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Abstract

Quantum metrology is an emerging area of metrology, the science of mea-
surements, in both theoretical and experimental aspects. It is focused mainly
in the development of new methods of measurements, especially employing
quantum techniques. In this way it is possible to achieve an enhancement
in the measured parameter estimation, overcoming the bounds that classical
physics imposes.

The aim of this thesis work is the design, the fabrication and the characteriza-
tion of an integrated three modes Mach-Zehnder interferometer, with actively
reconfigurable phases. Such a device is the ideal platform for testing several
quantum metrology algorithms for simultaneous multi-parameters estima-
tion, if probed with non-classical states of light. The fabrication technique
adopted is that of Femtosecond Laser Micromachining (FLM): a cost effec-
tive and very reliable fabrication method for producing high quality optical
circuits with complex geometries, ideal for scientific investigation purposes.
Besides the design and the fabrication details, we also present here a full
characterization of the three-arms interferometer with classical light, which

validates its correct functioning.






Introduzione

La metrologia ¢é la scienza della misurazione, dalla definizione delle unita di
misura alla realizzazione dei loro campioni, fino allo sviluppo di nuovi metodi
di misurazione.

Specialmente durante gli ultimi decenni é stata sviluppata un’area denomi-
nata metrologia quantistica la quale sfrutta le leggi della meccanica quantis-
tica in modo da migliorare ’accuratezza nella misura di un certa grandezza.
In particolare lo scopo é quello di superare il limite standard (Standard Quan-
tum Limit, SQL) che pone il limite classico alla precisione con la quale una
misura puo essere effuttuata. Tale limitazione ¢ dovuta essenzialmente alla
presenza di rumore, specialmente a quello shot.

Le applicazioni pratiche in questo ambito sono in crescita. Quella di mag-
gior successo fin’ora riguarda il rilevamento delle onde gravitazionali grazie
a un apparato interferometrico ben studiato e 'utilizzo di stati quantistici
squeezed. Altre applicazioni si possono trovare in biologia, specialmente
riguardo I'imaging, la sincronizzazione di orologi, la litografia, etc.

Il lavoro presentato in questa tesi riguarda la progettazione, la fabbricazione
e la caratterizzazione di un dispositivo fotonico integrato di un dispositivo
integrato per la fotonica che ha lo scopo di misurare simultaneamente due
parametri, con un miglioramento nella loro stima grazie all'impiego di tec-
niche quantistiche. Il dispositivo in oggetto ¢ un interferometro a tre braccia
scritto in un substrato di vetro attraverso la tecnica di Femtosecond Laser
Micromachining (FLM), tecnica che che permette di ottenere grande flessibil-
ita e stabilita del circuito prodotto.

La tesi ¢ composta da diversi capitoli. I primi tre sono focalizzati sui concetti

di base e sulle conoscenze teoriche utili alla comprensione dell’esperimento

il
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realizzato. In particolare nel Capitolo 1 sono discusse le basi della metrolo-
gia quantistica e alcune sue applicazioni, mentre nel Capitolo 2 e 3 sono
presentati in maggior dettaglio la tecnica di FLM e i setup e metodi di fab-
bricazione e caratterizzazione impiegati. Nei capitoli successivi, invece, ¢ dis-
cussa in modo approfondito la fabbricazione dell’interferometro a tre braccia.
In particolare nel Capitolo 4 ¢é spiegato lo scopo dell’esperimento e il progetto
generale del circuito che vuole essere sviluppato. Nel Capitolo 5 é trattata la
fabbricazione del tritter, ’elemento base che compone l'interferometro a tre
braccia. La realizzazione finale e caratterizzazione del dispositivo completo
sono presentati nel Capitolo 6.

L’esperimento finale, che prevede 1'utilizzo del dispositivo fabbricato con stati
di luce non classica, sara condotto presso i laboratori di ottica quantistica del
Dipartimento di Fisica dell’universita La Sapienza di Roma, ed esula dagli

scopi di questo lavoro di tesi.
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Introduction

Metrology is the science of measurement and it regards several aspects, from
the standardization of the unity of measurements, their definition and real-
ization of standards till the development of new methods of measurement.
It is especially during the last decades that has been developed a research
area named quantum metrology. Quantum metrology exploits the law of
quantum mechanics in order to improve the accuracy of the measurement
of a certain quantity. In particular its aim is to go beyond the Standard
Quantum Limit (SQL) which is the bound for classical measurements due to
the presence of noise, especially the shot noise.

The practical applications in this field are growing up. The one of most
success until now is the detection of gravitational waves thanks to a well-
studied interferometric apparatus and the employing of quantum squeezed
states. Other applications can be found in biology, especially regarding the
imaging, clock synchronization, lithography, etc.

The work presented in this thesis concerns the design, fabrication and char-
acterization of an integrated photonic device in order to measure two param-
eters simultaneously with an enhancement in their estimation thanks to the
employment of quantum techniques. The device is a three-arm interferometer
written in a glass substrate through the Femtosecond Laser Micromachining
(FLM) technique, which lets to achieve great flexibility and stability of the
circuit.

The thesis is divided in several chapters. The firsts three are focused on
the basics and theoretical background. In particular in Chapter 1 are dis-
cussed the basics of quantum metrology and some of its applications, while

in Chapter 2 and 3 are presented in more details the FLM technique, the
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fabrication and characterization setups employed in the development of the
integrated circuits. In the following chapters, instead, is discussed in detail
the fabrication of the three-arm interferometer. In Chapter 4 it is explained
the aim of the experiment and the general design of the circuit. In Chapter
5 there is a full treatment regarding the fabrication of a tritter, the basic
element that composed the three-arm interferometer. The final realization
and characterization of the complete device is presented in Chapter 6.

The final experiment, which will employ no-classical light states, will be con-
ducted in the quantum optics laboratories of the Physics Department of La

Sapienza University of Rome, but lies outside the aim of this thesis work.



Chapter 1

Quantum Mechanics and

Metrology

Metrology is “the science of measurement, embracing both experimental and
theoretical determinations at any level of uncertainty in any field of science
and technology”, by the definition of the International Bureau of Weights and
Measures [1] (BIPM). This organization has the duty to maintain the Inter-
national System of Units (SI) under the terms established in the 1875 by the
Metre Convention. It is thanks to this international treaty that we had the
birth of the metric system, which has been shared by many countries.

The situation in more ancient times was quite chaotic, since every coun-
try had its own measurement system or subjective units of measure. For
instance the evaluation of distances by feet or hands, without a proper stan-
dard, to be compared to could bring to many misunderstandings. In order
to overcome this problem, many ancient empires already developed a local
standardization but it was valid just under their domains so that the external
communications were quite difficult.

Modern metrology, as mentioned above, put its root during the French Rev-
olution and has lead, finally, to a conformity in the international units of
measurement.

The progresses in science and technology have brought to a continuous im-

provement of metrology, like a more accurate definition of the measurement
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standards. Nowadays for example the second is defined as “the duration of
9192631770 periods of the radiation corresponding to the transition between
two specific hyperfine levels of the ground state of the cesium 133 atom”and
not anymore as fraction of the day, year or by a mechanical clock.
Metrology does not concern just about the establishment of units of measure-
ment and the realization of standards, but also the traceability of these lasts,
and the development of new measurement methods. In particular, traceabil-
ity is the “property of a measurement result whereby the result can be related
to a reference through a documented unbroken chain of calibrations, each con-
tributing to the measurement uncertainty” as state by the Joint Committee
for Guides in Metrology [1]. Thus, through this unbroken chain of compar-
isons, it is possible to refer any measurement to its original definition even
though with a certain uncertainty.

This concept of uncertainty is highly correlated with the method of measure-
ment, adopted and, in particular during the last years, quantum metrology
has pushed this limit towards the minimum achievable, as we will show in

the next sections.
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1.1 Quantum Metrology

Quantum metrology aims to improve the precision on the measurement ex-
ploiting quantum strategies and, in this way, overcome the Standard Quan-
tum Limit [2]. We start now to present how a measurement is performed and
which are its limitations. Then we will focus on the measurements performed
by means of light, highliting how it could be used for quantum metrology

purposes.

1.1.1 Optical measurements and Standard Quantum Limit

Usually, a measurement process is made repeating it N times and averaging
the results, so that the statistical error on the estimation of the measured
parameter can be reduced. This reduction is anyway limited, as declared by

the central limit theorem!, to:

1

Ap > i (1.1)
which is the so-called Standard Quantum Limit (SQL), and where Ay is the
statistical error of the parameter ¢. It is important to notice that the cen-
tral limit theorem holds for independent and identically distributed random
variables, so it describes the case of Poisson processes. We will now focus on
optical measurements and the sources of noise that have more to deal with
them, such as the shot noise.
Shot noise arises from the discretization of nature, e.g. when we consider the
electricity as a stream of electrons or the light as a stream of photons. In
particular, this kind of noise is related to the fluctuations in the number of
particles, like the photons emitted by a light source. If the light source works
at low intensity these fluctuations are higher while they get lower increasing
the number of photons emitted.

However increasing the light power leads to another kind of noise called ra-

LCentral limit theorem: the average of a large number n of independent measurements
having a standard deviation of Ao converge to a Gaussian distribution with standard
Ao

n

deviation of NG
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diation pressure noise which is related to the mirror motion that introduces
a phase difference between the arms of an interferometer [3].

Both shot and radiation pressure noises get important at higher frequen-
cies while, for example, at lower and intermediate audio-band frequencies
the limitations to perform a precise measure come from seismic noise and
suspension thermal noise, as we will see in the case of gravitational waves
detection. Finally we should also take in account the technical noise of the
apparatus, inefficiencies and losses.

From now on we will focus just in measurements perform with photons.

1.1.2 Fundamental Quantum Limit

Overcoming the SQL, and so improving the precision in a measurement pro-
cess, is possible employing quantum techniques [4].

In quantum mechanics to each physical quantity, observable, is associated a
specific mathematical operator. When a measurement is performed on two
observables their operators are multiplied. In particular measure before A
and then B correspond to multiply AB, viceversa is BA. The difference
AB — BA = [A, B] is called commutator, if it is equal to zero it means that
there is no difference in measure before one or the other. Otherwise, if A and
B do not commute [/1, B} = h, where h is the Planck constant, and it is said
that the two observables are complementary.

We find this commutator in the Heisenberg uncertainty principle |5| which
defines the fundamental limit:

AAAB > = | ([A,B)) | (1.2)

DO | —

This principle states that it is impossible to measure two non-commuting
properties of a quantum object simultaneously with infinite precision. Exam-
ples of these non-commuting couples are: momentum/position and time/energy
[6]. On the other hand when two quantities commute, [fl, B] =0, it is pos-
sible to measure both simultaneously with the wanted accuracy.

This fundamental principle leads also, as a consequence, to the so-called
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Heisenberg limit |7, 8

1
A — 1.
0> (1.3)

With this limit there is an improvement of v/ N compared to the SQL but to
get it is necessary to employ quantum states of light, such as squeezed states

or entangled photons.

Squeezed State A squeezed quantum state is a kind of non-classical light
state where the standard deviation of an observable (i.e. phase) is squeezed,
while the one of another observable, which does not commute with this first

(i.e. intensity), grows. It means:

~

(A4)%) < 5 [(C) | (1.4)

~

(AB)Y) > S 1 (C) | (1.5)

| — DN —

where [/1, B’] = iC. In this way the Heisenberg principle still holds but for
one of the two observables is possible to get around it.

For instance, by fine-tuning the amplitude and phase quadratures it is possi-
ble to reduce the radiation pressure, squeezing the amplitude, which brings,

at the same time, to an increment of the photon-counting noise, or vice-versa

19].

Entanglement Entanglement is a very peculiar quantum correlation be-
tween two or more indistinguishable quantum particles, which cannot be
described independently even when they are separated by a large distance.
As a consequence the central limit theorem does not hold anymore and so
this correlation between components of the entangled state increases the pre-

cision in the estimation of a parameter [10].

Anyway, it is also important to know where to make use of these quan-
tum states. A measurement process can be usually divided into three steps
(fig.1.1): the preparation of a probe (photons in optical measurements), its

interaction with the system to be measured and the probe readout. The first
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Figure 1.1: Different strategies for the estimation of a parameter
(C=Classical, Q=Quantum). For example QC means that a quantum strat-
eqy 1is employed in the preparation stage, while the detection is made clas-
sically. The black-boxes are the unitary transformations which describe the
interaction probe-system. Image taken from [11].

and third steps can be chosen to be either classical or quantum, but what
is actually important is just the first, as showed in [11]. It is indeed only in
the step of preparation that we have to adopt a quantum state (i.e. adopt
entangled states), while at the measurement stage is useless to perform a
quantum measurement.

In the second section of this chapter there will be some examples about this
enhanced-parameter estimation which procedure is at the base of several

kinds of interferometers, like the Mach-Zehnder and Ramsey.

1.1.3 Phase sensitivity, resolution and Fisher informa-

tion

One of the main promises of quantum metrology is phase super-sensitivity,
which is related to a decrement in phase uncertainty. In general the phase
which gives this maximum sensitivity is not, trivially, the same of the phase at

which the slope of the interference fringe is maximum, as proofed by Okamoto
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et al [12]. On the other hand it has been demonstrated [13] that phase
super-resolution, where for resolution is meant the number of interference
oscillations in one cycle, can be achieved also through classical methods and,
S0, it is not a peculiar quantum feature.

Starting from these premises, Okamoto et al have defined the sensitivity S
as S = (VNAy)™'. Thus when S > 1 SQL is beaten. Moreover, when the
precision of the measurement reaches the Heisenberg limit, S = v/N.
Another important parameter that is often mentioned in quantum metrology
is the quantum Fisher information F' of an estimated phase. The Fisher
information is a way of measuring the amount of information that, in our case,
a photon at the output carries about its phase. Maximize this information
is also one central goal for metrology. For instance if a sample, usually in
the biology field, risks to be damaged by an exposure to a strong beam, an
high F' decreases this need of exposure, maximizing the information gained
using few photons [14]. S? can be interpreted as the Fisher information per
photon since F' = é, as defined by the Cramer-Rao bound.

The estimation of quantum Fisher parameter has been carried on by Pang
and Brun [15] who showed how it is always possible to reach the Heisenberg
limit. Moreover they derived its value for a general Hamiltonian parameter,

in particular of a spin -1/2 in a magnetic field.

1.1.4 Limitations

By comparing SQL and Heisenberg limit, it is immediate to see that this
latter scales /N faster but, on the other hand, there are also some limits in
the employment of quantum methods.

The first general issue is related to the presence of technical noise (i.e.laser
fluctuations, vibrations and so on) that can dominate on shot noise. In this
case the achievable increasing in precision goes lost. Moreover, we have to
take into account also the detector inefficiency, the absorption and transmis-
sion losses of the optical elements, which introduce statistical uncertainty,
not so important for coherent classical measurements, but fundamental for

the quantum ones.
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Speaking about entanglement, the major limitation is found in the growing
fragility of this kind of quantum states increasing the number of photons
involved. For instance when a loss of a photon localizes the others the entan-
glement is completely erased. Moreover, although the generation of NOON
states? with N=1 or N=2 can be done deterministically, this is not true for
arbitrary N. Until now it has been generated NOON states until a maximum
of 5 photons, using post selection, and 4, using ancillary-photon detection
[16].

Squeezed states, instead, find their main limitations in the use of not ideal
setups and, so, are mostly related to losses and inefficiencies. It is possible
to conclude that, in general, squeezed states provide a better performance

compared to entangled states [14].

1.2 Phase detection

In this second section we will explain better the improvement of phase de-
tection in quantum metrology, focusing in particular on the Mach-Zehnder

interferometer. More applications will be briefly presented in the last section.

1.2.1 Beam splitter: classical and quantum view

A beam splitter is an optical device in which the light enters from one, or
both, input ports and it is split between the two output ports. For instance,
with a 50:50 beam splitter, half of the input power exits from one output
and half from the other. More technical details will be explained in Chapter
2, here we will focus just on the phase shift the light acquires impinging on
the device. In particular, speaking about a beam splitter made by a glass
plate with a dielectric coating on one side, the phase shift gained can be 0 or
7. The reflected beam which impinges on the dielectric side will acquire a 7
shift, if instead it pass through the glass and then it arrives at the dielectric

there will be no shift. The explanation is found in the Fresnel equations:

2NOON states are particular N particles entangled states which, as it will be explained
in the following paragraphs, cover a central role in quantum metrology.
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reflection causes a phase shift only when light passes from a lower refractive
index to an higher one. The dielectric coating has a lower refractive index
compared to the glass but, obviously, higher than the air. From here the two
different phase shift.

In this previous description we have assumed that in the beam splitter enters
only a light beam from one port. Different is the case taking into account
also the vacuum fluctuations at the “unused”port, which is necessary to treat
the beam splitter from a quantum mechanics point of view [17]. When a
single photon impinges on the beam splitter it has 50% probability to be
transmitted or reflected. This initial state can be written as |0)|1), which
means zero photons (vacuum) at one port and one photon at the other. Ap-
plying quantum mechanics calculations what we have after the beam splitter
is: (4)1)]0) 4 ]0)[1))/+/2 where i is the imaginary unit related to the phase
gained from the reflected photon. This last state is an entangled NOON state
with N=1. In general a NOON state is written like:

1

V2

where we can have N photons in the spatial mode a and 0 in b, or vice versa,

[¥) (IN)al0)s + 10)al N)s) (1.6)

and, since they are entangled, the whole system can be described with a
superposition of both possibilities. The understanding of how a beam splitter

works is very important since they are basic components of an interferometer.

1.2.2 MZZI: classical approach

The Mach-Zehnder interferometer (MZI) was proposed by the physicists
Mach and Zehnder in the 1891 [18] and its setup is showed in figure 1.2.

The main goal of this instrument is to measure the difference in phase of
two beams by measuring their interference. Depending on the phase ¢ ac-
quired, the second beam splitter will reflect, with an efficiency between 0 and
100%, the beams which have traveled along the interferometer paths. Let us
analyze it in more details [19].

The beam is injected from port A and the first beam splitter splits its am-
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D
¢
spatial mode a

C

N

spatial mode b

A

Figure 1.2: Mach-Zehnder interferometer. It is constituted by 2 beam split-
ters (orange) and two mirrors (blue). In one of the two arms it is present a
phase shifter in order to put an additive phase . The light beam enters from
input port A and is collected at the output C and D.

plitude 50% to each arm. According to what explained in the previous para-
graph, the beam on the reflected mode (spatial mode a, fig.1.2) will gain an
extra phase of m with respect to the transmitted one. Thus at the entrance
to the second beam splitter the light in the spatial mode a has gained a phase
of 27 while in spatial mode b only 7. Moreover the phase depends also on
the optical path traveled L which adds a contribution of %

The second beam splitter is arranged in order to have the dielectric surface
on the right-hand side. So, as state by the Fresnel law, due to the reflection
from an higher reflective index (glass) to a lower one (dielectric), there is no
a phase gain of 7 this time. Thus, after the second beam splitter, on the way

of detector D the phase of the upper path is:

L1 +l) (L.7)

2 21 [ ——
™+ 27 ( \
where L1 is the distance traveled along the path of spatial mode a and [ the

one inside the beam splitter. The same reasoning is valid for the path of



1.2. PHASE DETECTION 13

spatial mode b and making the difference between these two we obtain:

L1+1 L2 +1 L1 - L2
21 +27 <T+>—(7r+27r( ;— >):7r+27r <T) =r+¢ (1.8)

where ¢ is the phase difference due to the possible different length of the two
paths L1 and L2.
At detector C instead the light in spatial mode b acquires an additive phase

of 7 so that the final one is:

L1+2] L2+ 2]
27r+27r( ; )—(27T+27r( A* )):go (1.9)

Finally we can conclude that if there is no phase gain ¢ along the arms
we have a constructive interference at the output C and a destructive one
at output D. Otherwise tuning the value ¢ we reach all the intermediate

situations described by these equations:

I = cos*(p/2) = %(1 + cosy) (1.10)

Ip = sin*(p/2) = %(1 — cosyp) (1.11)

where [ is the normalized intensity measured at the outputs C and D with
an error Ay proportional to the SQL 1/v/ N as explained in the previous
paragraphs.

1.2.3 MZZI: single photon interference

We have just explained how a Mach-Zehnder interferometer works with clas-
sical light. However the situation changes if, as input, we use a single photon
and we pass through quantum mechanics [17].

Assume as input state |0|1) (so one photon at port A and none at port B)
with the first beam splitter we have the following transformation, as already

mention in paragraph 1.2.1:
1

0)[1) — 7

(11)s]0)a +4[0)s]1)a) (1.12)
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that is an entangled state, the photon can be in both arms and we do not
know in which it actually is [20]. Then, with the phase shifter the photon in
mode a (fig.1.2) acquires an additive term of e*.

At the second beam splitter the entangle state undergoes again at the beam

splitter transformation and what we get at the output is:

V) = 50111 =€) F iYL+ %)) (113)

Performing the square modulus of each term we end with the probability to

detect a photon at output C:
5 1
Pe = [(1{0[gin)[” = 5(1 — cosp) (1.14)
While the probability to detect a photon at output D is:
1
Pp = 5(1 + cosp) (1.15)

These probabilities are the same we get classically. Instead, the fact we can
have interference with just one photon is explained just quantum mechani-
cally and it is due to the lack of "which path" information. Indeed, we do not
know which path the single photon has taken since it is in a superposition of
both possibilities and that is why interference appears.

In conclusion, in this application we do not see an improvement in the mea-
surement since, in this case, the SQL and Heisenberg limits are equivalent
with the employment of a NOON state with N=1. Thus we will proceed in
the next paragraphs increasing the number N of photons used, looking at the

consequences.

1.2.4 Improvement with NOON state (N=2)

Now we will explore what happens injecting N=2 photons, one per input

port. Always adopting quantum mechanics to do the calculation, after the
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first beam splitter we get [17]:

) = %(!2%!% +10%5[2).) (1.16)
Thus we always have both the photons in the same arm, even if we do not
know in which. The absent output |1)|1) corresponds to the situation of both
photons transmitted or reflected and these processes are indistinguishable.
In order to explain this fact it is possible to re-call Feynman’s rule: the
probability for an outcome is given by the sum of the probability amplitudes
of all the indistinguishable processes and then calculate the square modulus.
The result, keeping in mind that a reflection brings to a phase of shift, is
zero. The experimental demonstration was made by Hong, Ou and Mandel
[21], which is also useful to check if a process generates indistinguishable
photons. It is also important to point out that this is not a general result,
with N photons at each input port we will not get a NOON state but more
calculations are necessary.
Let us use now the NOON state with N=2, generated with the first beam
splitter of a Mach-Zehnder interferometer, where is always placed a phase
shifter in one of the two arms. Like in the case of one photon the photons
in that arm acquire a phase: \/L§(|2>]O> + €2¢)0)[2)) after the second beam
splitter what we get is:

[Vgin) = =1 = €2)(23]0)a — [0)af2)) + 5L+ 2D (117

1
ﬁ
In order to measure the phase it is useless to measure the average photon
number at the detector, as before, since both arms give the same result. It is
necessary instead to measure the parity (evenness or oddness of the photon
numbers) of one of the two beams [8]. The final result we get, projecting
the final state (eq.1.17) as we did in eq.1.14, is cos(2¢p), so a function which
oscillates at the double of the case N=1 [17], from here we have directly the
super-resolution. Following the calculus of the error propagation we finally
obtain a standard deviation of the phase of 1/2 instead of 1/4/2. We can

conclude that, in theory, using an entangled state we reach the Heisenberg
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limit overcoming the SQL.

1.2.5 General improvement employing NOON state

The result presented in the previous paragraph can be put in more general
terms.

We take as initial state the NOON entangled state W, = (|N)|0)+|0)|N))/v/2.
It interacts with the system, undergoing a phase shifting unitary transfor-
mation U, = €", where n is the photon number operator®, the result is
[14]:

- (ipn)? i
UgIN) = 3225 IN) = eV IN) (1.18)
j=1
Thus the NOON states acquire an N-amplified phase shift and, from that,
the enhancement in precision at the detection stage and the intrinsic super-
resolution due to this N-faster oscillations [22].

A coherent light source (i.e. a laser) is, instead, described by a coherent state
|y whose amplitude is connected to the mean photon number by |a|? = (7).

Applying U, to this coherent state:

o0

Unla =2 5 28R ) = vla) (119

Jj=1

so the final result does not bring any amplification of the phase and, so,
any improvement in the detection of it. From here the need to repeat the
measurement N times and apply the central limit theorem. Moreover, always
applying the error propagation theory, the results lead us the the SQL or
Heisenberg limit, depending on the preparation stage we start, quantum or

classical.

3The photon number operator is related to the number of energy quanta excited in a
state: n|n) = n|n) where |n) is the photon number state and n the photons excited in the
state |n) from the vacuum state.
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1.2.6 Multiparameter estimation

Another important subject of interested is the possibility to perform multi-
parameter phase estimation. In order to achieve that multiport devices are
used, such as three- or four-port beam splitters (called tritters or quarters).
A tritter (quarter) is a device which splits a beam in three (four) parts instead
of just two, like a normal beam splitter. If a splitter is named symmetric it
means the beam is divided into equal parts at the output. A more detailed
explanation will be given in the next chapters.

A three-arm interferometer is obtained putting in sequence two symmetric
tritters and it is possible to estimate until two phases simultaneously, respect
to a reference. This estimation can be achieved thanks to an adaptive pro-
tocol like the one used by Spagnolo et al [23]. Moreover also the amount of
Fisher information of the phase can be extracted and checked if the classical

limit it is overcame or not.

1.3 Applications

In this last section are reported examples of several quantum technologies

in which the quantum-enhanced parameter estimation has found application

14].

1.3.1 Quantum biology

In the field of quantum biology is important to be able to observe a certain
tissue or structure respect to the surrounding others, without damaging it.
This damage can come from heating or photochemical effects [14]. In the first
case the damage is strongly correlated with the presence of water and, so,
with its high absorption in the infrared area. On the opposite photochemical
effects (such as dissociation of molecules) get worst with the decreasing of
wavelength, since it means an increase of the energy. These are two more
constrains that have to be taken in account in order to apply imaging tech-
niques in this study area.

Anyway, employ quantum metrology methods in biology let to achieve the
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same or better precision in the study of a sample, decreasing the light expo-
sure, and so the possible damages. For instance in two-photons microscopy,
in order to get a good fluorescence, it is required to use high intensity beam.
On the other hand, with entangled photons, is possible to perform mea-
surement on light-sensitive samples getting around this problem and so, for
example, measure the protein concentration in a solution, as explained in the
work of Crespi et al. [24].

Crespi et al. fabricated, always by FLM techniques, a Mach-Zehnder in-
terferometer coupled with a microfluidic channel passing through one of its
arm. In this channel flows a light-sensitive solution and a phase shift, induced
by the concentration-dependent refractive index, is acquired by the photons
which travel inside the interferometer. Thus, depending on the concentration
of a certain protein inside the solution, a different pattern of the interference
fringes is detected. In this work it is proofed, employing entangled photons,

the overcoming of SQL and the achievement of super-resolution.

1.3.2 Quantum imaging

Imaging protocols regard many different aspects: microscopy, spectroscopy,
lithography, etc. We start with one of the most famous quantum imaging
experiment: the reconstruction of a ghost image.

A ghost image is the image of an object produced without directly looking
at it. Thus there are two paths (fig.1.3), in one there is the object while in
the other nothing, at the end of each path there is a detector. The photon in
the first path can be absorbed or not by the object and so can be detected
or not by the corresponding detector (called bucket because without spatial
resolution). The correlated-photon following the second path will reach its
camera and, looking at the coincidences with the first photon, absorbed or
not, the image of the object can be reconstructed. This procedure has classic
nature, either if we use entangled photons or correlated light beams. The
quantum nature lies in the fact that both near and far-field plane can be
perfectly imaged with the same apparatus using entangled photons and in

the creation of noiseless images [4].
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Bucket
detector

Figure 1.3: Schematic setup for the reconstruction of a ghost image. The
object to reconstruct is on the path of a bucket detector (no spatial resolution),
while the image reconstruction is made combining the information collected
from bucket detector and camera.

For what concern lithography and two-photon microscopy the biggest limi-
tation lies in the Rayleigh criterion* which defines the bound to resolve two
points. Considering the diffraction through a slit the angular resolution 0y
is sinfp = % where A is the wavelength of the light passing through the slit
and d the width of the slit. Thus decreasing A the resolution gets higher but
it is not possible to go below a certain wavelength, since this would increase
also the energy of the radiation. Thanks to entangled photons, especially
NOON states, it is possible to overcome this limit. Keeping the wavelength
of the radiation field constant the one of the NOON state is A/N with an

increasing in resolution [4].

1.3.3 Quantum frequency

In this application, typical for spectroscopy, the phase factor which is going to
be measured is time-dependent and equal to ¢ = wt where we are interested
in estimate the time t, related to the life time of th atomic state, or frequency
w of an atomic transition [8, 25]. In order to accomplish this it is used a

Ramsey interferometer [26] which is formally equivalent to a MZI but the

4Rayleigh criterion: two point sources are regarded as just resolved when the principal
diffraction maximum of one image coincides with the first minimum of the other.
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entanglement, in this case, is made by a superposition of two atomic states
instead of two photons. It is indeed an atomic interferometry based on the
phenomenon of magnetic resonance, it is also used in the S.I. for the definition
of the second.

We say that a system is in magnetic resonance when its natural frequency wy
is equal to the frequency used to interact with it, like applying an external
oscillating electromagnetic field w. The probability to transfer an atom from
its excited to its ground state is maximum when the detuning A = w —wy is
equal to 0, so when it is in magnetic resonance.

Thus our entangled state this time will be the superposition of the ground
state |0) and the excited state |1) for each ion: (]0) + [1))/v/2. These ions
are indeed independently excited by an electromagnetic field, which acts like
the first beam splitter of MZI, and then undergoes to a free evolution for
a time t which introduces a phase factor between the two states. Applying
another, identical electromagnetic pulse and measuring the probability to be
in state |0) is possible to retrieve this phase. Anyway, in order to overcome
the SQL, it is necessary to built at the beginning an entanglement of all N
ions otherwise, even repeating the measure N times, the maximum accuracy

will be always limited by the expression 1.1.

1.3.4 Quantum positioning and clock synchronization

Positioning A way to find the position of an object is to measure the time
of arrival of a light beam which travels from that object to a known reference
point. Classically this means to average the time-travel of the single photons
in the beam. The error is so proportional to 1/(Awyv/N) where Aw is the
bandwidth of the signal. The minimum time duration detectable, closing
related to the accuracy of the position, is 1/Aw per each photon, thus it
depends on the spectral distribution of the signal.

Even in this case, thanks to quantum strategies, is possible to improve the
result. Especially entangling N photons in frequency each of them will have
the same bandwidth Aw leading to the usual improvement of v'N [27].

Other limitations that have to be taken in account in order to measure the
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position are related to the power of the beam because of the losses and its
broadening due to the possible transit in dispersive media. This last is even

overcome exploiting quantum techniques [28].

Clock synchronization The problem of synchronize distant clocks is closely
correlated to the one of positioning. The most common protocols used are
the Einstein synchronization and the Eddington’s slow clock transportation.
The first procedure is based on exchange of light pulses from one clock to
another, in the second the two clocks are synchronized locally and then, one
of the two, is transported infinitesimally slowly (adiabatically) to its final
location.

As mentioned in 1.3.3 atomic clocks are based on Ramsey’s method since
the measure of time (or frequency) is connected to the transition of electrons
between energy levels. The accuracy of the clock depends indeed on the fre-
quency and width of the electronic transition: higher frequencies and narrow
bandwidth improve the precision. In addition one of the main limitations to
the precision of atomic clocks is due to atomic quantum noise, originating
from Heisenberg uncertainty principle. It is to overcome this that quantum
states are necessary to be employed.

For instance it is possible to use entangled state however, in this case, it
is necessary to take into account also the presence of decoherence since it

strongly limits the performance [29].

1.3.5 Gravitational waves detection

Gravitational waves are predicted by Einstein’s general theory of relativity as
curvatures of spacetime which propagate as waves. The Laser Interferometer
Gravitational-Wave Observatory (LIGO) Project has the aim to detect them.
In order to do that are used Michelson-type kilometer-scale interferometers
with mirrors suspended in vacuum. The frequency of gravitational waves
goes from few Hz to some kHz but vacuum fluctuations and other noise limits
the sensibility to few hundreds of Hz (fig. 1.4). To overcome this squeezed

states are employed so that the noise is not more equally distributed in the
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Figure 1.4: In the shot noise frequency limited band (above 700Hz) there is
a reduction of the noise (red trace) thanks to the injection of squeezed states.
At lower frequency instead the limitations is given to the insufficient seismic
isolation of the mirrors. Image taken from [30].

quadratures, in particular the phase-quadrature is squeezed such that the
measure of it is more accurate. Moreover in the observatory’s apparatus are
present also filters to eliminate other sources of noise [30].

This application is the first that is actually practical for squeezed states,
even though they are an important components also in experiments such as

quantum teleportation or quantum memories.



Chapter 2

Femtosecond Laser

Micromachining

In this chapter it is firstly explained the physics behind waveguides writing
technique of Femtosecond Laser Micromachining (FLM).

In the second section the most important parameters, from which the fabri-
cation process depends, are reported.

In the last section are showed some relevant devices fabricated by FLM.

23
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2.1 Introduction

There are many techniques ideated for fabricating photonics circuits; the one
we are interested in is Femtosecond Laser Micromachining (FLM) useful for
writing optical waveguides in transparent materials. This method was born
from a work of Davis et al [31] in 1996 and it is based on non-linear absorp-
tion of focused ultrashort laser pulses which induce a local and permanent
modification in the dielectric substrate.

In the following section we will explain in more details how this non-linear
absorption process works and the different parameters that can be tuned in
order to achieve the wanted smooth refractive index change and circuit ge-

ometry.

With respect to lithography FLM offers advantages:

e it is a maskless and single-step process, which requires a relatively
simple setup and does not require the use of special facilities such as
clean rooms. This bring to a consistent cost reduction and process
speed-up, very useful for prototyping of new designs on small scale

production;

e it is flexible since it is adequated to fabricate in different materials
(glasses, crystals, polymers) just adjusting the laser radiation parame-

ters, without changing the process;

e thanks to the non-linear nature of the light-matter interaction process
of FLM, the material modification is highly localized at the beam focal
spot. This permits to fabricate the waveguides with a 3D geometry,
and to develop circuit designs with configurations otherwise impossible

to get.

2.1.1 Femtosecond laser interaction

Linear absorption of light at frequency w takes place in a certain material

when the energy carried by a photon is higher than the material band gap
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Figure 2.1: Non-linear light absorption processes: (a) multiphoton absorp-
tion; (b) tunneling; (c) avalanche ionization. Image taken from [32].

Ey: hw > E,. In FLM we want to avoid this linear absorption, thus the
material must be transparent at the fabrication wavelength. The reason why
non-linear absorption is essential lies in the fact that it lets to obtain a per-
manent and localize modification in the substrate since it induces only in
the focal region of the beam, due to the very high peak intensity required.
Non-linear absorption can be of different kinds: multiphoton absorption, tun-
neling and avalanche ionization (fig.2.1). These processes are at the basis of
the generation of free electron plasma to which follows energy relaxation and
material modification.

Multiphoton absorption consists in the simultaneous absorption of n pho-
tons from a valence electron such that nfww > E,. This happens when the
laser intensity is relatively low and brings the electron to the conduction
band.

With higher electric field, instead, there is a deformation of the conduction
and valence bands, leading to a lowering of the potential barrier, so that elec-
trons can flow from the latter to the first one thanks to a tunneling effect.
These two processes coexist during the laser exposure, and their result is the
same: the promotion of electrons from the valence to the conduction band.
They actually do not depend only from the intensity of the light, but also on
the effective mass of electrons and laser frequency.

This seed of free electrons in the conduction band can linearly absorb other
photons from the same laser pulse, increasing their kinetic energy and this
can lead, by impact ionization, the promotion of other electrons from the
valence to the conduction band. This process is called avalanche ionization

and gives, as a consequence, the formation of a hot plasma of free carriers,
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which grows in density until the laser pulse is present. When the laser pulse
is finished, this plasma relaxes and it releases its energy to the surrounding
lattice of the material, which is deformed, leading to a change of its proper-
ties. Depending on the energy of the pulse, we can have three different kinds
of modification, as we will explain in the next paragraph.

The sub-picosecond pulse duration is an essential ingredient in FLM, mainly
for two distinct reasons. The first one is that the absorbed energy is trans-
ferred to the lattice in the order of picosecond time-scale and thus it is de-
coupled respect to the non-linear absorption processes.

The second one is related to the fact that multiphoton and tunneling ion-
ization need high peak intensity to be triggered in a deterministic fashion,
leading to the promotion of electrons which will induce the avalanche ion-
ization. It is also true that this seed of free electrons can also be produced
thermally or by the presence of impurity and defect states. The problem is
that, in this latter case, the plasma density will be lower and it will fluctuate,
bringing to a stochastic breakdown with strong repercussions on the unifor-
mity and the quality of the modification.

It is necessary to point out that, anyway, the precise mechanism and reasons
which lead to a change in the refractive index are still not completely clear
since many phenomena occur together during the plasma relaxation, such
as ion exchange/migration [33], color center formation [34] and densification
[35].

2.2 Fabrication parameters

2.2.1 Pulse energy and translation speed

As already mentioned above, depending on the femtosecond pulse energy, we
can end up with three different effects induced in the material.

In particular pulses at low intensities produce, in the focusing volume inside
the substrate, a smooth and isotropic change of refractive index, that, for
suitable irradiation parameters, can be positive. This regime is the one in

which we are more interest in for waveguide writing [36, 37|.
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Instead, with slightly higher intensities, the refractive index changes more
abruptly leading to birefringent structures. This birefringence can be ex-
ploited in some applications, for example in devices where a polarization
spatial dependence is useful.

Rising further the intensity causes the generation of micro-explosions inside
the material due to shock waves and this leads to the formation of craks and
micro-voids inside the material. This case is of interested for some applica-
tions which generally do not have waveguiding properties but, for instance,
are useful for three-dimensional data storage. This is the case of microvoids
representing voxels (volume pixels) [38].

The final refractive index profile produced in the material by FLM also de-
pends from the amount of total energy deposited per unit volume and this is
controlled by the translation speed. Obviously, the higher is the speed, the
less is the energy per unit volume deposited. It is also important to notice
that, given the non-linearity of the process, there is no equivalence in the
increasing (lowering) of translation speed with the same energy pulse and

the lowering (increasing) of pulse energy at constant speed.

2.2.2 Repetition rate

Another crucial parameter in waveguide writing by FLM is the repetition
rate of the laser pulses. We can individuate three different regimes [39].

At low repetition rate (less than 100 kHz) two consecutive pulses arrive af-
ter the complete cool down of the substrate, since the heat released by the
first pulse is already completely dissipated. This is the so-called single pulse
modification regime. It leads to less uniform waveguides and accumulation
of birefringent stress, in addition to a low fabrication speed.

Increasing the repetition rate up to several MHz we have a completely differ-
ent situation. The heat cannot diffuse between two consecutive pulses and,
so, there is a strong heat accumulation at the focal point. The temperatures
reached in the material during the fabrication in this regime are then much
higher that in the previous regime, and this causes a partial melting of the

substrate nd its consequent re-solidification. As demonstrated by Eaton and
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co-workers [40], this regime is ideal for the waveguide inscription in borosili-
cate glasses, where it is possible to obtain very uniform and less asymmetric
waveguides, which exhibit reduced birefringence and a more circular guided
mode, with benefits both on propagation losses and coupling losses to optical
fiber. Finally, in this regime, there is also a speed up of the overall fabrica-
tion process, up to 50-100 mm/s, instead of tens of um/s like in the previous
regime.

There is then also an intermediate regime, from hundreds of kHz to few MHz.
In this case is not required, like in the second regime, a tight focusing and
long working distance objectives can be employed so that it is possible to
exploit at maximum the 3D capabilities of FLM. Moreover, as for the latter
regime, symmetric and uniform waveguides are generated allowing also to a

good fabrication process speed.

2.2.3 Focusing conditions

In order to focus the femtosecond pulses into the substrate and trigger in the
focal spot the non-linear absorption process, it is required an suitable system
of optical elements system of optics. The standard choice is a microscope ob-
jective, which compensate both the spherical and the chromatic aberrations
that would cause deviation in the intensity distribution of the focus.

The spatial intensity profile of the focused pulse, in the approximation of
linear propagation and and null spherical aberrations, can be represented by
a Gaussian beam. In this case the diffraction limited minimum waist radius

wp and the Rayleigh range! zq:

WED)
- 2.1
Wo N A~ ( )
nM?\
20 = N AZr (22)

where M? is the beam quality factor, \ the laser free space wavelength, n

the refractive index of the material and NA the numerical aperture of the

Tt is the distance along the propagation direction of a light beam from the waist to
the position where the area of the cross section is doubled
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focusing lens.

This last parameter is one of the most important, since it determines the size
of the focal volume, which is tighter with higher value of NA, as it is obvious
looking at the equations above (eq.2.2). On the other hand, increasing too
much the value of NA is counter-productive in terms of the depth of the fo-
cus, which is another key parameter. In fact, the index mismatch at air/glass
interface adds another contribution in spherical aberrations, an effect that is
more relevant for higher NA values. A way to limit this effect is the employ-
ment of an oil-immersion objective, in order to quench the index mismatch
or using an objective with variable depth aberration compensation.

Finally, another factor which has to be considered is whether the material
under processing exhibits a significant value of non-linear ns refractive index.
Indeed, the propagation of a focused and intense ultrashort pulse in a highly
non-linear material can give rise to some undesirable non-linear effects, that
will further distort the focal spot. In particular this happens if the peak

power exceeds the critical power for self focusing:

377N

P. = .
87T7’L0’I”Lg

(2.3)

In this case the pulse collapses to a focal point and free electron plasma is
generated. The latter behaves as a diverging lens balancing the Kerr-lens
self-focusing leading to a distorted focal spot. These effects can become very
relevant when long focal depths are used, and this may limits to applicability
of FLM.

2.3 Photonic devices

In this section we will speak about some photonic devices fabricated by FLM.
In particular we will focus our attention on devices fabricated in aluminum-
borosilicate glass substrates, as they are more relevant for the development
of this thesis work. We cite two studies about this type material, the first
one by Eaton’s group [40] which shows that high repetition rate (around 1.5

MHz) and high translation speed (some tens of mm/s) allow to fabricate
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Figure 2.2: (a) Power exchange of a directional coupler with coupling co-
efficient k = 0.9mm™=. Depending on the propagation length it is possible
to choose the splitting ratio. The red and blue curves represent the power
exchange from one waveguide to the other, when they cross a 50% splitting
has been achieved. (b) Schematic of a X coupler. Image taken from [{2]

with waveguide with high performances at telecom wavelengths (1550 pm).
In particular, they demonstrated propagation losses of about 0.3 dB/cm and
mode size of around 10um x 10um.

Another study was made by Sansoni et al [41] for waveguides at 800nm. In
this work, the authors have shown that waveguides fabricate in borosilicate
glasses show relatively low bending losses, with values around 0.3 dB/cm for
curving radius of 30 mm. In this case the reported propagation losses are of

0.5 dB/cm and a 8um x 8um mode field diameter.

2.3.1 Directional couplers

A directional coupler is an integrated optics device in which two waveguides
get close and, in that region, a light power exchange, due to evanescent
coupling, takes place. This phenomenon can be modeled in terms of coupled
mode equations, as fully explained in [43]. In these equations one of the
most significant term is the coupling coefficient k, which describes the overlap
between the modes of the waveguides. It is related to the distance d of the

two waveguides at the coupling region by:

k= AeM (2.4)
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where A and b are constants, always related to the specific coupling.

The solution, in the hypothesis of symmetrical and identical waveguides,
of the coupled mode equations is a modulated power exchange, like the
one showed in figure 2.2a, which can be mathematically written as P.,. =
sin?(kL), where L is the length of the coupling region. Thus, from the choice
of this length, it is possible to decide the amount of exchanged power and,

s0, the reflectivity R and transmissivity 7', defined as:

Pwciin

R == 2.9
PWGlout ( )
Pyciin

T=—"7"+. 2.6
PWG2out ( )

This means that the reflectivity is the amount of light power which remains
in the first waveguide after the coupling, while the transmissivity is the power
that crosses to the second.

Thus even a slight difference or imperfection in the writing of these waveg-
uides leads to visible consequences in the performances of the device. For
this reason, directional coupler fabrication is a benchmark for the success or
not in the employment of FLM technique.

The first reported FLM direction couplers were made in borosilicate glasses
realized in 2001 [44] working at 633 nm. They had an asymmetric geometry
composed by a straight guide and a curved flanked one.

Another kind of coupler geometry is the X-coupler demonstrated by Osellame
et al in 2005 [42]. As it is possible to see in fig. 2.2b, in this case the two
waveguides are at two different depths and the splitting ratio is determined
by the distance h and the angle a.

The splitting ratio depends also on the wavelength and the polarization. The
first dependence can be useful for some applications such as multi and demul-
tiplexers while for others is a limitation that can be overcome by correctly
choosing the geometric parameters in the design [45].

Even polarization dependence can be exploited in some technologies (i.e.

polarization sensitive devices) or avoid in others where it is prejudicial [46].
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Beam splitter A directional coupler is a beam splitter in its integrated cir-
cuit version. In particular, by performing an accurate choice of the coupling

length it is possible to achieve a 50:50 splitting ratio.

2.3.2 Tritter

A tritter is a multi port beam splitter which splits a light beam in three
different spatial modes instead of just two. It is called symmetric or balanced
when an input photon has the same probability to exit through any of the
three output ports. Theoretically the description of a symmetric tritter is
made by a 3 x 3 unitary matrix [47] assuming that the majority of the losses

occur outside the chip:

] 1 1 1
U — 7 1 ¢i2/37  id/3n (2.7)
1 id/3m  i8/3m

Different geometries are possible to fabricate this device.

In 1997 Marek et al [47] proposed a tritter made putting in cascade several
two port beam splitters and phase shifters according to the geometry shown
in figure 2.3a [48|. Anyway a device made with these bulk elements suffers of
mechanical instabilities, especially when it is used as a component of a larger
device, like multiport interferometers. It is possible to reproduce this decom-
position approach in its integrated version [49] overcoming these problems.
Another possible geometry for realizing an integrated tritter was presented
for the first time in [50] and fully exploits the 3D capability of FLM. It is
a directional coupler made by three waveguides approaching each other to
get a common coupling region (fig. 2.3b). Accurately choosing the coupling
length respect to the distance is possible to achieve a balanced splitting.
Other similar 3D geometries are possible such as the one used in [51] where
we have always three waveguides getting closer. In this case the geometry at
the coupling region is isosceles while, in other works [52] was thought equi-
lateral and then optimized to compensate non-idealities.

This last geometry was employed to accomplish a three photons interaction
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Figure 2.3: Schematic of a tritter. (a) Tritter as cascade of two port beam
splitters, gray blocks, and phase shifters, green blocks. (b) Three dimensional
tritter. Images taken from [52]

by evanescent field coupling without a decomposition into a cascade of com-
ponents, difficult to control, providing a more compact device. In particular
it has been used in the work of Spagnolo et al [52]| to obtain three photons

interference.

2.3.3 Mach Zehnder and multi-port interferometers

As already mentioned in the first chapter, a Mach Zehnder interferometer is
a device composed by a first coupler which divides a light beam in two (or
more, in case of multi port interferometer) different optical paths, which are
then recombined at the output by another coupler. Depending on the dif-
ference of the phase shifts that light acquires on the different spatial modes
inside the interferometer, interference fringes are observed at the device out-
put ports. This phase shift difference can be originated by a geometrical
imbalance of the light paths or by a local change in the refractive index in
one or more spatial modes. Note that the phase shift can be also dynamically
driven with a thermo-optic resistor.

The first fabrication of a MZI with FLM was made in 2002 by Minoshima
et al [53] putting in cascade two X couplers. It works as wavelength filter
thanks to a geometrically unbalanced design. The transmission spectrum
detected shows a periodicity which fits for a 9.3 pum path unbalance, quite in
good agreement with the 10 um expected.

This last result was a good accomplishment, since even small imperfections
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or variations in the design are enough to shift the interference fringes with
respect to what was theoretically expected. One interesting example regard-
ing this aspect can be the work of Florea and Winick [54] who tuned the
device in real time by focusing femtosecond pulses on one branch until they
reached the desired interference pattern.

Speaking about multi-ports interferometer even in this case we have several
examples. For instance there is the work of Chaboyer et al [55] which de-
veloped a 3D geometry of a three-arm interferometer putting in cascade two
3D-tritters. In particular, one of its arms was fabricated very close to the
sample upper surface and a thermo-optics phase shifter was fabricated on top
of it. This allowed to dynamically tune the interference pattern produced at
the interferometer output. Another three-dimensional interferometer [23] is
depicted in fig.2.4a. The only difference with the previous is that there is no
rising of the central arm.

Another way to build up a multi-port interferometer is decomposing it into
more basic components, such as directional couplers and phase shifters [47].
For instance in the work of Crespi et al [56] a 5-arms interferometer was made
with a network of these elements (fig.2.4b). The main challenge was to get
the independent control of the 10 transmissivities and 15 phase shifters just
by tuning the geometrical features of th device. However, the high degree of
flexibility of FLM helped in order to reach the correct optical length for the
induced phase shift and, at the same time, the wanted splitting ratio which
depends on the distance of the two waveguides in the coupling region besides

the coupling length.

2.3.4 Thermo-optic phase shifter

An important feature of an integrated photonic device is its reconfigurabil-
ity. This capability leads to two main advantages: error compensation due
to fabrication tolerances and implementation of dynamic circuits so that we
are able to change their functionalities during the experiment. A practical
and relatively simple method widely employed for obtaining reconfigurable

optical circuits is that of exploiting the thermo optics effect for inducing a
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Figure 2.4: Schematic of a multiport interferometer. (a) 3D geometry of
a 3-arm interferometer. Image taken from [23] (b) 5-arm interferometer.
Image taken from [56]

localized refractive index tuning in several key points of the circuit. This
operation is typically performed by means of resistive heaters placed in the
proximity of the waveguides.

The fabrication of a reconfigurable device is possible with FLM, as demon-
strate in [57|. In particular, it is made in three steps: first of all there is the
normal waveguides writing inside the substrate. It follows the deposition of a
gold layer of some nm by sputtering. Finally, the patterning of this metallic
surface is made by cutting the gold, always thanks to a laser beam focused,
this time, on the surface, in order to obtain the resistors which will act as
thermo-optic phase shifter.

In particular in the work made by Flamini et al [57] was developed a tunable
MZI. It was made in a aluminum-borosilicate glass, Eagle2000 by Corning,
with pulses at 1030 nm with a repetition rate of 1 MHz, pulse energy of 330
nJ, an objective 50X (NA 0.6) and a translation speed of 20mms~!. The
device had to work at telecom wavelength (1550 nm). The ablations on the
gold instead were fabricated with 100 nJ energy pulses and a slow transla-
tion speed of 1 mms~!. These ablations define the resistors which are written
just above the arm of the interferometer where it has to be placed the phase
shifter. The so inscribed rectangular resistors will dissipated energy as heat
and, in Flamini’s experiment, they were 0.3 mm wide (w), 20 mm long (L)
and 50 nm thick (h). The value of the resistance is define by the second
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Ohm’s law:
L

R:ph*w

where p is, in this case, the gold resistivity.

(2.8)

The phase shift induced is due to the temporary local change in the refractive
index which is proportional to the dissipated power P at the resistor R where
P =AV?/R.



Chapter 3
Experimental Setup

In the first section it is described the setup employed for the fabrication of
the integrated photonic devices.
In the second section it follows the explanation regarding setups and methods

to characterize the photonic chips that have been produced.
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3.1 Fabrication Setup

In fig.3.1 there is a sketch of the fabrication setup used to produce the optical
devices presented in this thesis.

A cavity-dumped mode-locked oscillator generates femtosecond pulses at
1030 nm which pass through a system of dielectric mirrors to reach the ma-
chining area. At this point, thanks to a microscope objective, the writing
beam is focused inside the underlying substrate. This last is sticked on a
computer driven, three dimensional, linear motion system. Mounted on the
translation stage there is a gimbal-based adjuster (GM100, Thorlabs) that,
together with a set of mirrors, allows an accurate alignment for the setup.
A CCD camera is also used to collect the collimated back-reflected light from
the sample surface. This is useful to set correctly the reference system for the
writing process. Moreover, synchronized with the motion stage, it is present
a mechanical shutter (SHO5, Thorlabs) in order to block or not the laser
pulses during the fabrication process and obtain the desired geometry.

The tuning of the average energy per pulse is made by the rotation of an
half-wave plate placed before a to a Glenn-Thomson polarizer, at the begin-
ning of the path.

In conclusion, two flip mirrors let to change the direction of the beam de-
viating it into a second harmonic generation stage and get, in this way, the

half wavelength (515 nm) respect to the fundamental.

3.1.1 Laser source

The laser source is a cavity-dumped mode-locker oscillator [59] which was
developed by the Max Planck Institut of Heidelberg (Germany) in collabora-
tion with High-QLaser GmbH (Austria). The active medium is a KY(WO,),
crystal, doped at 5% concentration with Ytterbium. The wavelength emitted
is 1030 nm. The pumping system is based on a InGaAs multiemitter laser
diode bar at 980 nm and the optical pump power used is in the order of 15
W. The cavity is long 8.9 m and it is folded by a sequence of mirrors in a
footprint of 90 cm x 50 cm.

The passive mode-locking regime, which generate a train of pulses at 17 MHz,
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Figure 3.1: Schematic of the fabrication setup. A femtosecond laser beam
at 1030 nm pass through an half-wave plate (HWP) and a Glenn-Thomson
polarizer (PBS) which controls the the laser power intensity. A flip mirror
(FM) can deviate the beam into a temperature controlled lithium triborate
crystal (LBO) placed between to focal lens (L1, L2) with a 30 mm focus.
This second harmonic generation stage generate a wavelength of 515 nm.
It is then present a mechanical shutter (SH) synchronized with the motion
system. The beam is finally focused inside the substrate (SUB), mounted on
a 3D high-precision translation stage, through a microscope objective (OBJ).
Image taken from [58]
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is obtained by the utilization of SESAM (SEmiconductor Saturable Absorb-
ing Mirror). A Pockels cell, combined with a thin film polarizer, performs
the cavity dumping of the laser pulses. In particular on the Pockels cell acts
an external electronic driver, synchronized to the train pulse, which can be
tuned in its voltage and repetition rate. The thin film polarized needs instead
to reflect, and so extract from the cavity, part of the pulse energy which is
rotate in its polarization by the Pockels cell.

As already mentioned the pulse train is at 17 MHz and the repetition rate
can be tuned, in the submultiples of 17 MHz, from few KHz up to 1.1 MHz.
In conclusion, acting on the dumping ratio, is possible to get a pulse du-
ration from about 250 fs to 400 fs according to the pseudo-solitonic regime

sustained by the cavity [60].

3.1.2 Translation stage

The relative motion between the focal spot of the laser and the sample is
ensured by a three-axis motion stage (Aerotech 3D FIBERGlide). An air-
bearing, together with a brushless linear electric motor, permits to achieve
an arbitrary 3D path in a volume of 100 x 150 x 5 mm? with high precision
and smoothness.

Nanometric optical encoders monitor the stage position constantly leading to
a control of the motion with errors below 100 nm. This system is computer

controlled and is programmable by G-Code language.

3.2 Characterization Setup

In the following paragraphs will be briefly explained the characterization

measurements and instrumentations adopted to test the device properties.

3.2.1 Optical microscope

The first check of the fabricated device is performed through an optical mi-

Croscope.
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Figure 3.2: Schematic of the device coupling. (a) End-fire configuration.
The laser beam is focused into the waveguide (WG) by a microscope objective
(OBJ). Another objective is used in order to collect the light into a power
meter head (PM) or an imaging camera (IC). (b) Fiber-butt configuration.
Instead of an objective is used a single mode optical fiber (SMF). Image taken
from [58]

By observing the surface of the substrate it is immediate to verify the pres-
ence of errors, such as interruptions or defects in the waveguide paths, and
the uniformity of the writing process. It is also possible to look at the side
of the sample analyzing the cross-section of the waveguides.

The optical microscope employed is a Nikon ME600 where is mounted an
high resolution CCD Camera (PixeLINK B871) to acquire pictures with a

computer.

3.2.2 Device coupling

A crucial step in the characterization of the waveguides is the measurement
of the radiation confinement characteristics. In particular it can be done in
two different ways.

The first method is shown in fig. 3.2a and it is the end-fire coupling config-
uration. It consists in focusing a coherent laser beam into the input facet

of the waveguide through a microscope objective. In order to obtain a good
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Figure 3.3: Schematic of the acquisition spatial intensity. (a) First step:
collect the near field image of the waveguide (WG) by an imaging camera
(IC). (b) Second step: for calibration is acquired the near field of the single
mode fiber (SMF). Image taken from [58]

coupling efficiency the beam waist at the focal point has to match the mode
radius, because of this the NA of the objective is consecutively chosen.

The other configuration (fig. 3.2b) is the fiber butt-coupling. In this case it
is not used an objective but the light is directly injected by the fiber.

A precise and stable alignment of the objective (or fiber) is required since the
waveguides mode is in the order of ten micrometer radius. Because of this, a
three-axis micropositioner (NanoMAX, Melles Griot) with 50 nm resolution
is employed to move the objective (or fiber). Moreover the sample is hold on
a second stage, a four-axis manipulator (MBT 402, Thorlabs). In the latter,
besides two linear translations, there are two tilting adjustments.

Finally, the collection of the output light is made with another microscope
objective with higher NA mounted on a three-axis manipulator and the im-

aged on a power meter head or a video-camera.

3.2.3 Mode profile

A fundamental property that has to be understand is the spatial intensity
profile I,,4(x,y). A possible method for its measurement is by employing the
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fiber butt-coupling configuration (fig. 3.3). The near field image of the out-
put mode is imaged, by a microscope objective, onto a CCD camera, paying
attention not to saturate its dynamic response. From this image it is possible
to retrieve the mode intensity profile.

The same procedure is followed for the output of the fiber with a known
mode diameter. This is necessary in order to calibrate the image dimension
keeping the magnification ratio fixed so that the distance between the col-
lection objective and the input of the camera remains unchanged.

The last step is to perform a numerical analysis on the acquired images. In
particular, in case of single mode waveguides, the theory guarantees that the
fundamental guided mode does not present any sign inversion and so the

spatial field distribution is:

|E(z,y)| o< v/ 1(z,y) (3.1)

The overlap integral of the guided and fiber mode profiles allows to calculate

the coupling losses of the waveguides (eq. 3.5).

3.2.4 Losses measurement

The last important characterization regards the losses of the fabricated in-
tegrated circuit. It is crucial to quantify accurately the losses in quantum
applications since they can heavily effect the performances. For instance in
single photon measurement high losses will decrease the efficiency of the de-
vice because of an increase of the time of execution.

The Insertion Losses (IL) describe the attenuation of the optical signal be-

cause of the insertion of the sample and it can be expressed, in decibels,
by:

Pou
]LdB =-10- lOglO <P t) (32)

in
where P, and P,,; are the powers measured at the input and output, respec-
tively.
The Insertion Losses can be decomposed in four different kind of terms: Fres-

nel Losses (FL), Propagation Losses (PL), Coupling Losses (CL) and Bending
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Losses (BL). Each of them is due to a specific cause that will be explained

in the next paragraphs.

Fresnel Losses are caused by the refractive index discontinuity at the air-
substrate interface which brings to a partially reflection of the light. From

the Fresnel equation for the reflection this kind of losses can be expressed as:

(n2 —m)®
FLjp=-10-1 1—-—= .
dB 0 - logio ( (2 1 11)? (3.3)

where n; and ny are the two refractive indexes. In a common situation we
have air (n; = 1) and glass (ny = 1.5) so that FFL = 0.177 dB for both

interfaces, input and output.

Coupling Losses are related to the mismatch between the waveguide

mode and the incoming light distribution. It can be represented by:
CLdB =—10- lOgl()(O]) (34)

where Ol is the overlap integral:

| [| EwgEndady|?

oI =
JT | Eug?dwdy - [ [ |Ein[*dzdy

(3.5)

where E,, and E;, are the field distributions of the waveguide and input

fiber which can be numerically estimated as explained previously.

Propagation Losses are due to the rugosity and possible defects inside
the waveguide. This contribution, unlucky, cannot be directly measured but

only derived from others. In particular for a straight waveguide is:

ILsp — FLgg — CLyp

PLdB/cm = I

(3.6)

where [ is the length of the waveguide.
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Bending Losses are related to the distortion of a waveguide because of its
possible not-straight geometry which deviate from the perfect translational
symmetry.

In particular we look at the losses produced by a curved segment with radius
R. As R increases the contribution decreases exponentially. To estimate
these losses, several waveguides with different radii, but same bent path I.

are fabricated. The Bending Loss are then calculated as:

(IL;)ap — (ILswa)an

(BLi)dB/cm = I

(3.7)

where (IL;) are the Insertion Losses for the bent waveguide and (I Lgw ) for

the straight one.

In conclusion the overall Insertion Losses can be expressed by the equa-
tion:
ILqsp = CLgp+2FLgg + BLag/em * le + PLgBjem - (3.8)

where [ is the total length of the waveguide and [. the one of the curved

section of the device.
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Chapter 4

On Chip Quantum Estimation of
Two Phases

In the first part of this Chapter it is presented the aim of this thesis and a
general mathematical description of the device.

In the second part, it is discussed the design of the chip we developed. More
details regarding the fabrication of the chip are going to be discussed in the

next chapters.
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4.1 Goal of the Experiment

The aim of this thesis is the fabrication of an integrated three-arm interfer-
ometer for the simultaneous estimation of two phases and the enhancement
of this estimation outperforming the Standard Quantum Limit.

As already mentioned in the first Chapter, a multiparameter estimation is
possible with multiport devices. Moreover it is possible to achieve a im-
provement in the accuracy of the measurement of the parameters employing
quantum methods instead of classical ones.

In order to achieve all of this we will take advantage of the characteristics
of FLM technique to develop an integrated three-arm interferometer stable
and miniaturized. The interferometer is provided with reconfigurable phase
shifters in order to dynamically tune the phase induced in the light injected

in the device.

4.1.1 Mathematical description

A three-arm interferometer is made putting in sequence two balanced trit-
ters. In Chapter 2 we described different ways to obtain a tritter, the one
we use is the integrated version of the decomposition in couplers and a phase
shifter, as it is shown in figure 4.1.

Always in reference to the figure 4.1, the first, theoretically loss-less, direc-

tional coupler is described by a field transfer matrix Upy:

VR T 0
Uri = |iVT VR 0 (4.1)
0 0 1

where 7 is the imaginary unit, R the reflectivity and T the transmissivity,
already defined in Chapter 2 (eq. 2.6). The other two directional couplers
(Ury and Urs) are described by a similar matrix of equation 4.1, obtained
by just sorting differently the rows and the columns, in order to take into
account their operation on the specific optical modes.

Moreover it is also required an additional phase ¢ (fig.4.1) described by:
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Figure 4.1: Design of a balanced tritter decoupled in three directional cou-
plers and a phase shifter. Each of these elements are described by a unitary
matriz.

e'r

U, = (4.2)

S = O
_ o O

0
0

The overall matrix of the tritter is calculated as Urgrr = UpsUpr2U,Urs.

In order to have a balanced tritter, so splitting the light from one input in
three equal parts at the outputs, the first and third couplers need to have
R =T = 1/2, while the second coupler has R = 1/3 and T' = 2/3. The
phase ¢ has to be of 90°.

The final matrix Urg;, which represent the whole tritter, is the already given

eq. 2.7:
1 1 1
1

UTRI:% 1 /37 git/3m (4.3)
1 61'4/371' €i8/37r

Tritter output probabilities We now briefly analyze the output proba-
bilities of a symmetric tritter in which is injected a three-photon Fock state
|1,1,1), where each photon is in a different spatial mode.

Applying the tritter matrix Upg; at the output we get —1/v/3|1,1,1) +
V/2/3(13,0,0) +]0,3,0) + ]0,0,3)). So we have all the possible configura-



S50CHAPTER 4. ON CHIP QUANTUM ESTIMATION OF TWO PHASES

= -

TRITTER s - TRITTER

= -

Figure 4.2: Basic design for the three-arm interferometer. There are two
tritters in cascade to which set a inner phase of 90°. On the interferometer’s
arms at least two phase shifters, blue rectangles, are requested.

tions less the output with two photons in one port and the third in another,
that because of the bosonic coalescence [52|. Only in case there is some delay
that lets the input photons to be distinguishable this third kind of output

can be detected.

4.1.2 Phase estimation

In order to have a three-arm interferometer two tritters have to be put
in cascade. In addition, two phase shifters are required in order to tune
the phases that we want to measure. In particular, these two phases have
their value respect to a reference, which is the third arm looking at figure
4.3, but it can be arbitrary chosen. The overall device is so described by
Urnterr = UrriUpUrgr, where Uy is the matrix describing the phase shifts.
With a different tuning of these phases a different fringe pattern can be de-
tected.

In particular, by injecting in it a Fock state, we expect to see interference
fringes characterized by non-classical visibility. Thanks to this quantum ap-
proach we can increase the value of the Fisher information extracted by a
measurement and, especially, achieve a simultaneous estimation of two phases
as it is theoretically discussed in the work of Spagnolo et al [23]. The three
output probability distributions show an interference pattern as a sum of
different harmonics up to cos(36), as we expected by the discussion in the
first Chapter (1.1.3).

In addition to this super-resolution feature, always as already mention in the
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Figure 4.3: Three-arm interferometer. Along the arms are inserted the
phase shifters in order to tune, respect to a reference (the third arm in this
case) the phases to measure.

first Chapter (1.2.5), the employment of quantum techniques lead also to
the enhancement in the phase estimation. In particular the overcoming of
the Standard Quantum Limit (SQL) scaling of /N in the precision of the

measurement, where /N is the number of photons used.

4.2 Design of the chip

In order to have a three-arm interferometer we have already explained in the
previous paragraphs the need of two tritters, with their phase shifter, and,
at least, two other phase shifters on two different arms of the interferometer
(fig.4.3).

We will adopt thermo-optics phase shifter to do this work. Thus, thanks
to the heat dissipation coming from the electrical current flowing through
these resistors, as explained in Chapter 2, we can variate the phase induced
in the light passing in the underlying waveguides. More details regarding
interferometer’s resistors placing, geometry and functions will be discussed
in Chapter 6.

There are, then, two ways to develop the overall device. It can be made
in just one chip or divided in two, in both cases there are advantages and
disadvantages. In particular have more chips have drawbacks regarding their
alignment and high losses. On the other hand, it is easier to characterize
a single tritter per time, also because a full study of all the parameters of
the complete interferometer is not possible. In particular retrieve all the
splitting ratios of both tritters in sequence cannot be accomplished when

they are in the same chip. Anyway, through some simulations, it has been
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studied situations with slightly different splitting ratio values and they can
be tolerate without problems. For these reasons we decided to opt for a
unique device.

In conclusion, in order to perform the best possible characterization of the

device, an algorithm as been develop. It will be explained in Chapter 6.



Chapter 5

Tritter

In this chapter it is explained in detail the experimental optimization of the
tritter, the basic element for the three-arm interferometer.

In the first part it is described the process to decide the fabrication param-
eters for fabricating a low loss and single mode optical waveguide at the
desired wavelength.

Then it is discussed how we fabricated the tritter and, in particular, the rea-
sons for the choice made about the implementation of an active control of

the phase instead of a passive one.
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5.1 Optimization of the fabrication parameters

5.1.1 Choice for the fabrication parameters

As discussed in Chapter 2 there are many parameters from which FLM tech-
nique depends.

Our device, fabricated in aluminum-borosilicate glass (EagleXG, Corning
Inc.), has to work at 780 nm since it is the wavelength required for the final
experiment. In order to find the optimum parameters for this wavelength,
many straight waveguides were fabricated with different parameters and then
characterized. In particular, we explored a fabrication window by varying
both the average fabrication power (ranging from 170 mW to 280 mW by
steps of 10 mW) and the sample translation speed (using the values of 20, 30
and 40 mm/s). The final choice for these two parameters was done by using
the combination which produced the waveguide with lower propagation loss
(0.9 dB/cm).

The choice of the other relevant fabrication parameters (namely the repeti-
tion rate and the focusing NA) was based on the literature and the experience
gained from previous experiments. In table 5.1, all the fabrication parame-
ters are listed. We also decided to fabricate our optical circuit at the depth
of 30 um beneath the sample top surface. Indeed deeper is the waveguide
higher has to be the power dissipated on the resistive heater with the aim of
tuning the phase of the light. An excessive power dissipation could lead to
an overall temperature increase and a possible damage of the chip. Anyway
the fabricated waveguides cannot be too superficial since the sensibility to
surface roughness and defects could increase the propagation losses.

In the characterization for the choice of the parameters we have also numer-
ically calculated the size of the mode. In particular its diameter, when the
amplitude is 1/e?, is, in the two axis directions, X=7.49 um, Y=8.28 um
with the light horizontally polarized, and X=7.16 um and Y=8.39 pum with
the light vertically polarized.
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Fabrication parameters
Material borosilicate glass
Wavelength 1030 nm

Repetition rate 1 MHz
Pulse power 250 mW
Translation speed 30 mm/s

Objective 50X, 0.6 NA

Table 5.1: Wavequide writing parameters used for realizing devices for 780
nm.
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Figure 5.1: Bending losses for wavegquides written with the parameters of
table 5.1.

5.1.2 Bending losses

Subsequentially at the choice of the fabrication parameters we fabricated
with these a series of curved waveguides with different radii. We characterized
them, as explained in paragraph 3.2.4, in order to measure the bending losses.
Thus we measured the insertion losses of the bended waveguides, taking
l. =25 mm (eq. 3.6). The results are shown in fig.5.1. From them we can
conclude that it is possible to employ a radius of 60 mm. In this way we
still have low losses even using a short radius and, so, with the possibility of

fabricate shorter devices thanks to tight curves.
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5.2 Tritter parameters

5.2.1 Coupling lengths

Before the fabrication of the tritter we have proceeded with the fabrication
of several directional couplers. In this way we could choose the coupling
coefficient k in order to get the desired reflectivity and transmissivity. The
mathematical description of a tritter, and so the reason why we need this
specific setting, was already given in Chapter 4. An explanation of the cou-
pling coefficient and the relative properties to which it is connected was given
in paragraph 2.3.1.

Thus we fabricated four sets of couplers, with distances between 9 nm and
12 nm, each set is constituted by 11 couplers with increasing coupling length
(fig.5.2). Fitting the data acquired the values k and ¢, of the reflectivity
function R = sin?(kL + ¢g) were extrapolated. It is to be noticed that, re-
spect to the equation given in paragraph 2.3.1, it is present also the phase
term ¢o. The reason is why the coupling of the light stars a bit before the
actual coupling region, with the approaching of the waveguides. Analyzing
these data we finally choose to work with a distance of d=9 um, it gives a
shorter coupling length and, so, an overall shorter device. The fitted param-
eter’s values are k = 0.407 mm ™! and ¢y = 0.429 rad.

With the fitted parameters we got it is now possible to calculate the coupling

lengths we want just solving the equations:

Rl = sz’nQ(k‘Ll + gbo) =

5.1
R2 = sin?(kLy + ¢p) = o1

Wl NI

To conclude, now we have the coupling lengths L; and L, related to the

desired reflectivity for the couplers which compose our balanced tritter.

5.2.2 Phase

As explained in the previous Chapter another requirement in order to have

a balanced tritter is a phase of 90° (fig. 4.1). It can be achieved in different
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Figure 5.2: Data of four sets of directional couplers. The one we chose to
fit is d = 9um from which we get k = 0.40Tmm ™" and ¢y = 0.429rad.

ways: passive or active.

A passive phase is implemented doing a distortion of the optical path. An
active phase, instead, is dynamically controllable tuning a thermo-optic phase
shifter placed above the waveguide. This active implementation requires a
longer preparation, since it is necessary to write the ablation after sputtered
the gold, and a more complicated setup for the characterization. It is more
time-expending and the possibility to make errors increases. Thus we firstly

decided to try with the passive phase implementation.

Passive phase The passive phase implementation is made extending the
path of the first arm changing the value of the angle a3, as showed in figure
5.3. The difference in the optical path AC' is related to the desired phase
A® through the equation:

A
AC = —AD 2
¢ 2mn (5:2)

where n is the refractive index of the guided mode. Then, in order to have

the connection between AC, and so A®, and the value of the angle ag, the
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Figure 5.3: Tritter geometry, the angles o represent half-Sband angle. a3
15 related to the passive phase implemented in order to have a longer optical
path.

equation to be solved is:

az — sin(ag) = i—g + ag — sin(as) (5.3)
where R is the radius of the S-bands and a5 is the angle indicated in fig.5.3.
This is an equation of Kepler’s kind (z — Esinz = M) and cannot be solved
analytically, unless we use as approximation sin(z) ~ z, valid in our case,
since the angle a3 is small enough, around 2°. Some numerical examples of
the relation between phase difference, optical path difference and angle are
shown in table 5.2.

A group of tritters with several passive phases was so fabricated, using the
value of k found previously. The chip was then characterized injecting light
in one input and looking for a good splitting of 1/3 at each output.

In figure 5.4 is shown an example of the data we get. In particular we
compare the data acquired with the simulations, finding a good agreement
with these.It is clear how output 3 is always independent by the phase and
all outputs are also not influenced by it when the light enters from input

3. We also notice that the phase where the intersection of the three lines
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Figure 5.4: Ezample of comparison experiment/theory for k=0.40 mm™.
On the left the experimental data on the right the corresponding simulation
(using the measured splitting ratio). From top to bottom: light inject in
input 1, input 2 and input 3. The different colors correspond to the different
output as reported in the legend at top right. The intersection of the three
lines takes place at different phase, even for the same input, because of the
unknown instrinc phase of the interferometer.
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AD [°] AC [nm| az [

40 60 2.59
90 130 2.65
120 170 2.69
180 260 2.76

Table 5.2: Values for the phase difference, relative optical path difference
and relative angle.

takes place is different respect to the simulation. The reason is related to the
existence of an unknown additive phase. This phase is due to the coupling
between the second and third waveguides, as explained in [61].

We conclude that we get good splitting ratios, but a not so good reproducibil-
ity of the passive phase implemented since it is not fully controllable from
one fabrication to the other. This is the reason why we decided to try to

implement an active control of the tritter phase.

Active phase Use an active phase means to build a thermally reconfig-
urable device. This can be done employing thermal optical shifters such as
the ones discussed in Chapter 2. Thus, in the fabrication of the waveguides
all the paths of the three arms are equal. Then a thin layer, tens of nanome-
ters, of gold is sputtered on the glass top surface. On this gold layer, always
with a laser, some ablations are made in order to build the wanted resistor.
In the resistor we will let the current flow and, so, it will dissipate heat that
will influence the underlying waveguide, changing the phase according to the
power dissipated. In order to optimized the positioning of these heaters has
to be taken in account the geometry of the device, especially the reciprocal
locations of the waveguides. More details regarding this procedure, and the
correlation with the induced phase shift, will be discussed in Chapter 6.

In figure 5.5 is shown the design of the active tritter. The resistor is made
in curved fashion, partially following the S-band. The decision of build a
curved heater is made in order to increases the efficiency of the thermo-optic
phase-shifter on the underlying waveguide, following its profile. The resistor

is 5.3 mm long, 0.1 mm wide and 60 nm thick. The measured resistance
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Figure 5.5: Active tritter design. a) R is the resistor written on half S-band
and a straight guide. b) Zoom on the resistor’s cuts (blue and red) designed.

value is 100 2.

Also in this case we characterized the tritter injecting the light in one input
looking at the three outputs. The result we get is in figure 5.6. We can
recognize the same feature we have in the simulations, like in the passive
phase implementation, where output 3 is always constant and the other two
change as a sine function. We can also see we get two points of intersection
which correspond to 90° and 270°. Moreover these intersections come when
the splitting ratio is around 33%, as expected. Because of these very good
results and the possibility to easily tune the device in different states, we
decided to opt for an active implementation.

The picture 5.7 shows the real device mounted on the stage between the two
objectives. The connectors, the two at the borders, let the current flows from
one to the other, through the resistor. In order to protect the chip some UV

glue was put on it.

To conclude, a successful dynamic tritter working at 780 nm has been fabri-
cated. Its structure and geometry is the one made with directional couplers
following the integrated version of a multiport beam splitter decomposition.
In last chapter it is discussed how, putting two of these tritters in cascade,

it has been fabricated a three-arm interferometer.
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Figure 5.6: Three outputs of the dynamic tritter entering from inputl.
There are 2 points where all the three lines cross and where it is achieved a
splitting of 33%.

Figure 5.7: Photo of the tritter put between the two objectives, launch (10X)
and collection (25X). It is covered by UV glue for protection, the current
flows between the two connectors at the sides while the two in the middle are
disconnected and put just to increase the robustness.



Chapter 6
Three-arm 1interferometer

In this chapter we will firs discuss about the interferometer fabrication, es-
pecially regarding its tunable phase shifters. We will focus on the technical
method of connectorization of the electrodes and, then, the characterization
method of the whole interferometer.

Finally the experimental data are analyzed and discussed.

63
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6.1 Interferometer design

As already said, a three-arm interferometer is built putting in cascade two
balanced tritters. The final layout of this device is depicted in figure 6.1a.
The input and output ports of the device are equally spaced by a distance
of 127 um which allows to eventually couple in and collect the optical signal
from the device by means of a standard fiber arrays. All the curved segments
have been fabricated with a bending radius of 60 m and we used the opti-
mized geometry of the tritters described in the previous chapter, adopting
the reconfigurable configuration. The central region of the interferometer is
composed by three straight optical paths which are 20 mm long, for allowing
the fabrication of the thermal phase shifters for driving the interferometric
experiments. These optical modes are separated by 245 pum. The whole de-
vice have been designed in such a way that all possible optical paths, which
connect any input to any output, are of the same length, for avoiding prob-
lems related to the finite coherence length of the probe light used. The total
length of the interferometer realized is approximately 75 mm.

Regarding the phase-shifters along the interferometer’s arms there are six
of them, two per arm: R1, R2, R3, R4, R5, R6 (fig. 6.1b). Note that the
minimum number of phase shifters, required to get full control of the inter-
ferometric fringes at the device output, would have been of only two, placed
on two different arms, since there are only two independent phases in a three
mode interferometer. Additionally, a third one is required in order to have a
tunable reference. All the others are not strictly necessary, but they can be
useful as backup or to increase the flexibility and possible experiments that
can be performed. It is important to stress that this increase in the num-
ber of resistors does not complicate significantly the overall device design.
The length, and so the losses, of the arm gets longer just putting the fourth
phase-shifter and, since the optical path of each arm has to be the same,
we have already gained space to insert also the last two shifters without any
further modification of the waveguides inscribed inside the glass. Thus the
only possible drawback in increasing the number of phase shifters is repre-

sented by a more complex (but doable) design of the electrical circuit for the
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Figure 6.1: Design of a three-arm interferometer. (a) Waveguides: two
integrated planar tritter in cascade divided by the arms of the interferometer.
Input and output ports put at distance of 127um. (b) In evidence the position
of the resistors (thermo phase shifter) written above the waveguides, on the
sputtered gold surface.

resistor driving.

In order to compensate for an intrinsic variability of the fabrication process
(and consequently, of the coupler coupling coefficient) we fabricated several
interferometers within the same chip, each of it with finely tuned geometri-
cal parameters. A set of single directional couplers fabricated contextually
to the interferometers helped in understating which of it showed the best
performances in terms of couplers splitting ratios.

The overall insertion losses of the final device, measured by in-coupling the
light with a optical fiber and collecting it with a microscope objective, result
around 7.5 dB.

Once we did that, and after checking with the microscope there are no inter-
ruptions in the waveguides paths of the chosen interferometer, it was possible

to go on with the operations to make the device dynamically tunable.

6.1.1 Thermo-optic phase shifters

In Chapter 2 was already discussed the temperature-induced refractive index

variation, and so the consequent phase shift, due to the dissipated power
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Figure 6.2: a) Design of the interferometer assuming the third arm as the
origin, the two phases ¢ as indicated related to the two resistors R1 and R2.
b) Side view of the chip, h=30um, d=245um.

(Puiss) as heat. In particular the proportion between these two parameters
is given by the equation:
Y= aniss (61)

where ¢ is the phase shift induced. The proportionality coefficient o depends
on the geometric, thermal and optical properties of the material, in our
case the glass EagleXG. In particular, assuming a wire-like resistor, and
neglecting power dissipation from the top surface (since air is an insulator)
the temperature inside the substrate decays following a logarithmic function.
From these approximations, an analytic equation for a can be calculated [57]:

o= %TT%ZTZ% (6.2)
where np is the thermo-optic coefficient (1 -107° K~'), k is the thermal
conductivity (0.9 Wm 'K 1), X is the wavelength (780 nm) and p;, py are
the distances between the interferometer arms and the resistor.

Assuming the configuration of fig.6.2a the two phases are correlated with
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Figure 6.3: Result of the simulation where the color indicates the value
of the determinant of the o matriz and where the positions of the resistors
R1 and R2 are variated. The colormap used for this plot is Matlab’s Parula.
The yellow points correspond to the graph mazxima, while the dark blue one
correspond to the local minima.

the power variation in this way:

$Y1) [ Qa2 Py
<<P2> - <a21 0@2) <P2> (6:3)

The off-diagonal therms are the unavoidable cross-talks caused by the prox-
imity of the resistors to different waveguides. It is actually convenient to
minimize these terms, thus maximize the diagonal ones in order to keep the
dependence of each phase correlated with just the power dissipated on its
resistor.

In order to decide the best geometry, and so find the optimum position
for the resistors respect the waveguides, we performed a simulation. As ex-
pressed in eq.6.2 o;; o ln% where ¢ is the index of the waveguide and j

the one of the resistor (fig.6.2b). For instance, keeping the third arm as
the origin, ps2 = \/h? + (xR2 — d)? where xR2 is the independent variable
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which has to be optimized. Since, as mentioned above, we want to avoid the
crosstalk the parameter that we want to maximize is the determinant of the
a-matrix of eq.6.3.

The result of the simulation (fig.6.3) leads us, as it is intuitive, to put the
heaters just above the waveguides. In particular, we can notice two points
of maximization, one corresponding to the geometry of fig.6.2a, the other
putting R1 on the second waveguide and R2 on the third, so just a shift.
There is also another local maximum putting the heaters on the waveguides
one and three. The points of minimum are just the symmetric positions of
the resistors and, so, a change in the sign of the determinant.

Finally, after the deposition of a layer of gold on the glass, we performed the
cuts on it, obtaining the wanted geometry (fig.6.4). The parameters we used
to perform these ablations with the wavelength of 515 nm are: a power of
100 mW and a translation speed of 2 mm/s. Moreover, to achieve a better
cutting, we pass on the same ablation 8 times. Each resistor has its electrode
and there is a unique mass for all of them. The tritters resistors are the same
of fabricated with the same geometry described in Chapter 5.

The straight resistors of the interferometers are 7 mm long, 0.1 mm wide and
55 nm high. The experimental resistances measured are in agreement with
our design, besides the tritters resistances which have a higher value instead
of lower, that was what we expected because they are shorter. The reason of
this difference is probably due to the not-homogeneous gold deposition. The
tritters are, indeed, closer to the edge of the chip that is quite long (75 mm)
and it is clear just looking at the sample that at the extremes less gold has
been deposited. Because of this thinner layer, probably 20 nm less, the value

of the resistances are grown.

6.2 Connectorization method

Once that the resistors have been defined on the gold, it is necessary to
connect the electrodes to their wires and, so, to the power supply. In order
to improve the common method our group used until now, consisting in

copper wire to be attached manually to the substrate, another one, more
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Figure 6.4: On the left the design of the interferometer. On the right the
structure of the cuts in order to obtain the design. Each color correspond to
a different cut. There is a common mass connecting all the resistors on the
interferometer’s arms and the tritter’s resistors (which is not possible to see
due to the zoom).

elegant and robust has been developed.

First of all, instead of using copper wires, a set of different commercial kinds
of pins has been taken in consideration. After some trials we select the most
convenient pin-structure for our purpose. The pins have to be attached easily
at the side of the substrate and to be connected and disconnected to the wires
without applying a to high force. Each pin is at a fixed distance of 2.54 mm
from the next one.

The gluing on the gold surface is made through a thermo-conductive glue
which takes about 2 days to completely dry and, so, guaranteeing a good
endurance. In order to put the pin in the correct position it is possible to
employ a micromanipulator so that a very good positioning can be achieved
(fig.6.5).

Once the resistors values are checked and we are sure that our device can
work properly, it is better to protect it from possible damages since the gold
surface is quite delicate and easy to scratch.Again, for accomplishing this step
we tried two methods: we tried to covered the electrical circuit alternatively
with UV glue or by a new one, employing polyvinyl acetate (PVA) which is
safer to use.

First of all we tried if, with PVA, there was a change in the value of the

resistances and if it can guarantee a good mechanical endurance connecting
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Figure 6.5: Pictures of the new connectorization method. Thanks to a
translator is possible to precisely position the pins and take them still until

the dry off of the glue.

and disconnecting the connectors. Both trials had a positive result, even if it
is necessary to wait a couple of days in order to let the PVA dry completely.
Then we tried to let the current to flow and dissipate some power from the
resistors. By increasing the dissipated power we could see that, when it was
approaching 1 W, the PVA started to melt. That because the PVA fusion
temperature is around 80°C, which is lower respect the one of UV glue. For
this reason, and because of longer drying time, we decided to go on with the
UV glue method.

6.3 Characterization method

The three-arm interferometer has to be set in a known configuration and
the values of « coefficients measured. In order to do that an algorithm has
been developed, through a simulation supported by analytical calculus. This

method can be divided in three parts.

Interferometer phase setting Two resistors on the interferometer’s arms
need to be connected in order to let the current flows through them and, so,
modify the phase of the light passing in the waveguides. In particular, at
this stage, we inject the light in input 3 and collect it from output 3 (fig.6.6).
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Figure 6.6: In the picture are showed all the parameters we can set in order
to characterized the interferometer.

This is necessary since in this way we are independent with respect to both
tritters phases, as shown in fig.5.4 where the the third output is constant.
In that case we were talking about a tritter, so entering from every input
the third one is independent, now, since we have two tritters in sequence, we
have this situation just entering from the third input.

Now, tuning the voltages of the two resistors accurately, we have to reach
a minimum in the light power detected. Once we reached that minimum it
means we have set the phases difference (|1 — 2| and |2 — ¢yer|) at 60°, as
now we proof the overall matrix of the interferometer is Uyt = UrrrUgUrgy
and, so, Foyr = UrnrE;N. Since we are interested only in input 3 and
output 3 we select this result (E(3)oyr with Ery = [001]7), remembering

that the intensity is I = |F,y/*. Assuming ¢o = 0° what we have is:
I(3 = 3) =1/9[3 — 2(cosp1 + cosprer) + 2c08(Pref — 1)) =0 (6.4)

that we put equal to 0 since we want to minimize it. The solutions to this

equation are ¢; = £60° and ¢,.; = F60°.

Tritter B setting Again, entering from input 3, thus avoiding influences
from the first tritter phase (A), we move either on output 1 or 2. In this
way we can set the phase of the second tritter (B). Also in this stage what
we are looking for is a minimization of the light power at the output which
is correlated to a phase setting of 90° or -90°, which is still a good working
point for the functioning of tritter b.

Also in this case we can analytically prove this result starting with the phases
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01 =60°, 0o = 0°, prep = —60° and with E;y = [001]7 looking at E(1)our:
I1(3 = 1)=1/4(1/3 —V/3/3)[1 — cospry — singry] =0 (6.5)

The solution in this case is o7, = 90°. If, instead, we had ¢; = —60° and
¢ref = 60° the solution would be @7, = —90°.

Tritter A setting Finally we can set the first tritter of the interferometer.
The light has to be injected in input 1 or 2 while the output can be any of
the three. Also in this step we have to detect the minimum light power to
set the phase of tritter A at 90° or -90°. It is important to notice that this
last setting depends on the goodness of the first two, since the outputs are
influenced by all the set parameters. The proof is pretty much the same of

tritter B, always keeping the setting of the previous stage as initial conditions.

Once both tritters have been set to their correct working points, it is possi-
ble to obtain an analytical expression which sum up how the intensity at the
device outputs varies with respect to the interferometric phases when light
is injected in one of the three inputs. For instance considering input 1 and

output n = 1,2,3 we can write:

I, = 1/9[3 4 2cos(p1 — @2+ 0,) +2c05(p2 — @ref +6,) +2c08(pref — 1+ 6,)]
(6.6)
where the phase shift 6, is a constant value which depends on the specific

output under consideration.

6.4 Experimental data

Following the three-steps algorithm just explained, we performed the char-
acterization of the three-arm interferometer, with the aim of retrieving the
values of the « coefficients for every active phase shifter placed in the internal
interferometer modes. Despite we designed the device for having six of such

resistors, our final device actually presents only four working ones (namely
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Figure 6.7: On the left the setup for the characterization of the three-arm
interferometer. On the right the device mounted between the two objectives.

R1, R2, R3 and R4 in fig. 6.7), because the other two got irreversibly dam-
aged during the connectorization stage.

The setup is shown in picture 6.7. The device is always put between the two
objectives 10X (for light in-coupling) and 25X (for light out-coupling) and
it is mounted on an aluminum base, in order to dissipate the heat generated
by the electric power flowing in the resistor that avoids to reach too high
temperatures. The collected light at the device output impinges on the head
of a power meter. Besides the two tritters, two resistors on two different arms
are connected to the power supply with a dynamic up to 10 V. We need to

drive four resistors manually to reach the final setting.

6.4.1 Data acquisition

We decide to work with the resistors R1 and R2 (as named fig.6.1b) starting
from the initial configuration obtained by the algorithm explained in the
previous paragraph.

The configuration obtained is the one expected from theory, in agreement
with fig. 6.8. This is the situation we get when, assuming the tritters set
on 90°, the phase induced by R1 is +60° respect to R2. Indeed if the phase
were —60° the output-spots would be shifted.

At this point we perform the following set of measurements: we couple light to
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SET OUTPUT1 OQUTPUT2 OUTPUT3
INPUT1 1 0 0
INPUT?Z2 0 0 1
INPUT3 0 1 0

Figure 6.8: Theoretical situation input/output once the setting, following
the algorithm, is complete. This in the case the phase set with R1 is +60°
respect to R2, assuming the tritters phase of 90°.

TRITTER A | OUTPUT1 OUTPUT2 OUTPUT3
INPUT1 0
INPUT2 0
INPUT3 0 1 0

Figure 6.9: Theoretical situation varying the voltage at the resistor of tritter
A. Ezperimental data and theoretical prediction are in agreement looking at
fig.6.10.

all input ports, and, for each one, we monitor the light intensity at each device
output, when a scan in the voltage is applied to the different resistors. Before
every scan, we restore the device settings to the its initial configuration.
Taking these measurements we always pay attention to avoid a dissipation
power too close to 1 W. In some trials we noticed, indeed, that at that power
the resistors start to be damaged. We start by performing a power scan
on tritter A for verifying its correct functioning. The experimental results
obtained are plotted in fig.6.10 , and they can be compared to the theoretical
predictions, shown in fig.6.9. It was already discussed how, obviously, the

light injected from input 3 is not affected by the tuning of tritter A phase.
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Figure 6.10: Ezperimental data of tritter A. They are in agreement with
the theoretical expectations (fig.6.9.)

We have also two other constant outputs, entering from input 2. This is also
in agreement with the theory since the analytical expression of this output

is:
e(i‘PTb) e(iSDTb) 9
[2= Vrp = |—5— +i—5—+k[ =k (6.7)

where k is a constant value.

The same measurement was performed also by scanning the voltage applied
to tritter B and very similar results have been obtained.

We then proceeded by performing the voltage scan on R1 and R2, for the
actual extrapolation of the « coefficients. The curves acquired are shown in

fig. 6.11, while the data analysis is discussed in the next paragraph.

6.4.2 Determination of the o coefficients

We want at this point to extrapolate the values of the a coefficients from
the curves of fig. 6.11. Re-calling eq.6.6 we can re-write it with a change

of variables, instead of the phases we explicit the dependence of the output
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Figure 6.11: Curves acquired varying, respectively, the power dissipated
from R1 and from R2. Both plots are for input 1 output 1, all the others 1/0
combinations are translated curves.

intensities from the dissipated powers (eq.6.3). What we get is:

I(P1) = %(3 + 2cos(an1 P1) + 2cos(ao1 P1) 4 2cos((agn — ao1)P1))  (6.8)

I(P2) = %(3 + 2cos(ae P2) + 2cos(aa P2) + 2cos((aa — i) P2))  (6.9)

where P1 and P2 are the dissipated power related to the voltage we impose
on the resistor. Thus we have the overlap of three sinusoids whose frequen-
cies are directly related to the coefficients we want to determine. In order to
extrapolate these frequencies we perform numerically the Fourier transform
of the curves acquired (fig.6.11).

The results we get are shown in fig.6.12. In the first plot we have the three-

frequencies varying P1, in particular the first peak is the difference of the
other two. The second plot resolves just one frequency. This is because, for
the resistor R2, the value of the cross talk is really low, also by simulation,
and so it is not distinguishable by the continuum component.
We would have to acquire more data and periods but it was not possible
since the limited dynamics we can reach. This limitation is not given only
by the apparatus but also because going beyond 0.9 W start to damage the
resistors.

We also acquired and calculate the Fourier transform for the last two avail-
able resistors, R3 and R4. Their curve is of the same kind of R1. The values
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Figure 6.12: Fourier Transform for the two curves of fig.6.11.

of the so obtained « coefficients (which correspond to the frequencies extrapo-

lated by the Fourier analysis and multiplied by a factor 27) are here reported:

P1
P2

¥3
P2

P4
P2

~ (25.76
- \17.03
~ (25.95
~ \17.40

(2884
-~ \19.35

13.01

13.01

0
13.01

Py
P,

Ps
P,

Py
P,

(6.10)

(6.11)

(6.12)

From these results we notice the symmetry between phases 1, w3 and 4,

as expected since they are in a symmetric position respect the central arm,

especially ¢ and ¢3. We remember, once again, that these phases are phases

difference since they are always refer to a reference ¢,.y.

6.4.3 Interferometer’s map

A peculiar plot regarding the trend of the phase difference is the one in

fig.6.13 where the normalized measured power at the output is shown as a

function of both phases.

In the first image, which refers to the first output entering from input 1,
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Figure 6.13: The curve levels show the power detected at the output (in this
case the first output from input 1) respect to the phase difference between ¢,
and py. On the left the map of an ideal interferometer, on the right the one
obtained with ours. The section of this second is due to the crosstalk between
the phase control.

is shown the theoretical plot for an ideal interferometer. We find that the
points of minimum are in positions where the phase difference is 60° or 180°.
In the second image are reported the data acquired varying the powers which
tune the two phases. The plot is stretched because of the crosstalk of the
power P1 on the phase 5. Thus every time we change P1, it gives an
offset to phase ,. Instead the crosstalk between power P2 and ¢, is not so
evident, as we expected by the a coefficients (eq.6.12). Comparing the two
plots we notice a similar pattern. The main difference is that the areas of
the minimum in the experimental plot are linked. A possible explanation of
this behavior is an error in the values of the reflectivities and trasmittivities
of the couplers of the tritters. In particular, as it is possible to see from
fig.6.14, by simulation we can have a more similar situation putting splitting
ratios slightly higher than the ideals. If, instead, the splitting coefficients
were lower than the ideals we would have the link in the other direction. The
experimental points of minimum are, correctly, at a phase difference of 60°
or 180°.
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Conclusions

In this thesis work we have presented the design, the fabrication and the
characterization with classical light of an integrated photonic device, which
works as a three-modes interferometer. Thanks to the integration of several
active phase shifters, it is possible to actively tune in a accurate way all the
device internal phases, and this is testified by the observation of interference
fringes at the circuit output, with almost unitary visibility and in a very
good agreement with theoretical predictions. Such a device finds very im-
portant applications in the field of quantum metrology, and, in particular,
for the implementation of super-resolved multi-parameters estimation algo-
rithms. Experiments in this direction will be performed in the near future
at Universita La Sapienza, in Rome, employing the device described in this
work. Remarkably, both the optical and the electrical components of the
presented photonic device have been entirely fabricated by means of FLM,
confirming that this microfabrication technique offers a unique degree of ver-
satility and reliability for the development of integrated optical circuits with
complex functionalities.

In future several kinds of experiments could be implemented thanks to the
high possibility of tuning different phases which let to reach a great flexibility

in the use of the device.
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