective or an aspheric lens.
To achieve a good efficiency the beam waist at the focal point should match the
mode radius and the numerical aperture NA of the employed objective should be
comparable with the numerical aperture of the waveguide (∼ 0.10 in femtosec-
ond laser writtenwaveguide). Another possible configuration is called ”fiber-butt-
coupling”. The end of a singlemode optical fiber (SMF) is cut, peeled and brought
next to the input of the device. A stable and very precise alignment of the objective
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Figure 3.2.2: Schematic of the acquisition procedure of the spatial intensity
profile of the mode supported by the waveguide, coupled with the fiber-butt
configuration. First (a) the near field profile of the waveguide (WG) mode is
measured with the imaging camera (IC). Then, (b) the chip is removed and the
near field of the single mode fiber (SMF) mode is acquired for calibration. The
image is taken from [75]

(or fiber) with the waveguide is necessary and so a sub-micrometric positioning
system is employed. The objective (or the fiber) is thereforemounted on amanual
three-axismicropositioner (NanoMAX,MellesGriot)with 50nmresolution. The
sample is hold by a four-axis manipulator (MBT402, Thorlabs). It allows two lin-
ear translation in the plane transverse to the optical axis and two tilt adjustments.
In both configurations the output light is collected by another microscope objec-
tive with higher NA mounted on a three-axis stage manipulator and then imaged
on a sensitive element (e.g a power meter head or a videocamera).

3.2.3 Mode profile

The spatial intensity profile Iwg(x,y) is one of the key property of the guidedmode
of awaveguide. How tomeasure it? First of all thewaveguide is coupled employing
the fiber-butt or the end-fire configuration and the near field profile of the output
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mode is imaged on a high sensitivity vidicon camera (Hamamatsu C2400-03A).
The whole visible range and the near infrared up to a wavelength of 1800 nm is
covered by this camera. Paying specific attention to not saturating the dynamic
response of the camera, the intensity profile is digitally acquired for the following
elaboration. To calibrate the image dimension, the waveguide is removed and re-
placed by a fiber with a well-known (by producer specifications) mode diameter.
The key step of this procedure is to keep the magnification ratio fixed in order to
keep the distance between the collection objective and the input of the camera un-
changed. A numerical analysis is performed on the acquired images, which allows
to retrieve the mode intensity profile Iwg(x,y). In the case of single mode waveg-
uides, theory guarantees that its fundamental guided mode does not present sign
inversion and so it is possible to calculate the spatial field distribution as:∣∣∣∣E(x, y)∣∣∣∣= C

√
I(x, y), (3.1)

where C is a negligible constant, since the interesting element is the normalized
profile. The overlap integral of the guidedmode and the fibermode profiles allows
one to retrieve the coupling losses of the waveguides.

3.2.4 Losses measurement

Insertion Losses (IL) are defined as the attenuation on the optical signal caused
by the insertion of the sample and are one of the critical parameter in the charac-
terization of an integrated optical device. They are typically expressed in decibels
(dB) and they are represented as:

ILdB = −10 log10

(
Pout

Pin

)
, (3.2)

wherePin andPout are the optical powers at the input andoutput of the device. The
IL can be directly calculated in fiber-butt configuration. First of all the power Pout

is measured according to the scheme in Fig. 3.2.1 b). Then the sample is removed,
the light coming from the fiber is collected by the same microscope objective and
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it is sent to the power meter head in order to measure Pin. The measured values
are now replaced in equation 3.2. IL can be decomposed in four different terms:
FresnelLosses (FL),PropagationLosses (PL),CouplingLosses (PL) andBending
Losses (BL).

• FresnelLosses arise fromtheFresnel reflections at the substrate-air interface
induced by refractive index discontinuity. They can be represented by the
following formula:

FL = −10 log10

[
1− (n2 − n1)2

(n2 + n1)2

]
, (3.3)

where n1 and n2 are the refractive indices of substrate and air respectively.
In table 3.2.1 FL for thematerials used in this thesis are listed. Obviously, in
the calculation of total insertion losses, the written values must be doubled
as FL occur at both sample facets. In the fiber-butt-coupling configuration
FL can be made negligible applying index matching oil between the tip of
the fiber and the input facet of the device.

• Coupling Losses derive from themismatch between the electric field distri-
bution Ein(x,y) of the light impinging on the input facet of the device and
the mode of the waveguide Ewg. It can be evaluated through the following
formula:

CLdB = −10 · log10 O, (3.4)

where O is the overlap integral:

O =
|
∫∫

EwgEin dx dy|2∫∫
|Ewg|2 dx dy ·

∫∫
|Ein|2 dx dy

, (3.5)

beingEwg andEin numerically estimatedusing themethoddescribed inpara-
graph 3.2.3.

• Propagation Losses are caused by propagation of light inside a waveguide in
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Table 3.2.1: Report on Fresnel Losses at the interface with air of the different
substrates used in this thesis

.

n1 n2 FL[dB] Element1 Element2

1.5 1 0.18 silicate glass air
2.15 1 0.6 lithium niobate air
2.15 1.5 0.14 lithium niobate glass

the presence of roughness and non-homogeneity in its core refractive index
profile. This deviation from perfect translational symmetry along the opti-
cal axis direction produces light scattering and coupling to radiative mode.
Thepresence of centers of scattering anddefectsmay also increase this term.
An estimation of PL for a straight waveguide can be achieved indirectly by
this equation:

PLdB/cm =
ILdB − FLdB − CLdB

l
(3.6)

• BendingLossesoriginate fromthedistortionof theguidedfielddistribution
induced in the curved trajectory by a partial coupling to radiative modes.
They increase exponentially by decreasing the radius R of curvature and are
higher for waveguides with lower refractive index contrast due to their less
confined guided mode. They can be estimated via the fabrication of a set
of devices with different radii Ri and fixed bent path lc through the next
formula:

(BLi)dB/cm =
(ILi)dB − (ILSWG)dB

lc
, (3.7)

where ILi are the IL of the bent waveguides of radius Ri and ILSWG are the
IL of the straight waveguides.
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Summarizing the above contributions , IL can be expressed through the follow-
ing equation:

ILdB = CLdB + 2FLdB + l · PLdB/cm + lc · BLdB/cm, (3.8)

being l the total length of the waveguide and lc the length of the curved section.

3.2.5 SHGBandwidth

In order to evaluate the nonlinear properties of the fabricated waveguides with
classical light, second harmonic generation measurements are performed. The
output of a tunable laser (Agilent 8164B, maximum output power of 7 mW from
1440-1640 nm) is focalized into the realizedwaveguides through a 10xmicroscope
objective in the end-fire coupling configuration. Thepolarization of the impinging
light canbemanipulatedby the combinationof a polarization controller (FPC561,
Thorlabs) and aGlan-Thomson polarizer. The output of thewaveguide is then col-
lected by a 25X microscope objective and directed to a Silicon photodiode with a
resposivity of 0.5 A/W and a gain of 1.1 · 105 V/W. The advantage of using a Si
photodiode is its transparency to the pump wavelengths, which therefore doesn’t
perturb the secondharmonicmeasurement. A scan of different pumpwavelengths
is automatically performed by the laser source and the response of the photodiode
to the second harmonic is acquired through an oscilloscope. The laser system is
directly connected with a channel of the oscilloscope, which acquires the trigger
pulses emitted by the source at the start and the end of the sweep. A calibration
between the time scale of the oscilloscopewith thewavelength scale of the tunable
laser can be performed. Thus the second harmonic profile as a function of the inci-
dent frequency and consequently the phase-matching bandwidth can be obtained.
An estimation of the conversion efficiency can be performed acquiring the funda-
mental and SH powers through the Ge and Si heads of a powermeter (ML9001A,
Anritsu). A sketch of the experimental setup is reported in Figure 3.2.3.
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Figure 3.2.3: Schematic of the setup for the bandwidth characterization of the
process of second harmonic generation. The output of a tunable laser is injected
in the PPLN waveguides by means of a 10X microscope objective. A fiber
collimator (FC) is employed to switch from fiber-butt-coupling configuration into
the end-fire-coupling configuration in order to freely and completely manipulate
the output polarization. In fact, the polarization of the impinging light is set to
vertical by a Glan-Thomson polarizer (POL), while a polarizer controller (PC)
is used to maximize its vertical component. The output light is collected by a
25X microscope objective and directed to a silicon photodiode. The laser source
performs a frequency sweep and emits trigger pulses at the start and the end of
the sweep. Both the output of the photodiode and the triggers are recorded by
an oscilloscope leading to the acquisition of the bandwidth of the SHG process.
The full control on the polarization is useful to maximize the signal to noise ratio
of the bandwidth measurement and it is necessary to evaluate the conversion
efficiency of the process.
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4
On-chip photon-pair source

In Section 4.1 we briefly illustrate the motivation behind the project. A general
description of the device is given in Section 4.2. The mathematical description of
the components and the evolution of the state throughout them are explained in
Section 4.3
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4.1 Motivation

The fabrication of fully integrated devices is an interesting prospect in quantum
information. The possibility of miniaturization, scalability and stability offered by
integrated optics should allow to realize high-complexity schemes, not achievable
with previous setups. In this framework the fabrication of linear circuits is quite
consolidated and has already led to the implementation on chip of single building
blocks for quantum computing and simulation processes. In order to reach a con-
version toward a fully integratedquantumplatform, photon-number states sources
and detectors must be developed and combined on chip. Concerning integrated
sources, SPDC in periodically poled nonlinear waveguides represents a promising
approach, due to its intrinsic advantages over bulk configuration (see paragraph
4.3.2).

4.2 General description

In this thesis we will develop the optical components for the realization of an in-
tegrated photon-pair source at telecom wavelength based on a degenerate SPDC
process in periodically-poled lithiumniobate (PPLN)waveguides. The sourcewill
be composed of three cascaded integrated-optics devices (see Fig. 4.2.1), respec-
tively fabricated in glass, PPLN and glass again through femtosecond laser writing.
This hybrid approach is a promising route to exploit the specific advantages of each
substrate and has emerged as a solution to the challenges ofmonolithic integration
through the combination of components and techniques which are optimized for
their individual function. In particular, high-quality and low-loss linear optical cir-
cuits can be realized in glass by means of FLM.
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Figure 4.2.1: Schematic of the experimental chip for pair-photon generation.
The pump light, impinging on an input port of a balanced directional coupler, is
equally split and directly coupled to an array of two waveguides in PPLN. A pair
of photons is thus generated in one of the two nonlinear waveguides through
SPDC. The poling period Λ is designed to obtain degenerate down-conversion
at 1560 nm. A path-entangled state is generated at the output of the II chip. By
controlling phase by means of the thermal phase adjuster (TPA), it is possible
to obtain a separated state: one photon at each of the two output ports of the
balanced directional coupler in the third chip.

The pump laser light at 780 nm, linearly polarized, is injected in one input of
the balanced directional coupler, which splits the pump into two distinct optical
modes. A thermal phase adjuster is placed above one arm of the interferometer
in order to control the phase shift ΔΦ between the two paths. The second chip
is composed by an array of two parallel straight waveguides in PPLN substrate.
Thepoling period is selected to provide quasi-phasematching condition for type 0
SPDCprocess (the daughter photons share the same polarization |V⟩ of the pump
photon in a collinear geometry). Byneglecting theprobability that a photon-pair is
generated in both waveguides simultaneously, a path-entangled state is generated
at the output of the second device:

|Ψ⟩PPLN =
|0, 2⟩+ eiΔφ |2, 0⟩√

2
, (4.1)

where the relative phaseΔφ is transferred from the intrinsic phase difference of the
pump modes at the input of the second chip. This phase bias can be addressed to:

• Small variations in the fabrication parameters during the inscription of the
two arms of the directional coupler, which may induce slightly different re-
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fractive index changes.

• Amisalignment in the coupling between each output arm of the directional
coupler with the corresponding nonlinear waveguide.

The third chip consists in a balanced directional coupler at 1560 nm and, in the
case ofΔφ=0, it works as a time-reversedHong-Ou-Mandel interferometer realiz-
ing a deterministic separation of the indistinguishable entangled photon pair (i.e.
the twin photons generated in one PPLN waveguide are always emitted one from
each arm of the final directional coupler). In the general case an intrinsic phase
difference Δφ is present between the paths, therefore the additional controllable
phase induced by the thermal phase adjuster is required to obtain the following
state:

|Ψ⟩out =
|0, 2⟩ − |2, 0⟩√

2︸ ︷︷ ︸
|ΨBunch⟩

cos (ΔΦ′/2) + |1, 1⟩︸︷︷︸
|ΨSep⟩

sin (ΔΦ′/2), (4.2)

where ΔΦ′ = ΔΦ+ Δφ.
The output state is thus a superposition of the two-single-photon state |ΨSep⟩

whenΔΦ′ = 2πnwith n∈ N and the bunched state |ΨBunch⟩whenΔΦ′ = π(2n+
1).

4.3 Mathematical description

In order to describe the evolution of the input state due to its propagation through
the device, the unitary transformations associated with each optical element is
shown below. A great attention is reserved to SPDC waveguides.

4.3.1 Directional coupler and Phase shifter

A directional coupler represents the integrated optics version of the bulk beam
splitter. It is a four-ports component and its typical design is represented in Fig-
ure 4.3.1. Two parallel and not interacting straight waveguides are brought close
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together achieving a light transfer by evanescent field coupling. The waveguides
are then decoupled restoring the initial distance at the output of the device. The
splitting ratio of the directional coupler can be set by the proper engineering of the
interaction length L and the distance coupling d.

Figure 4.3.1: Schematic of the structure of the directional coupler. Two de-
coupled waveguides at distance D are brought close through an S-bend of radius
R. They interact in a region of length L and distance d by means of evanescent
field coupling.

The reflectivity and the transmission of the directional coupler can be defined
in the following way:

R =
Pout1

Pin1

T =
Pout2

Pin1

(4.3)

The field transfer matrix UDC of a loss-less directional coupler can be repre-
sented as: [

Eout1

Eout2

]
=

[√
R i

√
T

i
√

T
√

R

] [
Ein1

Ein2

]
,

where R and T are the reflectivity and the transmission of the device. In the case
of a balanced directional coupler R = T = 1/2.

In the quantum framework, the followingmatrix equation holds for the annihi-
lation operators: [

âout1

âout2

]
=

1√
2

[
1 i
i 1

] [
âin1

âin2

]
(4.4)

Thematrix equationof aphase shifterφ actingonoutputmode1of thedirection
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coupler above can be expressed as:[
âout1

âout2

]
=

1√
2

[
eiφ 0
0 1

] [
âout1

âout2

]
(4.5)

4.3.2 Spontaneous ParametricDownConversion

Starting fromtheclassical electric field energydensity for anon-linearnon-centrosymmetric
medium and quantizing the electric field, it is possible to obtain a quantum me-
chanical description of the process:

ĤSPDC = ε0
∫∫∫

χ2Ê
(+)
p Ê(−)

s Ê(−)
i d3r + H.c., (4.6)

where χ2 is the nonlinear susceptibility, ε0 the vacuum permittivity and {p, s, i}
stands for the pump, the signal and the idler, respectively. The Hermitian conju-
gate represents the second harmonic generation process. High-order nonlineari-
ties will be neglected in this analysis.

Considering a relatively intense incoming pump field, the weakness of the non-
linear interaction allows to neglect pump depletion and treat it as a classical field:

E(+)
p =

∫
dwpα(wp) ei(⃗kp(wp) · r⃗ − wpt), (4.7)

where the function α(wp) represents the spectrum and the amplitude of the pump
field. Hereinafter, we will assume that the pump field is produced by a continuous
wave laser source with central frequency wc and thus α(wp) = Ep δ(wp - wc).

The idler and the signal fields will be instead represented in the canonical quan-
tization formalism as they describe single-photon fields.

E(−)
j = −i

∑
k

√
ℏwk,j

2ε0V
ε⃗kâ†k,je

−i(⃗kj · r⃗ − wk,jt), (4.8)

being j = {s,i}.
We investigate the case of collinear propagation along the z-axis of the crystal,
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neglecting the transverse degrees of freedom. We further restrict the analysis to
single mode emission from signal and idler fields discarding the sum over k. With
these hypothesis Equations 4.7 and 4.8 become:

E(+)
p = Ep ei(kpz − wpt)

Ê(−)
j = −i

√
ℏwj

2ε0V
â†j e

−i(kjz − wjt)
(4.9)

In the Schrodinger picture, the quantum state evolution for SPDC is given by:

|ψ(t)⟩ = exp
[ 1
iℏ

∫ t

0
ĤSPDC(t′) dt′

]
|0⟩ (4.10)

The first-order perturbation expansion leads to:

|ψ(t)⟩ = |0⟩+ 1
iℏ

∫ t

0
ĤSPDC(t′) dt′ |0⟩ , (4.11)

where the zero-order term represents vacuum emission, the first-order term rep-
resents photon-pair emission and high-order photon-pairs emission can be ne-
glected as long as the pump field is not too bright. Combining equations 4.6, 4.9
and 4.10, we arrive at:

∫ t

0
ĤSPDC(t′) dt′ = AEp

∫ t

0
dt′e−i(wp−wi−ws)t′

∫ Lz

0
dzχ2(z)â

†
s â

†
i e
i(kp−ki−ks)z+H.c,

(4.12)
where all constants are gathered in A. Performing the temporal and the spatial in-
tegration with the assumption that χ2(z) = χ2, we obtain:

∫ t

0
ĤSPDC(t′) dt′ = AEpχ2 e

− iΔwt
2 e

iΔkLz
2 t sinc

(Δwt
2

)
Lzsinc

(Δkz
2

)
â†s â†i + H.c,

(4.13)
where Δk = kp − ks − ki and Δw = wp − ws − wi.

If the interaction time t is long enough, the temporal sinc function can be ap-
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proximated with a delta leading to the following output state:

|ψ(t)⟩ = |0⟩+ AEpχ2 e
− iΔwt

2 e
iΔkLz
2 δ

(Δw
2

)
Lzsinc

(Δkz
2

)
â†s â†i |0⟩ (4.14)

As described in the above equation, signal and idler are always produced in pair.
An efficient production of photon pair requires that:

wp = ws + wi

kp = ks + ki,
(4.15)

which are the energy conservation and phase-matching conditions.

Quasi PhaseMatching

As stated in 1.2.3.1, the wave-vector conservation is usually achieved through bire-
fringent phase-matching or quasi-phase-matching. In our device the latter con-
figuration is employed and the subsequent modification on the Hamiltonian will
be discussed below. In birefringent phase-matching the chromatic dispersion is
made negligible exploiting anisotropy of the crystal, while in QPM the interact-
ing fields still propagate with different phase velocities. When the accumulated
phase mismatch reaches π, the sign of the nonlinear susceptibility is reversed. At
this point destructive interference between the fields, that would happen in the
phase-mismatched configuration, is avoided by setting their phase difference to
zero. The phase difference then increases again, as the fields propagate, until it
reaches π again, when the nonlinear susceptibility is reversed once more. There-
fore the output power grows along the crystal length as represented in Fig. 4.3.2.

In ferroelectric crystals the signof thenonlinear coefficient ismodulated through
a periodically inversion of the spontaneous polarization Ps. As a consequence, a
spatial dependence of the effective nonlinear coefficient is introduced according
to:

χ(2)(z) = χ(2)0 sign
(
cos

2πz
Λ

)
(4.16)
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Figure 4.3.2: In figure (a) the signal intensity growth is represented as a func-
tion of the coherence length LC for the birefringent phase-matching (BPM),
the quasi-phase-matching (QPM) and the phase-mismatched (NPM) cases. In
figure (b) the modulation of the nonlinear coefficient with a period Λ is schemat-
ically drawn for the first-order (m=1) configuration.

In the Fourier domain it can be represented as:

χ(2)(z) =
+∞∑

m=−∞

Gmeikmz, (4.17)

where
km =

2πm
Λ

Gm =
1
Λ

∫ +Λ/2

−Λ/2
χ(2)(z)e−ikmzdz,

(4.18)
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Replacing Eqn. 4.16 in the integral above, we obtain:

Gm =
1
Λ

∫ +Λ/2

−Λ/2
χ(2)0 sign

(
cos

2πz
Λ

)
︸ ︷︷ ︸

even function

e−ikmzdz =
2χ(2)0

πm
sin

(mπ
2

)
(4.19)

The nonlinear coefficient can thus be represented as:

χ(2)(z) =
∑
m

2χ(2)0

πm
sin

(mπ
2

)
e−

2πm
Λ (4.20)

The maximum value of the above function is obtained when |m| = 1 and there-
fore the most efficient configuration is the one with an inversion of nonlinear co-
efficient every interaction length. Replacing the z-dependent χ(2) in equation 4.12
leads to:

∫ t

0
ĤSPDC(t′) dt′ =

2A
π

Ep

∫ t

0
dt′e−i(wp−wi−ws)t′

∫ Lz

0
dzχ(2)0 â†s â

†
i e
i(kp−ks−ki−

2π
Λ )z+h.c,

(4.21)
The integration of the above equation will lead to a formally identical solution

as in the case of constant nonlinear coefficient. The key difference, apart from the
factor 2/π, consists in the additional term in the phase-matching condition:

kp = ks + ki → kp = ks + ki +
2π
Λ

(4.22)

The new degree of freedom Λ brings the following benefits:

• The proper design of the poling period Λ allows to freely choose the wave-
length of the daughter photons.

• Forfixed choiceof photon-pairwavelength, thepropagationdirectionof the
generated pairs can be made collinear with the pump photons, eliminating
spatial walk-off effects in the transverse direction. In the absence of walk-
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off, the effective interaction length inside the medium increases leading to
an enhanced conversion efficiency.

• The polarization of the three interacting fields can be arbitrary chosen al-
lowing to use the largest component of the nonlinear susceptibility tensor
and maximize conversion efficiency in a given nonlinear medium.

• Exploiting the temperature dependence of the refractive index and of the
poling period (due to the thermal expansion of the medium), the idler and
signal wavelengths can be controlled of several nm by varying the tempera-
ture of the device.

• Non-periodicmodulationof thenonlinear coefficient allows to achieve com-
plex phase-matching conditions.

Waveguided SPDC

Actually our nonlinear chip relies on waveguided SPDC process. The main differ-
ence of waveguided parametric down-conversion with respect to the bulk model
is the dependence of the output state on the overlap integral over the three inter-
acting spatial field distributions, f (x, y), propagating along the waveguide.

Oklm =

∫∫
dx dy f (k)p (x, y)f (l)s (x, y)f (m)i (x, y) (4.23)

The efficiency of the down-conversion is thus dependent on the spatial-mode
of the three interacting fields. When pump, idler and signal propagate in similar
modes, the output will be generated with high efficiency. Furthermore, the phase-
matching function is also dependent on the spatial-mode triplet. In fact, different
spatial modes lead to amodification of the effective propagation constant β result-
ing in the translation of the phase-matching function in the frequency space.

Despite a weak increase in loss rate due to an additional loss contribution by
means of scattering in the waveguiding structure, the PDC process in waveguides
presents several advantages over bulk-PDC sources.
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• The engineerization of the waveguiding structure allows to control the gen-
erated spatial distributions. In fact, photon-pairs emitted in bulk SPDC are
spread into a large set of spatial modes at different angles, while waveguided
photon-pairs are emitted in well-defined spatial modes in order to achieve
high collection efficiency and coupling into optical fibers.

• The confinement of SPDC inside a waveguide leads to an increased overlap
of the involved fieldsOklm and to the restriction of the interaction couplings
to a discrete number of modes. The photon-pair generation probability is
thus enhanced.

• The interactionof the three fields is strictly collinear simplifying experimen-
tal alignment and post-processing operations.

Neglecting themultiple-pairs emission, theHamiltonian forwaveguided SPDC
will be approximated in the next calculation as follows:

ĤSPDC ∝ âp â†s â
†
i (4.24)

4.3.3 State evolution

The following description is based on the device layout represented in Fig. 4.2.1.
The initial state impinging on the first chip is :

|ψ⟩in = |1⟩1 |0⟩2 , (4.25)

where a photon is injected in input 1 of the directional coupler and no photons are
injected in the second input arm.

Being the first device composed by a cascade of a balanced directional coupler
and a phase shifter, its overall matrix TFD can be described as follows:

TFD = TΔPhi · TDC1 =

[
eiΔΦ 0
0 1

]
· 1√

2

[
1 i
i 1

]
=

1√
2

[
eiΔΦ i eiΔΦ

i 1

]
(4.26)
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At the output of the first chip the state becomes:

|ψ⟩chip1 = TFD · |ψ⟩in =
1√
2

[
eiΔΦ |1⟩3 |0⟩4 + i |0⟩3 |1⟩4

]
. (4.27)

The state now propagates into the nonlinear waveguides, which in our applica-
tion can be represented by the not normalized Hamiltonian in the equation 4.24.
Therefore the output state is:

|ψ⟩chip2
âp â†s â†i−−−→ 1√

2

[
eiΔΦ |2⟩A |0⟩B + i |0⟩A |2⟩B

]
. (4.28)

A path-entangled state is obtained: twin-photons are generated in the A or the
B waveguide. The interaction between the |ψ⟩chip2 and the second balanced direc-
tional coupler results in the following state:

|ψ⟩out = TDC2 ·|ψ⟩chip2 =
|0, 2⟩ − |2, 0⟩√

2︸ ︷︷ ︸
|ΨBunch⟩

cos (ΔΦ/2)+ |1, 1⟩︸︷︷︸
|ΨSep⟩

sin (ΔΦ/2) (4.29)

Since we are interested in the generation of a pair of indistinguishable photons,
which is represented by state |ΨSep⟩, the thermal phase adjuster should be em-
ployed to drop to zero the probability of the bunched state |ΨBunch⟩.

In the above mathematical description we have made the following assump-
tions:

• A single photon state was chosen as input state in order to make the cal-
culation easier. In the experiment a coherent state will be injected in an
input port of the directional coupler. The balanced directional coupler will
equally split the power between its two output arms and therefore nonlin-
ear waveguides will be simultaneously excited. Since the nonlinear SPDC
process occurs with low probability, the probability that both waveguides
will generate a photon-pair at the same time is negligible. Considering a
coherent state as input and neglecting the probability that a photon-pair is
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generated in both the waveguides simultaneously, the same output state of
equation 4.29 is in any case obtained.

• In theHamiltonian of the SPDCprocess we have neglected high order gen-
eration terms. In order to limit the contribution of multiple-pairs emission,
the injected power should be limited.
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5
Manipulation and Routing

This chapter deals with the fabrication and the characterization of the linear inte-
grated glass devices depicted in figure 4.2.1. In section 5.1 the realization of a bal-
anced directional coupler at 780 nm with a thermal phase modulator is discussed.
The 2π control of the relative phase between the DC arms with low dissipation
power is the main requirement of this chip. In section 5.2 we deal with the fab-
rication of a balanced directional coupler at 1560 nm. It has to be composed by
symmetric waveguides and to present low insertion losses. Both devices have to
fit in a short length and to couple well with the intermediate nonlinear chip.
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5.1 Balanceddirectionalcouplerandther-

mal heater

5.1.1 Preliminary fabrication

As stated in section 2.2, FLM technique depends on several fabrication param-
eters, which should be optimized according to the requirement of each applica-
tion. Aiming to find the optimum parameters for the realization of a balanced
directional coupler (DC) at an operating wavelength of 780 nm, several straight
waveguides were fabricated with different irradiation parameters. Since the space
of parameters to be optimized has very large dimensions, we limited the analysis to
pulse energy and relative translation speed, while setting all the other parameters
to literature indication and previous experience on the selected substrate. In sec-
tion 5.1.1.1 the design of the DC is presented. It was realized taking into account
the subsequent fabrication of resistive heaters, whose design and characterization
are shown in section 5.1.2.

5.1.1.1 Fabrication parameters and geometry

The waveguides were realized in Aluminum-Borosilicate glass (Eagle2000, Corn-
ing Inc.) through the fabrication setup that was introduced in Figure 3.1.1. The
femtosecond pulses, produced by the Yb:KYW cavity dumped laser system, were
focused inside the substrate by a 50x (NA 0.6) objective. The repetition rate of
the laser system was fixed at 1 MHz according to previous optimization for this
material. The transverse writing geometry was employed in order to exploit the
advantages of this configuration, which were presented in paragraph 2.2.2.

In the definition of the inscription depthwe had to take into account the follow-
ing trade-off:

• The sensibility of the fabrication process to surface roughness and material
stress near the surface is higher for the inscription of shallow structure and
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Fabrication parameters
Laser system Yb:KYW cav. dump.
Wavelength 1030 nm

Repetition rate 1 MHz
Pulse energy 220 nJ

Translation speed 40 mm/s
Objective 0.6 NA

Table 5.1.1: Waveguide writing parameters used for realizing the balanced
directional coupler at 780 nm.

this may give rise to additional propagation losses.

• The deeper the directional coupler is fabricated, the higher should be the
power dissipated on the resistive heater to induce the desired phase modu-
lation leading to an increase of the amount of heat which will diffuse in the
glass. Even if the induced temperature variations will not represent a prob-
lem in the functioning of the directional coupler and in its alignment with
the input optical fibers and the PPLN crystal, part of the accumulated heat
could diffuse in the connected second device leading to an unpredictable
local variation of the phase-matching function and thus of the emitted spec-
trum.

Since temperature stability of the photon source is a thorny problem and small
variations should be compensated in order to stabilize the wavelength of the emit-
ted photons, the maximization of the thermo-effect represents the more pressing
requirement in the choice of inscription depth allowing to minimize the impact
of heat diffusion on the nonlinear waveguides and to impose a [0, 2π] phase shift
between the two arms of the directional coupler. As stated above, the thermo-
optical modulation of the phase should be performed without an excessive power
dissipation in the resistive heaters, which could lead to a temperature increase of
the substrate or, in the worst case, to the damage of the device. The phase de-
lays accumulated in the two arms of a directional coupler under the action of the
thermal phase adjuster is given by Φ = α P, where P is the power dissipated in
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the resistive heater and α is a geometry dependent parameter. Considering a wire-
like heater configuration and neglecting the heat dissipation into air, Flamini et al.
[78] proposed an analytic expression for α, given the distances ρ1 and ρ2 of the two
interferometer’s arm from the heater:

α =
2nT

λ
1
k
Larm

Lwire
ln

ρ1
ρ2
, (5.1)

where nT = 1 · 10−5 K−1 is the thermo-optic coefficient, λ = 780 nm is the wave-
length, k = 0.9 W m−1 K−1 is the thermo-optical conductivity of the substrate,
Larm is the length of the straight segments in the interferometer’s arms and Lwire

is the length of the wire-like resistor. It can be straightforwardly retrieved from the
model that shallow structures will present an higher value of α. All things consid-
ered, an inscriptiondepthof 25 μmrepresents a good trade-offbetween thehighest
thermo-optic modulation and acceptable losses. Furthermore, an high value of α
allows to obtain the 2π phase shift without the need of excessive device lengths
and leads to the realization of more compact structures.

Analysis on insertion losses of several straight waveguides machined with dif-
ferent combinations of pulse energies (from 190 nJ to 280 nJ with step of 10 nJ)
and inscription speeds (10-20-40 mm/s) was performed leading to the definition
of optimum fabrication parameters, which are reported in Table 5.1.1.

In the design of the planar directional coupler we had to take into account the
successive processes, which would be necessary for the realization of resistors on
the surface of the substrate. According to the model proposed by Flamini et al.
[78], thewire-like configurationwas chosen for the thermal phase shifter. Tomax-
imize the region involved in the thermo-optic modulation, a directional coupler
with long output straight arms, on which the resistors would be placed in the sub-
sequent step, is designed. The radius of curvature was set at 60 mm by a trade-off
between bending losses and the total bend lengths. The horizontal distance be-
tween the two arms of the directional coupler was set at 127 μm in order to match
the standard distance between the outputs of fiber arrays, which will be used to in-
ject light in the final experiment. The definitive design of the balanced directional
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Figure 5.1.1: Schematic of the directional coupler with a fixed length Lfin =
11.5 mm to allow the subsequent patterning of thermal shifters.

coupler is sketched in Figure 5.1.1.
We performed a length-scan approach in order to find the coupling length L3dB

and compensate process variability: several directional couplers were fabricated
and each of them differs from the others by small interaction length variation. Ap-
plying this procedure allows us to translate any process tolerances in the variation
of the L3dB from the expected one. In table 5.1.2 the best couplers are reported.
The wire-like heaters were placed on these devices, even if not all of them were
perfectly balanced. This choice was made in order to have a back-up solution in
the case of unbalanced generation by the two nonlinear waveguides in the SPDC
process. In fact, process variability during waveguide inscription in the crystal can
lead to the fabrication of slightly different waveguides in terms of losses, of guided
modes at fundamental and down-converted wavelengths and of nonlinear prop-
erties: i.e. the femtosecond laser - crystal interaction can partially, or even com-
pletely, disrupt the nonlinear coefficient of the medium (see 2.3.2). The effect of
not identical losses and effective nonlinear coefficients on the generationprocess is
intuitive, while the role of guidedmodes should be clarified. As stated in paragraph
4.3.2, the efficiency of the waveguided SPDC process depends on the overlap in-
tegralO over the guidedmodes of the three interacting fields along thewaveguide.
Therefore, an inequality of this term between the two waveguides will reflect on a
different generation efficiency and a different spectrum of the source (the phase-
matching function is also dependent on the spatial-mode triplet). In addition, the
overlap integral over the excitation mode of the directional coupler and the ex-
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Chosen BS devices
Device number Interaction Length Splitting Ratio

1 500 μm 50.6/49.4
2 700 μm 48.3/51.7
3 900 μm 43.4/56.6
4 1100 μm 37.2/62.8

Table 5.1.2: The splitting ratio of the four DC devices that showed the best
performance, out from the 12 devices that were fabricated in a length scan
approach.

cited mode of the nonlinear waveguide defines the coupling losses between the
two cascaded devices. Therefore, different overlap integrals lead to different cou-
pling losses and thus an unbalanced pumping of the array even with an ideal 3 dB
directional coupler. A possible strategy to deal with the problem of unbalanced
generation is represented by the excitation of the two nonlinear waveguides with
a different mean number of photons, which should allow to equalize the genera-
tion rate at the two output ports and obtain the path-entangled state in equation
4.1. Since an active control of the splitting ratio of the directional coupler cannot
be achieved with this configuration (the heaters allow only tomanipulate the rela-
tive phase between the two output arms of the directional coupler), we decided to
adopt a static strategy selecting a set of directional couplers with different splitting
ratio.

5.1.2 Thermal shifter: design and characterization

After the characterization and the choice of the passive devices, we added ther-
mal shifters on them realizing metallic resistors on the sample surface. The local
temperature increase induced by the heaters on the coupler’s arms allows to mod-
ulate the refractive index of the buried waveguides, leading to the accumulation of
a relative phase between the arms of the directional coupler.
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5.1.2.1 Design and Fabrication

In the design of the resistor we had to take into account the following require-
ments:

• the power has to be primary dissipated on the device’s arms in order to in-
duce a local modulation of the refractive index. This means that the heaters
have to present a big resistance respect than the other electric components.

• the power per unit of area has to be acceptable in order to avoid the damage
of the electrodes.

To fulfill the previous requirements long and narrow rectangular resistors were de-
signed.

The pattern of the thermal heaters was realized through laser ablation of the
50 nm gold layer, deposited on the substrate surface by means of a sputter coater
(Cressington, 108auto), employing the same femtosecond laser used for waveg-
uide inscription. Since the coating procedure requires the detachment of the sam-
ple from the translation stage of the laser system in Fig.3.1.1, alignment markers
weremachined on the glass surface just after the fabrication of the directional cou-
plers. Themarkersweremade up of laser ablated straight grooves, sufficiently deep
to be still visible after the deposition of the gold layer. Exploiting these ablation
lines, it was possible to align the frame of reference of the previously fabricated
directional couplers with the one of the phase shifters. The observation of the
reference markers was performed focalizing on the sample surface the attenuated
(in order to not damage the thin gold layer) laser beam and collecting the back-
reflected light with a CCD. In the alignment process the second harmonic of the
laser system in Fig.3.1.1 was employed, since it presents a smaller spot size and al-
lows to distinguish smaller features. As a consequence, the same laser beam was
used for the definition of the resistors. The ablation of the heaters pattern was ma-
chined using a translation speed of 1 mm/s and a pulse energy of 80 nJ. In order
to guarantee a better electrical isolation between contacts, each isolating line was
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fabricated by nine successive ablation lines with an offset of 500 nm, achieving an
overall groove width of∼ 5 μm.

A top-view schematic of theheater design is shown inFigure 5.1.2 (a). Theblack
lines represent the directional coupler realized at 25 μm beneath the surface. The
yellow zone represents the deposited gold layer. The white lines represent the ab-
lation lines, which define the rectangular resistor and the larger regions employed
to facilitate the electric connections. In Figure 5.1.2 (b), the top-view schematic of
the whole chip is represented. As in the panel (a) of Figure 5.1.2, light blue colour
is employed to underline the isolated region between the wires. The contacts were
realized by bonding copper wires with an electrically conductive polymeric paste
on the six rectangular pads (the common electrode presents a back-up bonding).
The black dashed circles represent the position of the wires on the gold surface.
Thewhole surface was then coveredwith anUV glue in order to protect the fragile
gold layer and the bonds from possible damage or interruption. As indicated in
zoomwindow of Figure 5.1.2 (b), the thermal phase modulators were not directly
placed on the directional couplers’ arms: the center of the rectangular resistor is
shifted of 64 μm with respect to the position of the straight segment of the direc-
tional coupler. Exploiting this configuration, the 127 μm wide resistors allow to
symmetrically induce phase modulation both on the lower arm of the upper di-
rectional coupler and on the upper arm of the lower one. Resistors RBE, RCE and
RGE are shared by two different devices.

5.1.2.2 Characterization

The phase difference induced by each resistor was characterized by a Young in-
terferometer experiment: i.e. the two slits of the original experiment are replaced
by the two outputs of the directional coupler, which are separated by 127 μm. The
heaters were connected to a stabilized power supply (HQpower PS23023), which
allowed to control the driving voltage between the two electrodes. In order to per-
form a full characterization of the thermo-optic effect as a function of the dissi-
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Figure 5.1.2: (a) Top-view schematic of a region of the glass with the fabricated
DC. The black lines represent the directional coupler, which is 25 μm under the
surface. The 50 nm sputtered gold layer is represented by the yellow colour. The
white lines represent the ablation pattern, which drives the 8 mm long resistor,
that work as thermal shifters, and two electrical pads. (b) Overall design of the
device. The glass footprint is 1.3 x 2.4 cm2. The map colour is the same of
the one in panel (a). The light blue regions are sketched in order to make the
identification of the five wires and the isolated regions easier. The black circles
present the location of the electric copper wire on the electrical pads (D and E
represent the same electrode, which has a double connection). In the inset the
geometry of wires is made evident. The heater is placed between two different
directional coupler and presents a width of 127 μm to symmetrically control both
devices.
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Figure 5.1.3: Interference pattern in a Young interference experiment acquired
by the CCD camera with a driving voltage of 0 V. Varying the voltage across
the resistor allows to retrieve the induced phase difference at the BS output.

pated power, the far-field interference profile was acquired with a CCD camera
and an analysis was performed on the profile after its acquisition. A Fast Fourier
Transform algorithm was applied on the profile in order to retrieve the relative
phase between successive images, which differ one from the other in the applied
voltage on the resistor. An example of such interference profile is reported in Fig-
ure 5.1.3.

Talking about an ohmic resistive heater, the driving voltage can be directly re-
lated to the dissipated power by the Joule law: P = ΔV2/R. In Figure 5.1.4 the
experimental data for both arms of the first device are reported. Applying voltage
on upper or lower arm of the directional coupler allows to induce a relative phase
modulation in opposite directions. Therefore the design presents two advantages:

1. Instead of inducing a [0, 2π] modulation working with a single heater, it
allows to obtain a [-π,+π] shift with lower power through the switch of the
operating resistor.

2. It guarantees a back-up plan (using a [0, 2π] single resistor) in the case one
resistor is damaged.

In good agreement with the model in equation 5.1, a linear behaviour is obtained.
The slope of the fitting of experimental data allows to retrieve the experimental α
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Figure 5.1.4: Experimental characterization with classical light at 780 nm. The
phase accumulated between the two arms of the directional coupler is plotted
as a function of the dissipated power on the resistance RC and RB in (a) and
(b), respectively.

coefficients, which are reported in table 5.1.3 . The difference in the α values of
shared heaters can be attributed to a possible misalignment of resistors on the di-
rectional couplers’ arms and the neglected effect of the transition regions between
the pads and the wires.
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Resistor parameter
Resistor Experimental resistance [Ω] α [rad/W] π Power [W]

A 116 12.3 - 15.6 0.25 - 0.2
B 111 12.5 - 18.3 0.25 - 0.17
C 98 20.5 0.15
F 98 13.5 0.23
G 128 12 - 14.5 0.26 - 0.22

Table 5.1.3: A schematic with the properties of the resistors is reported. The
two values in the α and π Power columns are referred to the action of the thermal
phase shifters on the corresponding devices: i.e. the first element refers to the
phase modulation induced on the lower arm of the upper directional coupler,
while the second is related to the upper arm of the lower directional coupler

5.2 Directionalcouplerattelecomwavelength

Fabrication parameters

Exploiting femtosecond laser writing technique, single mode waveguides at 1560
nmwavelength can be realized using the same fabrication setup (see Figure 3.1.1)
just tailoring the processing parameters. The waveguides were machined in Corn-
ing EAGLE2000 borosilicate glass. The optimized fabrication parameters for sin-
glemodeguiding at 1560nmwavelength are summarized inTable 5.2.1. The struc-
tures were fabricated buried at 170 μm beneath the glass surface, since straight
waveguides present the lowest propagation loss at this inscription depth. At the
operation wavelength, the waveguides support a single gaussian mode of almost
circular profile with 15.5 μm 1/e2 diameter. Coupling losses have been estimated
to be 0.37 dB with respect to single mode fibers with mode dimension of 10.4 x
10.4 μm2. Measured propagation losses are 0.3 dB/cm. The bending losses are in
the order of 0.4 dB/cm for the 90 mm bending radius adopted.
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Fabrication parameters
Laser system Yb:KYW cav. dump.
Wavelength 1030 nm

Repetition rate 1 MHz
Pulse energy 370 nJ

Translation speed 40 mm/s
Objective 0.6 NA

Table 5.2.1: Waveguide writing parameters used for building the balanced
directional coupler at 1560 nm. Microscope image of the waveguide cross-
section is also shown.

Geometry

To define the geometry of a planar directional coupler we had to determine the
waveguide separation at the input and output, the coupling distance d and the in-
teraction length L.

The waveguide separation at the input and the output was determined by the
coupling with the other devices and was set at 127 μm.

In the definition of the coupling distance d we had to take into account the fol-
lowing trade-off:

• Small couplingdistance implies a bigger coupling coefficient k and therefore
shorter interaction length L. As a consequence, more compact couplers can
be fabricated.

• If the coupling distance is too small, the inscription process of the second
waveguide could influence/damage the first waveguide already written and
cause an increase in the insertion losses. This additional term in the inho-
mogeneity of the refractive index profile of the first waveguide could lead to
an asymmetry in the propagation losses between the two arms and a differ-
ent splitting ratio depending on the excited input of the directional coupler.

Being the last occurrence destructive for the output state, we decided not to
push excessively towards the reduction of the coupler length. We performed a
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Figure 5.2.1: Experimental transmission of directional couplers fabricated with
different interaction lengths, measured at 1550 nm wavelength for the polariza-
tion V. The behaviour of different coupling distance is reported. It is possible to
observe that evanescent field coupling occurs even with null interacting length,
due to the coupling originating already in the curved segments of the approach-
ing waveguides.

transmission analysis on a set of three different coupling distances 12, 14, 16 μm by
fabricating several directional couplers with different interaction length. The cor-
responding measurements are reported in Figure 5.2.1. The possibility of achiev-
ing a splitting ratio different from zero with no straight segment is caused by the
coupling between modes in the two curved regions, where the waveguides are
brought closer. The coupling distances d = 12 μm and d = 14 μm were discarded:
they presented a splitting ratio above or near the 50 % at zero interaction length,
therefore it would be possible not to obtain a balanced beam splitter with short L
in a successive run due to fabrication tolerances.

Fixed the coupling distance d at 16 μm, several directional couplers have been
fabricated varying the interaction length L, spanning the range 500 ÷ 1400 μm
around the previously found L50/50 ∼ 900 μm with a step of 50 μm.
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Chosen BS device
Coupling Distance 16 μm
Interaction Length 700 μm

Operating Wavelength 1560.4 μm
Splitting Ratio 50.2/49.8
Insertion Losses 2.72 dB

Mode Size 14.5 x 16.5 μm2

Table 5.2.2: The design parameters and the performance of the selected direc-
tional coupler.

Characterization

Transmissivities and reflectivities of all the fabricated directional couplers were
measured and the characteristics of the best device are reported in Table 5.2.2.
It presents a transmissivity of 49.8 % at a wavelength of 1560 nm and insertion
losses of 2.72 dB. A reduction of the losses could be achieved making the device
more compact by lowering the length of the straight segments and therefore the
propagation losses. A spectral characterizationwas also performed and reported in
Figure 5.2.2. To perform this measurement, we used a tunable laser (SantecMLS-
2000) with a wavelength range from 1450 to 1600 nm. The experimental splitting
ratio of the directional coupler presents a linear behavior with respect to the in-
put wavelength. The percentage variation of the splitting ratio, obtained from the
fitting, can be estimated to 0.15%/ nm.
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Figure 5.2.2: Experimental characterization of the splitting ratio of the di-
rectional coupler as a function of the input wavelength. The best fit is also
reported.
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6
Nonlinear phenomena in waveguides

This chapter deals with the development of an array of two waveguides in a non-
linear medium through femtosecond laser micromachining. The requirements for
this chip are as follows:

• Generation of twin-photons at telecom wavelength through spontaneous
parametric down conversion.

• High generation yield: it implies the preservation of the nonlinear coeffi-
cient in the fabrication of waveguides.

• High indistinguishability between daughter photons generated from differ-
ent waveguides.

• Good extraction yield: it implies acceptable losses at telecom wavelength.
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In section 6.1 the selected substrate and a preliminary study on its properties are
introduced. The choice of the fabrication technique is reported in section 6.2. Sec-
tion 6.3 deals with the preliminary fabrication on the substrate and optimum pro-
cessing parameters. In section 6.4 the results of the characterization of waveguides
with classic light are presented.

6.1 MgO:LiNbO3

The substrate is a z-cut periodically-poled magnesium-doped lithium niobate
(MgO:LiNbO3) supplied by Covesion (MSHG1550-1.0-20). Lithium niobate is
one of themost employedmaterial for nonlinear optics applications due to its high
nonlinear optic coefficients (among the highest of all inorganic materials) and its
transparency in the range from 350 to 5000 nm, which provides low loss for both
the fundamental and secondharmonic signals in visible light generation. Thewide
employment of thismaterial leads to the development of a very stablemanufactur-
ing technology for the production of highly reproducible crystals. A drawback of
LiNbO3 is its tendency to showphotorefractive effects, which limit its high-power
application and confines the operating temperature in the 100-200 °C range. In
fact, in conditions of high optical intensity, electrons are released as free-carriers
and redistributed around the irradiated region, hence causing a spatial variation of
the refractive index, which can lead to a distortion of the output beam or even to
a permanent damage of the crystal. The advantage of magnesium-oxide doping is
an increase of damage threshold: the addition of 5%MgO significantly increases
the photorefractive and optical resistance of the crystal, while preserving its non-
linear coefficient. For that reasonMgO:PPLN ismore suitable for high-power ap-
plications and it can be operated at room temperature for second harmonic gen-
eration (SHG) with input telecom wavelength. The possibility to work at room
temperature is a key advantage for our application, since it only requires tempera-
ture stabilization and not a temperature increasewith a dedicated oven. Operating
at 100 °C or above would have consequences not only on the laser-written waveg-
uides in the nonlinear device (see section 6.2), but it would require to characterize
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the linear integrated optical components at that temperature making the whole
process labor intensive and time-consuming. It would introduce criticality also in
the chip-chip alignment and in the fiber-chip coupling. The footprint of the non-
linear substrate is as follows: thickness of 1 mm, width of 10 mm and length of
20 mm. Despite longer crystal length implies an higher conversion efficiency in
an ideal crystal due to their linear relation, the maximum useful crystal length is
limited by several factors. A simple model, which takes only propagation losses in
consideration, allows us to retrieve an approximated optimum length of the crys-
tal. In figure 6.1.1 (a), the efficiency of the SHG process is plotted as a function of
the crystal length in the case of PL∼ 1 dB/cm for pump, signal and idler. In figure
6.1.1 (b) the optimum length as a function of PL is reported. As crystal length
increases, the nonlinear conversion process becomesmore sensitive to overall and
local changes in temperature, strain and other factors affecting the difference in re-
fractive indexes. Therefore asymmetry in the poling period and disuniformity in
the fabricated waveguide impose an additional constrain in the effective length of
the nonlinear crystal. After this preliminary pondering, we chose the devicewith a
length of 20 mm. The MgO:PPLN contains five 1 mm - wide poling periods with
Λ = 19.2, 19.5, 19.8, 20.1, 20.4 μm. Before proceeding with the purchase of the
above substrate, a preliminary calculation of quasi- phase-matching curves were
performed. Starting from the phase-matching equation:

kp = ks + ki +
2π
Λ

(6.1)

We rewrote it in terms of wavelength:

np
λp

=
ns
λs

+
ni
λi
+

1
Λ
, (6.2)

where np, ns and ni are the temperature dependent refractive indexes for the
pump, the signal and the idler, respectively. Energy conservation allows us to fur-

83



Figure 6.1.1: In figure (a) an estimation of SHG efficiency is represented as
a function of the total length of the device setting the propagation losses to 1
dB/cm for pump, signal and idler. The curve presents a maximum value, which
means that a longer device will not lead to an increase in the generation effi-
ciency. In figure (b) the optimum length is plotted as a function of propagation
losses of the device. As expected, the optimum length diverges in the case of
an ideal crystal. The absolute value retrieved by the model must be taken with
a grain of salt, since the related approximations are really rough.

ther simplify the simulation leading to the following equation:

np(T)
λp

=
ns(T)− ni(T)

λs
+

ni
λp

+
1

Λ(T)
(6.3)

In addition to the temperature dependence of the refractive indexes, a small
contribution is given by the thermal expansion of the crystal, that leads to a change
of the poling period. It can be summarized by the following equation:

Λ(T) = Λ0[1+ α(T − T0) + β(T − T0)
2], (6.4)

being α = 1.53 · 10−5 K−1, β =5.3·10−9 K−1 and T0 = 19 °C.
The temperature dependent Sellmeier equations for 5%MgO:LiNbO3 can be

found in [79]. Replacing all of the above term for Type-0 SPDC (e → e + e),
the phase-matching equation can be solved for a given period of poling and the re-
sults are reported in Figure 6.1.2. Thewavelength of signal and idler for degenerate
SPDC can be retrieved by the intersection between the black dash-dotted line and
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the phase-matching curves. The dashed curves refer to momentum conservation
at room temperature, while the solid ones represent QPM curves at 35 °C tem-
perature. It is worth to underline that QPM gives the access to the highest tensor
element d33 of the nonlinear susceptibility of the crystal. In fact, the second order
nonlinear polarization of lithium niobate can be represented as follows:

Px

Py

Pz

 = 2 ·

 0 0 0 0 d31 −d22
−d22 d22 0 d31 0 0
d31 d31 d33 0 0 0





E2
x

E2
y

E2
z

2EzEy

2EzEx

2ExEy


(6.5)

Toachieve thehighest conversionefficiencyexploiting thed33 coefficient, which
is equal to 25 pm/V, the polarization of all the interacting waves must be parallel
to the z-axis of the crystal.

6.2 InscriptionTechnique

As stated in paragraph 2.3.2, different fabrication configurations are available in
crystals; each of them is characterized by the inscription geometry of the tracks.
Before proceeding in the research of processing parameters, it was necessary to
choose the proper configuration for our application. PPLN is a widely studied
substrate and several articles onwaveguide fabricationwere published. Thepreser-
vation of the nonlinear properties of thematerial and indistinguishability between
waveguides realized in the same fabrication run are key requirements. First we in-
troduce a figure ofmerit in the SHGprocess: the normalized conversion efficiency
η∗, which is defined as:

η∗ =
P2w

(Pw L)2
, (6.6)
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Figure 6.1.2: Dependence of the signal and idler center wavelengths on the
pump wavelength for 5 % MgO:LiNbO3 QPM SPDC twin-photon generation
crystal. The intersections between QPM curves and the black dash-dotted line
indicate degenerate points. Varying the temperature, a red-shift of the degen-
erate points can be observed: dashed and solid lines satisfy QPM condition
for poling periods Λ = 19.2, 19.5 , 19.8 , 20.1, 20.4 μm at 25 and 35 °C,
respectively.

where P2w is the power of second harmonic, Pw is the power of the pump and L is
the length of the device.

Type I: The guiding structure is directly inscribed by the femtosecond laser
pulses and it generally suffers fromthedisruptionof thenonlinear properties. Nev-
ertheless, a distinctive multiscan approach [41] was exploited to minimize the ef-
fects on the nonlinear coefficient. Indeed, multiscan offers the possibility to keep
the single scan energy to a level that minimizes the nonlinear interaction and to
arbitrary control the cross-sectional shapes of the waveguide. The realization of
single-mode waveguides both at fundamental and SHG wavelength was achieved
leading to an efficient frequency doubling (SHG) at 1567 nm and a normalized
conversion efficiency of 6.5 % W-1 cm-2. However, the guiding structure under-
goes thermal annihilation above 200 °C, when point defects are washed out [66].
Thermal stability at room temperature of multiscan waveguides has been demon-
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Waveguide configuration
Type λw [nm] η∗ [W−1 cm−2] PL [dB/cm] Reference

I - Multiscan 1567 6.5 0.6 [41]
II 1064 2.5 1 [81]
III 1064 0.06 13.3 [80]

Table 6.2.1: A brief report on the results of different inscription technique by
femtosecond laser writing in PPLN

strated, while the performances of single-scanwaveguides deteriorate even in stan-
dard conditions.

TypeII: In this configuration thenonlinear coefficient is intrinsically preserved,
since the guiding structure is not directly affected by the laser pulses. In addi-
tion, type II structures present an high thermal resilience allowing their employ-
ment in high power applications, where an operating temperature above 200 °C
is exploited to avoid photorefractive effects. Single mode guiding at both funda-
mental and second harmonic wavelength was achieved. Nevertheless, due to the
small overlap between the guidingmodes, the obtained normalized conversion ef-
ficiency was limited to 2.5%W-1 cm-2.

Type III: Second harmonic generation has been demonstrated in depressed
claddingwaveguide [80]. Nevertheless, the performance in termof losses andnor-
malized conversion efficiency are not comparable with the above configurations.
For the sake of completeness, it is worth mentioning that also the quasi phase-
matching periodic poling was realized by a direct laser-inducedmodulation of the
nonlinearity inside the waveguide core.

Since working at high temperature is not a necessary condition and considering
available experimental setup and performance, we decided to adopt themultiscan
approach of type I waveguides.
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Figure 6.3.1: In figure (a) a schematic of the fabrication setup for waveguide
inscription in z-cut MgO:PPLN is represented. The geometry of the adopted
multiscan configuration is sketched in Figure (b) : 20 tracks are machined in
the x direction, each scan is shifted by o.4 μm from the other in the y direction.
In Figure (c) a top-view microscope image of the waveguide in MgO:PPLN is
reported.

6.3 Fabrication Parameters

Preliminary experimentswereperformed in theunpoled regionsof the crystalwith
the experimental setup in Figure 3.1.1. The repetition rate of the laser pulses was
locked to 1 MHz, while the laser linear polarization was set in the y direction. A
50Xmicroscope objective (NA 0.6) was employed to focus the femtosecond laser
pulses inside the substrate. A scan of the pulse energy, translation speed and in-
scription depth was carried out in order to find the combination of parameters,
that leads to single-mode waveguides both at fundamental and second harmonic
wavelengths. Each waveguide was fabricated by 20 scans in the x direction, spaced
by 0.4 μm in the y direction. As indicated by [66], the femtosecond-laser-written
waveguides support only the TM polarization. After this previous optimization,
we started to fabricate waveguides in the poling periods, which do not have a pe-
riodicity useful for our application. In particular, as indicated by table 6.3.1, we
focused our attention on the photons generated in the poled regions with poling
periods Λ = 19.2 ; 19.5 and 19.8 μm, since their degenerate wavelengths are inside
the C-band at room temperature. In the C-band the fibers, which will be used to
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collect the emitted photons, present low losses and the efficiency of the employed
single-photon detectors is higher. As a consequence, poling regionswith Λ = 20.1;
20.4 μm were employed for preliminary fabrications and characterizations.

Waveguide configuration
Λ [μm] Degenerate Wavelength [nm]
19.2 1542
19.5 1553
19.8 1565
20.1 1577
20.4 1587

Table 6.3.1: The degenerate wavelength for SPDC process in MgO:PPLN at
room temperature. A red-shift tuning of the emitted wavelength can be obtained
increasing the operating temperature.

The optimum parameters are reported in Table 6.3.2.

Fabrication parameters
Laser system Yb:KYW cav. dump.
Wavelength 1030 nm

Repetition rate 1 MHz
Pulse energy 180 nJ

Translation speed 50 mm/s
Inscription depth 100 μm

Objective 0.6 NA

Table 6.3.2: Waveguide writing parameters used for waveguide inscription in
5% MgO:LiNbO3. Microscope image of the waveguide cross-section is also
reported.
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6.4 Nonlinear analysis

6.4.1 Introduction

Thenonlinear behaviour of thewaveguideswas tested via SHGprocess (see 3.2.5).
The characterization of the periodically poledwaveguides gave us the access to the
following information:

• Correct wavelength for spectrally degenerate process. Since SHG is the
Hermitian conjugate process of degenerate SPDC, the peak wavelength of
SHGcurvedirectly reports thewavelength combination tophase-match the
degenerate SPDC process.

• Bandwidth of the SHGprocess: it allows us to compare the similarity in the
nonlinear properties between different waveguides.

A numerical integration of the coupled-mode equations was performed to in-
terpret the experimental results:

dAw

dz
= −i k∗ A∗

w A2w e−iΔkQPMz − αw Aw

dA2w

dz
= −i k A2

w eiΔkQPMz − α2w Aw

k2 =
2w2

ε0c3
d2eff

n2w n2w Seff
,

(6.7)

where Ai is the field amplitude of the fundamental or second harmonic; αi is the
propagation loss coefficient and z is the propagation coordinate. The refractive in-
dex ni and the phase mismatch ΔkQPM = k2w - 2kw - 2π/Λ were calculated through
the temperature dependent Sellmeier equation. The Seff is the effective waveguide
cross-sections computed by the overlap integral of the mode transverse distribu-
tions, while the effective nonlinear coefficient for first order quasi-phase-matching
is deff = 2d33/π.
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6.4.2 Preliminarymeasurements

A preliminary characterization of nonlinear properties was performed on waveg-
uides fabricated in different runs. This measurement allowed us to retrieve an in-
dication on our fabrication process in terms of preservation of the nonlinear coef-
ficient and reproducibility. The results are presented in Figure 6.4.1 and in Table
6.4.1. The central peak wavelength of the inscribed waveguides drifts away from
the one calculated by means of coupled equations. The model does not take into
account the effective refractive index of guidedmode in the quasi-phase-matching
calculation. According to the different guided spatial modes, a modification of the
effective indices neff,i occurs leading to a translation of the phase-matching func-
tion in frequency space. Starting from the coupled equations, the shift Δλ0 can be
achieved in the following ways:

• An error of 0.85 % in the poling period from the one indicated by the sup-
plier: 20.4 μm → 20.58 μm.

• Δn ≃ 6·10−3 induced by guiding effect at both fundamental and second
harmonic wavelengths.

• A combination of the two terms above.

Since a measurement of neff,i can not be easily performed and no information
on the tolerances in the fabrication process of the poling period is reported on
data-sheets, the weight of each term can not be retrieved. A slight deviation in the
phase-matched wavelength between fabricated waveguides was also disclosed. It
can be attributed to fabrication tolerances and to a not perfect stabilization of op-
erating temperature. The bandwidths of the SHGprocess were estimated from the
fitting curves andwere compared to the bandwidth calculated from the theoretical
curve in order to retrieve the effective interaction length Leff. In fact, the param-
eter Leff is directly related to the width of the main curve and the positions of the
zeros. Since the experimental bandwidths were smaller than the theoretical one
(1.518 nm), a value of Leff > L was retrieved : obviously this result has no physical
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Figure 6.4.1: In Figure (a) the experimental points and the fitting curve,
referred to waveguide 1 (see Table 6.4.1), are represented with the theoretical
curve (dotted-dashed line) calculated from coupled equation. A shift of ∼ 6
nm in the central phase-matched wavelength is evident from the plot. This
deviation is ascribable to guiding effect on the propagation constants. In Figure
(b) the SHG curves of waveguides 2 and 3, fabricated in the same run, are
reported. The solid lines represent the fitting curve, while the circles and the
crosses represent the experimental data. A difference of ∼ 80 pm in the peak
wavelength between the two waveguides can be retrieved from the fit.
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Dummy SHG waveguides
Waveguide Central Wavelength [nm] Bandwidth [nm]

1 1593.16 1.456
2 1593.36 1.464
3 1593.44 1.471

Table 6.4.1: A report of the performance of the dummy SHG waveguides:
waveguide 1 was fabricated with the same parameters in a different run respect
to waveguides 2 and 3. A difference in the peak wavelength between the fitted
curves can be calculated. The bandwidth of the process is also reported.

meaning. Two factors has not been considered in the model: the guided modes
effective index instead of the bulk index in the theoretical calculation, and the res-
olutionof the experimental curves, i.e. only fewmeasuredpointswere takenon the
main peak. Since it was a preliminary characterization, we decided not to carry out
additional investigation and we concluded that the crystal length was more or less
completely exploited in the generation process. The presence of higher shoulders
next to themain peak with respect to the fit is an indication of slight disuniformity
in the fabricated waveguides.

6.5 FinalWaveguides

6.5.1 Fabrication parameters

Due to the presence of a scratch at the output facet of the crystal in the proxim-
ity of the selected poling periods, a polishingwas performed in order to permit the
coupling of light. As a result of this procedure the anti-reflection coating, which al-
lowed to reduce the reflectivityRbelow1% at 775/1550nmonboth input/output
facets, was removed. Another drawbackwas the reduction of the final length of the
device to 1.83 cm. Since the crystal surface was not perfectly flat, the inscription
depthwas redefined in order to retrieve the previous focusing condition leading to
slightly modified fabrication parameters as indicated by Table 6.5.1. A pair of sin-
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gle mode waveguides (both at fundamental and at second harmonic wavelength)
was machined in each selected poling period. The mode size was 12.5 x 12.1 μm2

at 780 nm and 18.2 x 16 μm2 at 1550 nm. In order to make the coupling with the
linear devices possible, the input/output distance of the pair was set at 127 μm.

Fabrication parameters
Laser system Yb:KYW cav. dump.
Wavelength 1030 nm

Repetition rate 1 MHz
Pulse energy 175 nJ

Translation speed 50 mm/s
Inscription depth 105 μm

Objective 0.6 NA

Table 6.5.1: Definite waveguide writing parameters used for waveguide in-
scription in 5% MgO:LiNbO3. Mode profile both at fundamental and second
harmonic wavelengths.

6.5.2 SHGcharacterization

The characterization of the nonlinear properties of the poled waveguides (Λ =
19.5 μm) was performed through themethod described in 3.2.5. The automatized
wavelength sweep and intensity acquisition were necessary due to the presence
of fast fluctuations on the expected curve. In fact, after the polishing procedure
and the consequent removal of the antireflection coating, the crystal behave like
a Fabry-Perot interferometer, where the air/MgO:PPLN interfaces act as the end
mirrors of the optical cavity. The acquired images were filtered by removing the
spectral components of etalon and the fits of experimental data are reported in Fig-
ure 6.5.1 (c). As for the preliminary results (see 6.4.1), a shift in the phase-matched
wavelength of about 6 nmwith respect to the theoretical curve was observed. The
bandwidth of the two curves are Δλwg1 ≈ Δλwg2 ≈ 1.571 nm. Comparing the the-
oretical bandwidth with the experimental one, the retrieved value for the effective
length Leff was about 1.76 cm, which can explain the higher shoulder aside from
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SHG waveguides
Waveguide Central Wavelength [nm] Bandwidth [nm]

1 1560.62 1.571
2 1560.64 1.571

Theoretical 1554.68 1.509

Table 6.5.2: A report of the performance of the final SHG waveguides: the
bandwidth and the central wavelength of fabricated waveguides are reported.

the next peak. The phase matched wavelengths of the two waveguides are slightly
different, nevertheless the overlapO between the two curves is above 0.99% : the
nonlinearpropertiesof the twowaveguides arepractically the same. TheSPDCde-
generate process will be phase-matched at λp = 780.31 ±0.01 nm →1560.62 ±0.02
nm at room temperature.

6.5.2.1 Etalon

An evaluation of propagation losses of the integrated waveguides at telecomwave-
length can be performed employing the Fabry-Perot resonance technique. The
wavelength separation between two adjacent peaks in the transmission profile is
the so called free spectral range (FSR) of the Fabry-Perot interferometer and is
given by the following equation:

ΔλFSR =
λ2

2nd
, (6.8)

where λ is the working wavelength, n is the refractive index of the medium and d
is the separation between the mirrors. Replacing λ = 1560 nm, d=1.83 cm and n
the extraordinary refractive index of MgO:PPLN at λ, the theoretical FSR results
as 31.1 pm. The comparison between the theoretical and the experimental (30.6
pm) values allows us to conclude that the transmission fluctuations are related to
the fundamentalwavelength. Thefigure ofmerit of the Fabry-Perot interferometer
that is most sensitive to losses is the finesse. The finesse represents the number of
beams interferingwithin the cavity to form the standingwave and canbedefined as
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the ratio between the free spectral range and the minimum resolvable bandwidth:

F =
ΔλFSR

ΔλFWHM
(6.9)

The mean FWHM of a large number of peaks was computed leading to an ex-
perimental Finesse of 2.194. The relation between the finesse and the attenuation
of light propagating inside the waveguide can be expressed as follows:

α L = ln
(
R

cos (π/F)
1− sin (π/F)

)
, (6.10)

where α L is the attenuation of the device and R is the reflectivity of the mirrors.
In the case of well polished waveguide end-facets perpendicular to the waveguide
axis, the reflectivity will be equal to the Fresnel reflection coefficient:

R =
(n − n2)2

(n + n2)2
, (6.11)

being n the refractive index of air and n2 the refractive index of crystal. The refrac-
tive index of MgO:PPLN was calculated through Sellmeier equation at the oper-
ating wavelength and temperature, resulting in a reflectivity R∼13%.

Replacing all the experimental values in equation 6.10, we retrieve propagation
losses ∼ 1.48 dB/cm for both waveguides. This result can be compared to the
previous losses analysis based on the method reported in section 3.2.4: IL ∼ 4.9
dB, FL ∼ 1.21 dB at both interfaces , CL ∼ 0.9 dB with a single mode fiber with
mode size of 10.4x10.4 μm2 and thus PL∼ 1.51 dB/cm.
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Figure 6.5.1: The SHG curve acquired with method 3.2.5 is reported. In the
inset a part of the transmission fluctuation profile is sketched. The best fitting
of the filtered experimental data in figure (a) are represented.
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Conclusions

Integrated optical components for on-chip twin-photons source based on Sponta-
neous Parametric Down Conversion have been reported. The source exploits an
hybrid approach being composed of three-cascaded chips in different substrates.

A balanced directional coupler at 780 nmwavelengthwas realized in aluminum-
borosilicate glass through femtosecond lasermicromachining. Gold thermalheaters
were fabricated on the output arms of the directional coupler, allowing the low-
power full control of the phase accumulated at the output ports of the first device.

A pair of parallel straight waveguides has been realized in periodically-poled
magnesium-doped lithiumniobate (MgO:PPLN), showing singlemodebehaviour
at both fundamental and down-convertedwavelength. A classical characterization
through second harmonic generation (SHG) process has been performed in order
to investigate the nonlinear properties of femtosecond laser written waveguides
in terms of indistinguishability and generation efficiency (preservation of nonlin-
ear coefficient and losses). An overlap above 99 % between the SHG curves ob-
tained in two different waveguides has been reported. Comparable propagation
losses of 1.48 dB/cm at telecomwavelength has been numerically calculated from
experimental Finesse attenuation in the Fabry-Perot interferometer composed by
MgO:PPLN/air interfaces.

In addition, a femtosecond laserwrittendirectional coupler at 1560nmhasbeen
fabricated. The splitting ratio is 50 ± 1 % for a 10 nm range around the central
wavelength of degenerate SPDC, allowing to preserve the state even with slight
variations of the operating temperature.
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The next step will be the alignment and coupling of the three components in
order to characterize the quantum properties of the source. Future development
would be to fabricate a polarization insensitive balanced directional coupler with
an integrated half waveplate at 45° on its input arm, leading to the generation of
a polarization-entangled state. The waveplate can be fabricated according to the
method proposed by Corrielli et al. [82], where the tilting of the inscribed laser
beam induces a tilt of the optical axis of the straight waveguides.
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