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Introduction

Introduction

In the past two decades, optical communications tb&ally changed the way we
communicate. It is a revolution that has fundamntgansformed the core of
telecommunications, its basic science, its techmgland its industry.

The explosive growth of internet has generated rgreasing request of higher
bandwidth and speed in telecom systems. Interaictin fact, is continuously growing,
and even by reasonably conservative estimatequiblds every year, due to the ever
increasing bandwidth requirements of voice, videa data traffics.

The market demand for higher-capacity transmissias supported by the fact that
computers continued to become more powerful anddetedo be interconnected.
Therefore optical networks started to developed andiadays they are gradually
penetrating into the metropolitan areas, and fyrtallthe customer premises.

Even if optical telecommunication developed verpiddy, it took more than 25 years
from the early pioneering ideas of signal transiis®y optical way to the first large-
scale commercial deployments of optical commuroceti the Northeast Corridor
system linking Washington with New York in 1983 adew York with Boston in 1984.
The first transatlantic fiber system, TAT8, was ldgpd four years later, in 1988.
Different discoveries and new technologies havengezd to reach this goal.

The transmission and processing of signals cafedptical beams rather than by
electrical currents has been a topic of great @stesince the early 1960s, when the
invention and the development of lasers providedtiahle source for such applications.
In the 1970s the development of low-loss optidaéffs lead up to the birth oftegrated
optics and “optical integrated circuits” started to rey@aconventional electrical
integrated circuits in signal processing. In faxgitical fibers and waveguides exhibited
many advantages over the standard electrical oneection methods (i.e. metallic
wires and radio link through the air), namely immynfrom electromagnetic
interference, freedom from electrical short cirspugafety in combustible environment,

small size and above all low costs.
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Another milestone in the optical communication tetion is represented by the
invention of the Erbium Doped Fiber Amplifier (EDFAn 1987: R.J. Mears and co-
worker [1] at the University of Southampton andXesurvire et al. [2] from AT&T Bell
Laboratories, published simultaneously their rasutin the optical amplification
obtained in optical fiber doped with trivalent iooserbium. The first EDFA, marketed
in 1989, revolutionized the telecom systems. Tlgaaiamplification, in fact, has a key
role in the long-distance transmission systemsthagossibility to regenerate the signal
by an optical scheme and not by the conventioredtetal method (i.e. converting the
optical signal in electrical signal, amplifying and then re-converting it) allowed to
reduce the costs integrating in a single fiber dbehtransmission and the amplification
of the signal.

The most recent technology innovation in opticdbefi communications is the
Wavelength Division Multiplexing (WDM). The WDM imovation represents a
revolution inside the optical communications revioln, allowing the latter to continue
its exponential growth.

Vigorous R&D in WDM technologies led to the firsarge-scale deployment of a
commercial WDM system in 1995: the deployment & MGLN system in the long-
distance network of AT&T. In the years that follay@VDM gave rise to the explosive
growth of optical communications. In early 1996reth research laboratories reported
prototype transmission systems breaking through témabit/second barrier for the
information capacity carried by a single fiber [3%4 This breakthrough launched
lightwave transmission technology into the “tera.eAll three approaches used WDM
techniques. Five years later, in 2001, a WDM redearansmission experiment
demonstrated a capacity of 10 Th/s per fiber [6].

EDFA and WDM technology are undoubtedly the twoieeg of the ongoing growth of
optical telecommunication.

The optical amplifiers play a vital role in todaydense WDM metro networks. The
generic requirements for the optical amplifierscusemetro space include high optical
performance, small size and low cost. Although EQdeaAtinues to have a great success,
it presents some difficulties especially concerrtimg signal distribution on Metro Area
Network (MAN) and Local Area Network (LAN). In fadhere are two profound
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differences between metropolitan optical networkd wng haul ones. Firstly, the traffic
in metro networks is extremely dynamic due to ttegdient optical add/drop activities;
secondly the exceptionally cost-sensitive naturenwdtro/access networks usually
requires an order of magnitude improvement or #&rmthon network’s total
cost/performance ratio compared to their long-ftauinterparts.

The metro networks are dynamic and simultaneousysport data with bit rates
ranging from kilobits per second to multiple gigalper second with different types of
signal protocols and formats. Therefore flexibjliggmplicity, scalability, performance,
size, cost, and the power consumption are the gddte metro network design

Actually R&D efforts are devoted to study new smlos to achieve all these
requirements in a single device. Moreover the rteeshtegrate is very important for
WDM systems and unfortunately fiber technology téunlfill all their requirements. A
fiber-based wavelength division multiplexing systesith 40 channels (i.e. 40 different
wavelengths) need at least of 120 different comptsnend each one must be connected
manually to the other ones [7]. Moreover, concegrilre fiber amplifiers, several meters
of fiber (~ 10 m) are necessary to obtain the dioption due to the low erbium
concentration feasible in fibers.

These two aspects, namely integration and the ofkigh erbium concentration, can be
achieved by the planar waveguide configuratiorwlinch it is possible to integrate on a
single substrate all the components of a WDM sysdsnthe source, the amplifier and
the multiplexer.

As a consequence the research in the last decaderdoated on the development of
planar waveguide based devices and in particulavaxreguide optical amplifier.

There are three kinds of optical amplifiers usedtha metro networks to meet the
evolving networking demands: broadband optical #@ep, banded optical amplifiers,
and single-channel optical amplifiers. Among théseadband optical amplifiers are
undoubtedly the most attractive, since they allovamplify all the signals of a WDM
system in a single step. It is noticeable that sardplifiers should exhibit the broader
transmission band as possible and a flat gain isyland. In this way it possible to

increase the number of transmitted channels aadmify all the signals equally.
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Therefore the research of new classes of matehatsallow to fulfill these two aspects
is a very interesting and fruitful field and a peutar attention is devoted to materials
suitable for erbium (or most in general rare-earttgping [ 8]. In particular
multicomponent glasses have very unique featurepefaling on their composition),
such as high erbium solubility and high transmissai the telecom wavelengths,
therefore they are vey appealing for the develograkaptical amplifier.

At the same time the study of new techniques tbzee@lanar waveguide, starting from
these materials, has became a very significantarelsefield. A very promising
technique for the deposition of erbium-doped matsris the Pulsed Laser Deposition
(PLD) technique. PLD has, in fact, a high potentiiaproduce complex glassy films for
integrated optical applications with improved ogtiperformances. The main advantage
of PLD, when compared to other deposition methaslsis capability to allow the
stoichiometric transfer of the starting materiathie deposited layer.

To obtain integrated optical amplifiers, a furtl@spect must be considered: the optical
signal must be “guided” through the optical circulio fulfil this requirement it is
necessary to realize optical waveguides suppottteyal confinement of the signals
(2D waveguides). Therefore new strategies to oldiginal confinement must be studied,
and new fabrication processes must be exploited patrticular attention to the final
requirement of integration.

In this work, all this aspects will be developed, particular great attention will be
devoted to the properties of erbium doped glassesthe work will be focused in
particular to tellurite and silicate glasses fagittpromising characteristics. Further the
deposition process will be studied, since in PL&yesal parameters must be controlled
and optimised in order to achieve the desired fjuality and structure. The goal to
reach is the control of the stoichiometry of tHe& and of their optical properties.

Two different approach to realize 2D waveguide, edrBtandard and Inverse methods
will be proposed. Finally the design of an opticaupler for the development of an

integrated optical amplifier is presented.
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Thesis overview
The thesis is outlined as follows:

Chapter 1:  The properties of the rare-earth ions and in palgicof the Et*
ions will be presented, and the mechanism of optecaplification by Er
doping will be discussed. The properties of erbiuost materials, suitable
for the realization of amplifiers for WDM systemslivbe described and a
particular attention will be devoted to the propetof tellurite and silicate
glasses. Finally the state of art in Erbium Dopeavéguide Amplifiers will

be presented

Chapter 2:  The planar waveguide configuration and the liglttppigation in
planar waveguides will be described. The methodstlie realization of
planar waveguides will be presented, and the adgast of pulsed laser
deposition technique respect to the other methatlsbes highlighted. The
deposition apparatus and the experimental conditiordeposit tellurite and
silicate planar waveguides will be described. Theults concerning the
compositional, morphological and propagation proesr of the optical

waveguide will be presented and discussed.

Chapter 3:  While planar (or slab) waveguides restrict lighbgagation in one
dimension (1D waveguide), channel or ridge wavegglicbnfine the light in
two dimensions (2D waveguide): 2D waveguides walldepicted.

Two different approaches to realize 2D waveguided be presented,
namely “Standard” and “Inverse” methods. The twifedent methods will

be discussed and applied, and the experimentaéguoes will be depicted.
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The propagation and structural properties of the W&veguides will be

reported and discussed.

Chapter 4:  The design of a Y-junction coupler will be illusted. Particular
attention will be devoted to the description of temployed simulation
method, the Finite Difference Beam Propagation MetiFD-BPM). The
results regarding the optimization of the Y-junaotistructure, will be

presented and discussed.
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Chapter 1

Erbium-Doped Waveguide Amplifiers

Contents
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1.3  Operation principle and fundamental properties of EDWA ...........ccccevvvvnnnn. 11
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Li4.2 ABO3 i 18
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1.4.4a Oxyfluoride Silicate GIASSES........ccccvevveviiiieieeerece e 21
1.4.4D0 TElUMNE GIASSES......couvieiiieitie ettt ettt st e e e s be e eabe e 22
1.5 The state of the art in glass-based EDWAS...........ccccooiiiiiiiiiiiiiiinniiiee 24

One of the crucial steps that mainly contributed the development of optical
communication systems was the advent, during tree 80the Erbium-Doped Fiber
Amplifier (EDFA) [9,10]. In fact an EDFA is able toptically regenerate a signal
around 1.55um and by the use of this all-optical process avdius double opto-
electronic conversion that represented the bottlefar the performance of the network.
The success of the EDFA combined with the contisuamprovement of glass
integrated optics technologies [11] gave a straonguilse towards the development of
planar Erbium-Doped Waveguide Amplifiers (EDWAS).[9

In this chapter, the operation principles of EDWAI Wwe described: in the first section a
brief introduction to Wavelength Division Multipleag (WDM) system will be provided,
in the second section the properties of trivalehtuen ions will be presented. The third

section is devoted to the operation principle amdperties of EDWA, then the
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properties of suitable materials for supportingiwrb dopirg will be described an

finally in the last section the state of the arEDWAs will be outlined

1.1 WDM Systems
Wavelength division multiplexing (WDM) is a methdbat allows to overcome tf

mismatch between the high transmission capacitarficéhe oftical fiber and the
limitation of the electrical componerwhich produce and manage the signin WDM

systems, the optical transmission spectrum (seelfl) is divided into a number ¢
non-overlapping wavelength (or frequency) bands, walhewavelngth supporting a
single communication chann Thus, by allowing multiple WDM channels to coexast
a single fiber, one can employ the huge fiber badthy on condition that one c:
design and develop appropriate network architestupgotocols, and gorithms to

handle the signals.
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Fig. 1.1. Diagram of the elect-magnetic spectrumthe transmission windows employed optical
telecommunication are evidencalong with the total attenuation curve of silicaefis

Multiple functions must be exploited byWDM system (fig 1.2) , therefore compl
and high-specificatioropto-electronic integrated circuitare required and must
implemented. Actually several devices have to besldped and then integrated ont

single substrate:aeh channel requires a separate source,then it is necessary
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combine (multiplex), transmiand split (demultiplex) the channe, then the signals

must be detected and proces:

Transmitters Receivers
AN {
e 5 | 4
Combining Separating
signals o ) signals [
\ D~ Transmission on fiber A /vL
N y

Fig. 1.2: Functions required by a WDM syst.

Generally, for mass productiooptical integrated circuitfor WDM systemsneed to be
compact, reliable, and ey to assemble, moreover optical circuiten be made from
range of materials, each with their c strengths and weaknessand each material
defines the methotby which the different components aistegrated on theoptical
circuit, namelyMonolithic or Hybrid Integration [12]

In monolithic integrationall the active and passive components are etcheta single
substrateObviously monolithic integratiocan only be achieved using active mater|
e.g. lll-V semicondators based on InP, GaAs and In a nonolithic scenario, th
whole devicas made from the same mate, which may not be the optin material for
each indvidual component, thereforreduced performansecan be obtain. However
the assembly athe optical circuit is much easier, resulting more reliable ar robust
devices.

In hybrid integration, active and passive composeme fabricated from glass other
materials incapable of light generation (as LithilNiobate), therefore some acti
components, such as lasers, have to be coupled tbhatsubstrate of the devic
Tolerances are critical, and misaligned componeatsresult in failure of the dece.
Hybrid integration, however, allows each componenbe fabricated from the mc
suitable material for its operation, with accompagyperformance benefits. In tt

thesis an hybrid approach will be consed,focusingon two main aspectthe study of

9
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suitable materials and techniques to realize las lbansmission planar waveguides and
amplifiers, and the analysis of the most suitabéthmds from a technological point of
view, to achieve lateral confinement and to allovegration.

While the technology for the fabrication of passplanar devices such as splitters, and
(de)multiplexers is now quite well developed amdides based on this technology are
now commercially availablgl3], to further improve WDM technology is necessty
develop optical amplifiers which can be integratédth these devicesSuch amplifiers
can be used to compensate the losses in splittesther components, or can also be
used as preamplifiers for active devices such tecties.

The development of erbium doped waveguide ampdif{&DWA) is the subject of this
thesis and a detailed discussion about operatioiple and the state of the art of

EDWA will be provide in the next sections.

1.2 Properties of Erbium lons

Erbium is a rare earth element belonging to theugrof the Lanthanides. When
embedded in a solid, erbium generally assumesrivedent Ef* state, which has the
electronic configuration [Xe]-4t. The Ef* ion has an incompletely filled 4f-shell,
allowing for different electronic configurations tWidifferent energies due to spin-spin
and spin-orbit interactions [14]. Radiative traimgis between most of these energy
levels are parity forbidden for free *rions. However, when Er is incorporated in a
solid, the surrounding material perturbs the 4f v&wnctions. This has two important
consequences. First, the host material can inteduad-parity character in the Er 4f
wave functions, making radiative transitions wealkdjjowed. Secondly, the host
material causes Stark-splitting of the differentergly levels, which results in a
broadening of the optical transitions. Figure 13wws a schematic energy level
diagram of the Bf ion, labeled using Russell-Saunders notation. eSiradiative
transitions in E¥" are only weakly allowed, the cross sections fdicapexcitation and
stimulated emission are quite small, typically feé brder of 18" cn?, and the radiative
lifetimes of the excited states are long, up toesavmilliseconds [15]. When Er is

excited in one of its high lying levels, it rapidiglaxes to lower energy levels via multi-

10
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phonon emission. This results in typical exciteatestifetimes ranging from 1 nsto 1

ms. The transition from the first excitecate {l.3) to the ground state®l;s) is an

exception to this rule. Due to the large transitmergy(0.8 eV) multi-phonon emission
is unlikely, resulting irhigh lifetime,depending on host materialg up to ~14.5 ms ar

~13.5 ms for silicat@nd soda-lime silicate glasses respectively, [16], and efficient
emission at 1.54 unHowever, he emissiorwavelength is relative insensitive to the
host material, because the 4f she shielded from its surroundings by the filled 5s .

5p shells [15].
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Fig. 1.3: a) Energy level of E** labeled using Russell-Saunders couplihyy.Pumping scheme for
Erbium amplification.

1.3 Operation principle and fundamental properties of EDWA

Optical amplification can be achieved in fibers amaveguides, by means of trivale
erbium ions. Erbiundoped materials are of great interest in opticahmminications
technology, as they can serve as the gain mediuoptinal amplifiers operating ate
standard telecommunications wavelength ofydrt
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Er*ions, when incorporated in a solid host, show tled-defined energy levels of the
4f-shell electronic configurations, described poergly (see Fig. 1.3a). In particular, for
amplifier operation, th8l1s,, *l135, and®l11, levels are fundamental. In fact, erbium acts
as the active medium of a three level laser, asmalically shown in the three level
diagram represented in figure 1.3b, whérgy, “1135, and?li1, represent the ground
state, the metastable state and the excited stafmctively. The transition from the first
excited state to the ground stafé&s>—"l15) occurs at ~1.53m and actually it is
employed to provide the gain in optical fiber arfipts in long-distance
telecommunication links worldwiddzrbium ions are pumped to the excited energy
levels by the absorption of light from the pump reey usually at 980 nm or 1480 nm.
The transition from the metastable state to theumplostate has a very long lifetime
compared to other downward transitions, thus algwto achieve the population
inversion condition. To regain the equilibrium distition, the electrons, which are
pumped to the metastable state, can either rewethd ground state spontaneously
(spontaneous emission), or they can be stimulagesbne incident photons (signal) of
exactly the energy corresponding to the drop to fimedamental state (stimulated
emission). While spontaneous emission increase rnibise in the amplifier, the

stimulated emission lead to the signal amplifiaatio

Absorption and emission cross-sections
Erbium doped amplifiers are characterized by twamngity, namely the absorptiost,
and emissionge cross-sections defined as [17]:

Pabs= o4l (1.2)

Pem= el (1.2)
where P, and Per, represent the absorbed and emitted power resplyctae | is the
intensity of the incident light per unit area.
The link between the emission and absorption csestion is given by the McCumber
relationship [18]:

0. (v) = oq(v)exp [(¢ — hv)/kT] (1.3)

12
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wherev is the frequency of the interacting photaenis the mean transition energy
needed to excited an Erion from the ground state to the first excitedesth is the
Planck’s constank is Boltzmann’s constant aridis the absolute temperature.

The McCumber theory was successfully applied inessvapplications and for the
description of solid state lasers, fibers, and \gaide amplifierd19,20,21] Moreover
the McCumber theory is very attractive since ibased on general assumptions: first of
all the population of Stark levels (of the sameeadegate level) is assumed to have a
thermal distribution, further the broadening ofle&tark level is considered small with

respect tkT.

Lifetime

A fundamental parameter to characterize the pedooes of an erbium-doped
waveguide amplifiers is the metastable level lifegi In general the lifetime of a level is
inversely proportional to the probability per utihe that the ion will decay from the
excited level: the population of an excited levatigs exponentially with time with a
constant equal to the lifetime. When there are reé\mathways for the population to
decay, the total probability is the sum of the wdlial probabilities for each pathway.
The two main pathways are the radiative and noataéi ones, and hence the lifetime is
given by [22]:

1k =1h +1hp, (1.4)
where t is the total lifetime,t, is the radiative lifetime, and,, is the non-radiative
lifetime.
In erbium doped amplifiers the radiative lifetimesas from the fluorescence from the
metastable level to the ground level. Non-radialifetime depends on the coupling
between the vibrations of the host lattice ions #mel states of the rare earth ions,
consequently,, depends largely on the host nature and compodi2i8h Lifetime is a
very important parameter since long lifetimes ldadlow noise and high power

conversion efficiency amplifiers.

13
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Linewidth broadening

Although the electronic transitions of an isolated are very well defined, broadening
of the energy levels occurs when the ions are pwated into a matrix (as the glass of
the optical fiber or waveguide) and thus the angatfon window is also broadened.
This broadening can be both homogeneous (all iotsb# the same broadened
spectrum) and inhomogeneous (different ions iredéffit host locations exhibit different
spectra).

In glasses, both the homogeneous and inhomogeheoadening can be quite large, as
compared to crystals [16]. Homogeneous broadeniisgsafrom the interactions with
phonons of the glass, while inhomogenous broadeisircaused by differences in the
glass sites where the different ions are hostefl [A4act different sites expose ions to
different local electric fields, which shifts theexgy levels via the Stark effect. In
addition, the Stark effect also removes the degayeof energy states having the same
total angular momentum. Thus, for example, theateint Erbium ion (EP) has a
ground state with J = 15/2, and in the presenanddlectric field it splits into J + 1/2 =
8 sublevels with slightly different energies. Timstfexcited state is characterized by J =
13/2 which gave rise to 7 Stark manifold. Transiidrom the J = 13/2 excited state to

the J= 15/2 ground state are responsible for tireajal .5 pm wavelength.

Gain in erbium doped amplifiers

The gain is the most important parameter to evaltla¢ performance of an erbium
doped amplifier.

The gain spectrum of the EDWAs has several peakkEhwhre smeared by the
broadening mechanisms described above. The nelt iesa broad spectrum. It is
evident that the broad gain-bandwidth of EDWAs makem particularly useful in
wavelength-division multiplexed communications sys$¢ as a single amplifier can be
utilized to amplify all signals being carried offilzer and whose wavelengths fall within
the gain window.

The gain is defined as G =10log{), where B,and R, represent the power at the

output of the amplifier and the power injectedtie amplifier, respectively.
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Three definitions of gain are generally used frompractical point of view to
characterize the optical amplifier [22]:
1. The net gain is the change in signal power astreSpropagation through the
amplifying device, i.e., the useful gain.
2. The internal gain is the net gain minus the ineartosses outside the absorption
band, i.e. how much the signal is amplified if bazkground losses were zero.
3. Relative gain is the change in signal power outhef device as a result of
pumping the device.
The two main specifications that should be considdor commercial applications, are
the net gain per length unit GL (dB/cm) and the gain per pump power unit GP
(dB/mW).

Noise in erbium doped amplifiers

The principal source of noise in erbium doped afigps is Amplified Spontaneous
Emission (ASE).

ASE has a spectrum very similar to the gain spetwfithe amplifier. In fact, Ef ions

in excited states can decay to the fundamenta¢ sigt stimulated and spontaneous
emission. Spontaneous emission occurs randomlyendigpg upon the host structure
and inversion level. Photons are emitted spontasigauo all directions, but a fraction of
the emitted photons can be captured and guidedéowaveguide. The photons captured
may then interact with other rare earth ions, amdstbe amplified by stimulated
emission. Therefore the initial spontaneous emissE@mplified in the same manner as
the signals, hence the term Amplified Spontaneaus&on (ASE).

The noise figure (NF) of the amplifiers is commonilged as a measure of the
degradation of the signal-to-noise ratio for sigmessing through the amplifier

(NF=SNRn/SNRout). The expression to calculate the optical noiger is given by [22]

NF(dB) = 10log,, (% +2) (@5

wherev is the signal frequency, Bt is the noise power (due to ASE) at the same
frequency, h is the Planck’s constanBo is the bandwidth of the optical spectrum

analyzer at the signal frequency
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Equation 1.5assumes that no noise is injected at the inputhefamplifier (i.e., ¢
shotnoisdimited input signal’ It must be underlined thainly few papers give such

value, whch seems to be in the ranc- 4 dB [25].

lon-lon Interactions

In erbium doped amplirs an important limiting factor is dito the interaction betwee
rare earth ionsThis process is relevant in the caf clusteredmaterial: [14]. The most
important process between two ions of the samees is coeperative upconversiol
This process involves two neighboring it excited to themetastable lev. Energy is
transferrednonradiatively from one atom (the donor) to theeothton (the acceptor)
and thdatter is promoted to a level with higher energgpect to the metastable «. In
the case of Er ions the levels involved are*l13, and the'lo, (fig. 1.4). Once in this
state, the acceptor ionay then dece rapidly and norradiatively, or alternatively retur
to the metastable state i subsequently emit light. In the case oxide glasses, the
relaxation is rapid and nonradiati and hence the result of operative upconversion
to reduce the performance of the ampl. In co-operative upconversit both the two
interacting ions musbe in the metastable state so, it lm@ces importanonly at high
excitation levels Moreover, c-operative upconversion reducehe metastable state
lifetime and causesraor-exponential luminescence decay.

Donor Acceptor
419& 419/2
1550nm
41]3/2 - 4113/2
1550nm
1 152 1 1502

Fig. 1.4: Schematic diagram of the -operative upconversion process.
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It must be underlined that the ion-ion interacteam also represent an useful process as
in the case of co-doping with different ions. letfd can be employed in novel pumping
schemes whereby excitation is provided to one speand transferred to the other,
allowing different pump sources to be used. Exammle such mechanisms are the
Er/Yb codoping schemes adopted in EDWAs to incrélasduminescence efficiency of

the EF* ion by coupling to the absorption bands of thecgtopant.

1.4 Materials for EDWA development

As evidenced by the previous sections the perfocesiof an EDWA strongly depend
by the nature of the host materials for the erbdoping, since the interaction between
the rare earth ions and the host influence theadenistics of the amplifiers, namely the
emission and absorption cross-sections, the lieetrinthe metastable level and the gain
of the amplifier. Silica was the first rare eartlosh to be studied, since optical
telecommunications were based on silica fibergetbee the properties of all the other
host materials are habitually compared with thossilaa. The following sections do
not represent a complete and exhaustive descripficall the materials employed for
EDWAs development, for example semiconductor hastsnot mentioned even if a lot
of research efforts have been spent in the lagsyieahis field. Semiconductor in fact
are very attractive for technological reasons bgeanf the possibility of integrating
intense narrow-band light sources directly on titegrated optical circuits, using well

established microelectronics processing techniques.

1.4.1 Lithium Niobate

Lithium niobate has received attention as a hostréme-earth ions because of the
possibility of exploiting its electro-optic, acoasbptic and nonlinear properties to
produce a range of rare-earth doped integratedetguioonic devices from modulators
to switches and filters [26,27]. Doping can be achd readily by thermal diffusion, ion
exchange [28], or by ion implantation [29]. Most nwoon this material has been
concentrated on erbium doping to produce deviceshi® 1.5 pm telecommunication

window. Different erbium-doped LiNbOwaveguide devices, including lasers and
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planar waveguides, have been produced [30,31]. 8etltes have been produced by
thermal diffusion of erbium into lithium niobatep\wever, being an equilibrium process,
rare-earth clustering limits the maximum concerdgrabf optically active erbium which
can be incorporated into the host.

A great advantage in rare-earth doped lithium rebes that the co-operative
upcoversion is less problematic than in the cadérafoped silica, since absorption and
emission spectra of erbium in lithium niobate aserower and as a consequence the

probability of energy transfer processes betwesnearth ions is reduced [32].

1.4.2 Al,O3

Recently, pure aluminium oxide (Abs) has been studied both as host for rare-earth
ions, in particular erbium, and as a material faveguide fabrication [33]. This is
principally due to the high solubility of erbium alumina and its high refractive index
(n = 1,64) which make it possible to produce sititad fibers and waveguides which
exhibit high optical mode confinement and are cépalf small bend radii. The
increased solubility of Er in AD; respect to Si@results from the valence match
between the rare-earth dopant and the substitatizmho(AR"). The optically active Ef
ions readily substitute for aluminium ions occumyinctahedral sites in alumina.
Moreover, in the AlO; lattice one-third of A" octahedral sites are unoccupied, and
hence a large number of rions can be incorporated without suffering from- up
conversion [34]. In addition, the Eremission linewidth can extend up to 55 nm in
alumina [35], compared to around 10 nm in pureailmaking erbium-doped alumina

waveguides promising candidates for WDM applicaif8?].

1.4.3 Polymers

Polymers can be considered excellent hosts forearth ions, as they can incorporate
erbium ion complexes containing multifunctional amg ligands at higher
concentrations than in EDFA’s. Moreover, Er in thesaterials exhibit broader
luminescence spectra as compared to those of Rura silica [36,37)or some other

inorganic hosts. In addition, polymers have lowestcwith respect to crystalline
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materials as lithium niobate and offer more flegilfhbrication methods to elaborate
optical waveguides [38]. moreover polymers disgiggh transparency, low dispersion,
and easy engineering for the control of variouscaptparameters such as refractive
index and birefringence [39].

Several authors have reported spectroscopic im&&ins on erbium-containing
polymers and their applications in infrared actiyical devices. Recently, a FWHM of
70 nm has been demonstrated for Er-doped polynmeinkscence spectra around 1550
nm [40] Moreover, an optical gain coefficient up to 0.9 trat 1540 nm has been
demonstrated in erbium complex doped polymethyhiaatylatPMMA) [41].

1.4.4 Glasses

Glass hosts are very attractive for the developroénttegrated optics devices for two
main reasons: first of all they are amorphous neteso they can be easily deposited
(i.e. without lattice constant constraints) ontgstalline substrates, secondly glass
materials can be suitable modified in order toilluthe requirements of different
integrated optics devices, consequently they tatdlithe integration of more function
onto a single substrate. Concerning the developofdaDWAS, glass hosts must satisfy
two important requisites, from one hand they muHbwa the higher erbium
concentration as possible, in order to improvepdgormance of the amplifier, from the
other hand they have to provide the broader artteflgain as possible. In fact for an
efficient WDM operation, the Ef-doped amplifiers with broadband and flat gain
characteristics are required to compensate andtamaithe gain at each channel, so that
the gain excursion over the whole spectral width lma minimized.

Two main approaches can be followed to satisfy eéheg requirements. The first
approach is based on modifying the structure lafasbased glasses, since they present
many advantages in terms of system compatibilityh whe standard silica fibers. In the
second approach, non-silica glass hosts, intriligicapable of broader gain than silica
EDWA, have been studied and developed.

The first method to modify the structure of siligiasses is based on 8 and BOs
codoping of the glass (these glasses are known/Bss#lica) [42] which disperse Efr
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ions in the silica glass matrix and thereby inceethe Er sites in the glass network. The
modification of the glass structure, with,8k-P,Os addition, leads to an increase in the
value of the full width at half maximum (FWHM) die¢ EF* emission from ~10 nm in
pure silica to 44 nm in Al/P silica [14].

A material which has been recently attracted atiards host for luminescent rare-earth
ions is silicon-rich silica. This material consisfssilica doped with an excess of silicon
in the form of nanometer-sized clusters or crysésl It can be thought of as a three-
dimensionally confined silicon system in which tbenfinement is produced by the
silicon—silica boundary. The embedded silicon @tstmay be either amorphous or
crystalline, and because of quantum confinemerdceff emit light in the visible and
near-infrared region. Such material has been dutbe some time as a promising
candidate for light emission from silicon [43,44t photoluminescence efficiencies
were low [45] as, even for nanoclusters as small as in diameter, the silicon remains
predominantly an indirect gap semiconductor. Howewden co-doped with rare-earth
ions the situation is dramatically improved: intemare-earth emission can be obtained,
and doping with erbium allows access to the 1.5gpectral region. Indirect excitation
of erbium photoluminescence via coupling betweenahsorption bands of the silicon
nanoclusters and erbium excited states has beearndérated [46] and recently optical
gain at 1.5 pm was demonstrated in silicon-ricltailby using a low-cost commercial
LED [47].

To increase the value of the FWHM new classes assgls have been studied and the
most relevant family is represented undoubtedlyhieyfluorozirconate glasses. In these
hosts the FWHM for the 1500 nm*transition is 65 nm [14, 48]. Consequently'Er
doped fluorozirconate glass amplifiers have beemsidered as an alternative to Al/P
silica-based devices. Although the emission and ghm curves are much broader
(respect to silica-based glasses) in Er-doped miwoo-barium-lanthanum-aluminum-
sodium fluoride (Zrg—Bak—LaF—AlFs—NaF ZBLAN) glass, it suffers from three main
disadvantages. The first disadvantage is relatéd thve low phonon energy of ZBLAN
(~580 cnt), which makes the device unsuitable for pumping@® nm due to an
enhanced “excited state absorption” at the pumpeleagth [49]. As a result, the device
is only pumped at 1480 nm. The second major prolkerhat the glass cannot be

20



Chapter 1: Erbium Doped Wavequides Amplifiers

heavily doped with B, as the concentration at which the quenchingsstartiominate

is above 1000 ppm [50]. The third problem is thenparatively poor stability and
durability of ZBLAN glasses. It is much weaker thalP silica. The unsuitability of
Er¥*-doped ZBLAN and limitation of Al/P silica led to search for other glass hosts
which can dissolve higher concentrations of Eons without causing the concentration
guenching and, at the same time, can exhibit adero&WHM than Al/P silica and
ZBLAN.

Good candidates to achieve these two characterigtee phosphate glasses. Phosphate
glasses in fact show higher emission cross sediiam silicate and Al/P silica.
Moreover, in phosphate glasses, unlike in siliceeba glass, the co-operative
upconversion and the ion clustering effects aewgmted because of a weak interaction
among the rare earth ions so it is possible toexeha high rare earth concentration and
consequently a high amplifier gain [51,52].

In this thesis both these two approaches, name&yuie of silica based and no-silica
based glass hosts will be investigated. In padicuwo different glass hosts will be

studied, namely oxyfluoride silicate glasses atidrie glasses.

1.4.4a Oxyfluoride Silicate Glasses

Silica-based glasses are very interesting for tbeeldpment of integrated optics
devices, since they can be easily coupled withdstahsilica fibers.

Oxyfluoride silicate glasses, therefore, are oftipalar interest as hosts for Erions,
since they retain the structural features of boitese and fluoride glasses.

An important advantage of oxyfluoride silicate gles is that these glasses can be doped
to relatively high concentrations of rare-earthsiomithout inducing ion-ion clustering
and the consequent reduction of fluorescence rietand quantum efficiency. The
incorporation of fluorine, which creates non-briglgioxygen and Fsites, potentially
become responsible for ien like local environment for rare earth ions.

As silicate glasses, oxyfluoride hosts are chenyi@ald mechanically much more stable
than fluoride glasses, further they present goatattteristics (very similar to pure silica

glass) for fibers and waveguides development agmhanced devitrification resistance.
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Therefore, the oxyfluoride silicate glass hosts patentially offer the best features of
both fluorides and silicates by combining the spusttopic properties of fluoride hosts
and the durability and mechanical properties ofdiliea glass.

At the beginning the research activity about oxyfide silicate hosts, concentrated on
the feature of glass ceramics, since they presanstrong erbium up-conversion
luminescence*Bs>—"15) due to the very low phonon energy of the ceraptiase
[53,54]. Ef*-doped glass ceramic devices with highef*fisns concentration (50
times), with higher fluorescence quantum efficieratyl.55 pm and with flatter gain
bandwidth than Al/P silica based devices have loeenonstrated [55,56,57].
Unfortunately glass ceramics present very highteday losses, due to the high
concentration of ultra-fine crystals. Therefore txgride glasses were preferred to their
ceramic counterpart.

The glass composition considered in this thesiskvigr 65SiQ - 11NaO - 3ALO; -
10Lak; - 10PbE - 1Erk; (Wt%). A detailed discussion on the propertieshef bulk glass
is presented in [58]. It is worth noting that theshimportant parameter in oxyfluoride
materials is the F/O ratio since it determines gfess structure and properties. In
particular the composition presented in this waxkilit an F/O ratio of 0.353 which
leads to a high refractive index (~ 1.65) and an Bb&orption edge of 3.9 eV.
Concerning the Ef spectroscopic properties, which are fundamental tfee
performances of the erbium-doped amplifiers, theyflarride glass exhibit an
absorption cross-section of ~ 3.5%t@n?, larger than Al/P silica [14], a correspondent
emission cross-section of ~7.5%4@n? and a large bandwidth at 1.55 pm, with a
FWHM up to 35 nm. Moreover the lifetime of tAigs, level, results in a value of 9.5

ms.

1.4.4b Tellurite Glasses

A limiting process for the performances of an EDWAthe multiphonon relaxation
which can rapidly depopulate the high excited statend therefore quench the
luminescence [14]. Such processes occur only whemal number of phonons are
required to bridge the energy gap between the uppeérlower electronic states of the

rare-earth ion. In the case of erbium, the enemyy of the*l;s, to “l15,, transition is
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approximately 6500 cth The phonon cut-off energy of silica is 1100 Gmand
therefore the rare-earth luminescence at 1535 nnweskly quenched at room
temperature in silica. Glass hosts with a lowern@menergy than in silica, such as
fluoride glasses, can reduce the contribution oltiplwonon relaxation and improve the
guantum efficiency. The disadvantages of fluorithssges, as the low chemical stability
and the low erbium doping level, lead to the stafljew low phonon hosts. Tellurite
glasses have the lowest phonon energy among oXass dormers (~ 780 cf,
moreover they present a good chemical stabilitytagd rare earth solubility, more than
5000 ppm [59]. In 1997 Mori et al. [60] and Yaraaet al.[61] showed the possibility
to use Te@for erbium-doped amplifiers and demonstrated adgéan over 70 nm in an
Er-doper TeQfiber.

Tellurite glasses present two other important atterstics for the development of
planar amplifier, namely an high transmission ra(@85-5 um), and an high refractive
index which increases the emission cross secti2)o 8

Unfortunately tellurite glasses present some drakdaFirst of all the pumping scheme
at 980 nm is not enough efficient. In fact, duethe low phonon energy, the non-
radiative decay of théliy, level is too slow, therefore the population ofsthével
become relevant and the efficiency of the ampblfies reduced. Moreover tellurite
glasses present a low softening point and as aequence these glasses can suffer
from thermal damage.

To overcome these problems it is possible to adthenmatrix host actuator ions as
tungsten or boron, in order to increase the phamangy and consequently to reduce the
lifetime of the*l11, level [64,65].

In this thesis a tungsten-tellurite glass will bensidered with nominal composition
45%TeQ-39%WQ-15%Na0O-1%ErQ. A detailed discussion about the glass
preparation and characterization can be found &].[B particular the studied glass
presented a high refractive index (n > 2) and gh labsorption and emission cross
section (~7.6x16'cn?). The experimental lifetime of the 1.5 um emissitesulted in

a value of ~ 2 ms, this very low value was attrolto the high OH content (up to 8.2 x

10 ions/crr).
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1.5 The state of the art in glass-based EDWA

The development of an EDWA requires the fabricatb a waveguide structure, i.e. a
structure that allows to propagate both the sigmal the pump through the optical
amplifier. It is evident that such waveguide muspmort propagation modes: the
description of the fundamental conditions to malropagation modes in a waveguide
will be provided in the next chapters, in particubdanar waveguides (1D waveguide)
and channel waveguide (2D waveguide) will be descki From a technological point of
view, 2D waveguides are more useful than planaragawiles, and the methods for their
fabrication can be roughly divided in two major gjps:

v" multi-step methods;

v' direct writing methods.
Both methods can require in a first step the ratibn of planar waveguides, then thin
film deposition methods are necessary (such aseBulaser deposition, Radio-
Frequency Magnetron Sputtering (rf-MS), Sol-Gel, e@ical Vapour Deposition
(CVD), Flame Hydrolysis Deposition (FHD)).
In multi-step method, the pattern of the waveguideat first realized on a mask (by
conventional photolithographic methods) and finafiythe last phase the 2D structures
are “written” on the film (duplicating the mask)y Reactive lon Etching (RIE), lon
Exchange technique, and UV or ion beam imprinting.
In direct writing methods the waveguides are diyeaftitten on the glass (both bulk or
thin film) by a focused laser beam (UV laser or fesecond laser) or by an ion beam.
It is straightforward that there are several pdesimombinations of materials and
methods to realize 2D waveguides, moreover eveititigithe discussion to glass-based
devices it is quite difficult to compare the perfances of different EDWAs realized
starting from different materials and employingeliént methods.
A further difficulty must be highlighted in this otext: the authors do not agree
regarding the parameters to be used for descrithiegerformances of the amplifiers.
For example some authors refer to the increadeeafransmitted signal without consider
the absorption and propagation losses (signal eemaent), while others refer to the net

gain of the amplifier. Moreover a discrepancy carfdund concerning the definition of
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the input power since some authors refer to thepewer injected into the waveguide,
while in some papers only the power at the endhefihput fiber is reported without

consider the insertion losses.

For the previous motivations the discussion in reedtion will be restricted to those
papers presenting well defined and non-ambiguotenpaters. Moreover the state of the
art in EDWAs will be described limiting the discums to phosphate, silicate and
tellurite glasses since they are the most attracivd promising glass hosts for EDWA
development.

Phosphate glasses

The first high performance EDWA based on phosplgitsses was demonstrated by
Yan et al. in 1997 [67]. A thin film of phosphatags with a high erbium concentration
(5.3x1@%ions/cnt) was deposited by rf-magnetron sputtering. A 28veguide was
then obtained depositing a Si@yer onto a 1-pum-thick Er-doped glass layer, teh
etching the waveguide pattern into this Si@yer using standard photolithography
technigue. A net optical gain at 1.535 nm of 4.1vdis measured in a 10-mm-long Er-
doped phosphate glass waveguide amplifier pump88Ghm with a pump power of 21
mW. This high gain at relatively low pump power wattributed to the very low co-
operative upconversion coefficient in this glassjsed by the homogeneous distribution
of Er in the glass, as well as by the high modefinement due to the high refractive
index.

In 2002 Wong and co-workers realized a 10-mm-longpldier in a phosphate glass
using lon Exchange technique [68]. Er-Yb codopingswised (2%E0s-2%Yh,0s
(%wt)). In this case the 2D structure was obtaibgdealizing an aluminum mask onto
the glass by photolithography and liftoff technigueefore the ion exchange process. A
net gain of 3.3 dB/cm was obtained at a pump p@i&20 mW..

In 2004 a high gain and compact amplifier (3mm-leveyyeguide) was obtain by Patel
et al. [69], by using electric field assisted *Adjffusion in a highly doped (8%EDs-
12%Yh,03 (%wt))) phosphate glass. As in the previous case2D waveguide was

obtained by realizing a metal pattern onto thegkurface before the diffusion process.
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4.1 dB/cm net gain was demonstrated at 150 mW (88D pump power, this is the
highest gain obtain for phosphate glass amplifiers.

It is worth mentioning two recent works on phosehgiass amplifiers, realized by direct
writing method. Liu et al. realized Er-Yb codopedweguide amplifiers by means of a
focused proton beam [70], while Della Valle andveorkers obtained a 3.7 cm-long Er-
Yb codoped amplifier by femtosecond laser writiiid][ Even if the net gain was not
very high (1.72 dB/cm and ~2 dB/cm respectivelfgse techniques appeared very

attractive for their versatility.

Silica based glasses

In 1997 Lin and co-workers demonstrated an EDWAetas a soda-lime silicate glass,
by using a “collimated sputtering” method [72]:rack (3um) polymide layer was used
to defined the waveguide pattern (onto the suletray photolithography and dry
etching processes, then Er doped films were deggbbiy sputtering onto the pattern and
finally the polymide mask acted as a sacrificigkelafor a liftoff process that produced a
ridge waveguide array onto the substratery low loss waveguides, 1.7 cm-long, were
obtained (propagation losses as low as 0.4 dB/gmbhis method. Using an erbium
doping level of 3.3% wt, a signal enhancement ot B was obtained (at a 40 mW
pump power), that compensated for both the Er ghisor (7.5 dB) and propagation
losses (0.7 dB) and resulted in a net gain of 8&m. This value still remains the
highest value reported in literature for glass dd&sBWA.

Al/P silica buried-channel waveguides were obtair2003 by Huang et al. by sol-gel
method followed by reactive ion etching technigd@][ 5 cm-long Er-Yb codoped
waveguides were obtained (Er 0.25% mol- Yb 0.25%).#0 1.1 dB/cm net gain was
obtained at 175 mW pump power. Even if this vakiaot very high it is the highest for
Al ,05:P,05:SiO; hosts.

Pelli et al. in 2004 succeeded in realizing lowslgdanar (propagation losses < 0.6
dB/cm) and channel waveguides in soda-lime siligisses by ion exchange [74]. The
silicate glass presented an Er-Yb codoping (Ex20¥ ions/cmi- Yb 3.8x1G°

ions/cnf).The channel waveguides were realized by conveatiphotolithography of a
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metal mask on the glass surface, followed by thesxchange process. A 1.5 dB/cm net
gain was obtained using a pump power of 250 mW.

Very recently Psaila et al. [75] employed femtosettaser writing method to obtain a
waveguide amplifier in an Er-Yb codoped oxyfluoridgass (1%EiO3-2%Yh,03
(%wt)). The glass composition was very similartattpresented in this thesis since both
glass precursors were prepared by IMR group in $elcdet gain of 0.72 was obtained

and propagation losses as low as 0.34 dB/cm wenemgrated.

Tellurite glasses

Tellurite glass slab optical waveguides were dernates] in the last years, but the
realization of 2D waveguides, which are the buddiiock of any integrated devices,
still appears a challenge mainly because of theclo@mical durability of these glasses.
Tellurite planar waveguides were obtained by déférdeposition techniques.

In 2003 Caricato and co-workers, at the University_ecce, obtained very good quality
tellurite waveguides by means of pulsed laser dapostechnique [76]. The
propagation losses were as low as 0.8 dB/cm, tdisevis the lowest value reported for
tellurite planar waveguides.

More recently Intyushin et al. demonstrated thesfioigy to employ rf-magnetron
sputtering technique to obtain tellurite thin filnms which the rare earth ions remain
active [77].

In 2006 Sakida and co-workers obtained telluritevegaides by ion exchange
technique. The propagation losses for such waveguictre 3.10 dB/cm at 632 nm [78].
The group of Prof. Righini, tried different methasobtained 2D waveguides, namely
ion exchange and femtosecond laser writing but thdynot succeed, in the first case
the photolithographic process damaged the waveguidace, while femtosecond laser
caused a decrease of the refractive index, makiegptocess useless for waveguide
fabrication [79]. Recently they succeeded in chamwaeguide fabrication by means of
ion beam irradiation method: tellurite glasses weradiated through a silicon mask
with a 1.5 MeV N collimated beam. Because of the short lengh (7 rang the
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multimode features of the waveguides the propagairoperties and the optical gain of

the amplifiers were not characterized [80].
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Optical waveguides are fundamental components imélgagth Division Multiplexing
(WDM) systems, since they can have both passivactive functions in an optical
integrated circuit. First of all an optical wavedgioperates as interconnection between

the different devices of an optical circuit, saiinply transmits the signals; moreover, it
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can have an active task as in the case of opticglliéers. In this chapter the
propagation in optical planar waveguides will betlioed, followed by a brief
description of the standard techniques employedatize planar waveguides. Afterward
the Pulsed Laser Deposition technique will be deedt highlighting its advantages
with respect to the other techniques. The experiahesetup for Pulsed Laser
Deposition of planar waveguides realized in thissth will be illustrated. Finally the
main results obtained for both tellurite and sticplanar waveguides will be presented

and discussed.

2.1 Optical Planar Waveguides: Theory

A planar waveguide is characterized by parallehptaboundaries with respect to one
direction while it is infinite in the lateral direan. Of course, because it is infinite in
two dimensions, it can not be a practical waveguule optical integrated circuits,
nevertheless the study of propagation in planaregawmes represents the basis for the
analysis of most technologically relevant wavegsjdeg. waveguides with rectangular
Cross section.

In the three layer structure sketched in figure allithe layers are assumed to be infinite
in extent in they andz directions and both the bottom and the top lageesassumed
semi-infinite in thex direction while the middle layer has a thickneds the figurens,

g, ne, represent the indices of refraction of the ddfer layers. In an effective
waveguide ns represents the refractive index of the substratehe refractive index of
the film (i.e. the guiding layer), ang the index of the cladding (typically the top layer

is the air, hence. = 1).
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Fig. 2.1: Diagram of a three layer planer wavegu

A complete and exhaustive treatment of light prepiag in planar waveguides w
tackled by numerous author81,82] The most interesting aspect of propagatiol
optical waveguides is representby the existence of propagation modes, i.e. Sg
distributions of “optical energy” in one or morentnsions. The definition of an optic
mode can be obtain mathematically by solving thewmdl’'s wave equatiol

VER 1) = 22|02, 0 /002 (2.0)
whereE is the electric field vector is the radius vectorn(r) is the index of refractio
andc is the speed of light in vacuum. For monochromatwves, the solutions of (2.
have the form:

E(r,t) = E(r)e'®t (2.2)

wherew is the frequencySubstituting (2.2) into (2.1), the following equati can be
obtained:

VZE(r) + k*n*(r)E(r) =0 (2.3)
wherek=wl/c.
If in the three layer structure sketched in FidL, 2he light waves are assumed to
uniform plane waves propagating in the z directive. E(r) = E(x,y)exp (—ifz),

wheref is a propagation constant, the equat2.3) becomes:

9%E(x,y) . 9%E(xy) 2 2 o2 3
oxr T oy T U@ - BPIEGy) =0 (24).
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Since the waveguide is assumed infinite in yheirection, it is possible to write the

equation (2.4) separately for the three regionsgaba

92E(x,y)
dx2

+ [k?n? — B2]E(x,y) =0 i=s,f,c. (2.5)
The solutions of (2.5) are either sinusoidal [(d?niz — [32] > 0) or exponential (if

[k?n? — B?] < 0) functions of x, moreover botE(x,y)anddE(x,y)/dx must

be continuous, at the interfaces between the lay@ramposing these conditions the
possible modes supported by the structure can ba&inedl. In a similar way it is

possible to solve the Maxwell’s equation for thegmetic fieldH (x, y).

In fig 2.2 the modes in a planar waveguide areesgmted as a function gf for a
constant frequency and assuming>ns>n.. The last condition is necessary to obtain

guided modes (i.e. modes which propagate in theegiade) in the film region [83].

X X X X
A A A A

PHINNNEP
_—

Ei <> film
V]
N

1 i i I > B
0 kne kns kng

Fig 2.z Diagram of the possible modes in a planar wavegagla function df.
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As it can be seen in Fig. 2.2 well confined guidaeddes can be obtain only for
kn<p<kn;, these modes are generally referred as transvesseielmodes, or TE modes,
i.e. the electric field is directed parallel to tgaide plane and perpendicular to the
direction of propagation [84]. Fd¥ values greater thakns the mode is not physically
acceptable since the field increases exponentiallipoth the substrate and cladding
regions, implying an infinite energy. Fdm.<p<kns the mode is confined at the
cladding-film surface but it is sinusoidal in thébstrate region, therefore it is supported
by the waveguide structure but it loses energysactioe substrate and it is not useful for
the signal transmission. This kind of modes arendedf as substrate radiation modes.
Finally if p<kn; the field has a sinusoidal behavior in all theeéhdayers of the
waveguide, the modes are not guided modes singecttrespread out of the film region,
usually they are referred as air radiation modes.
Formally solving the Maxwell's equation and apptyithe boundary conditions [12], it
can be proved that to obtain guided modes in the iégion, can have only discrete
values betweekns andkry. Of course the number of modes supported by thegrade
depend on the thickness of the guiding layer, anittuex of refraction of the three
layers and on the frequeney. From a practical point of view it is very usefid
calculate the cut-off condition, i.e. the valueshs parameters below which propagation
can not occur. Usually the frequency is fixed by Waveguide application, so it is very
useful to calculated the cutoff condition for thdex of refraction of the three layers.
In the most relevant cases for this thesis, ie.a$ymmetric planar waveguide in which
nc.<<nsandn=ng, the cutoff condition is given by [12]:

An = n; —ng > 2m+1)225/(32n,t?)  (2.6)
where m = 0,1,2,... represents the mode numberjg@isdhe vacuum wavelength.
This relation has been derived for TE modes, behit be proved [85] that the same

condition is still applicable for transverse magnetodes (TM modes).

2.2 Methods for Planar Waveguide fabrication

As evidenced in the previous chapter there arerakbvaethods to realize planar
waveguides. In this section the most significachteques will be briefly reviewed. A

particular attention is devoted to thin film depmsi methods, namely magnetron
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sputtering, chemical vapor deposition, sol-gel pesing and ion-exchange technique.
The next section will be devoted to the Pulsed L&ssposition technique, which was

employed in this thesis for the deposition of tkenpr waveguides.

2.2.1 Magnetron Sputtering
In the basic sputtering process, a target (or cighplate is bombarded by energetic ions

generated in a glow discharge plasma, situatedommt bf the target. The bombardment
process causes the removal, i.e. "sputtering'amgfet atoms, which may then condense
on a substrate as a thin film, moreover duringgtazess secondary electrons are also
emitted [86]. To increase the deposition rate ef pnocess, and the plasma ionization,
magnetron sputtering was introduced. In magnetnouttsring a magnetic field is
applied in order to force secondary electrons tibreotion in the vicinity of the target,
in this way the probability to have an atom-electroollision is increased and
consequently a dense plasma can be obtained. Eadgposition of insulators, radio
frequency (usually 13.56 MHz) sputtering is usuallsed, to reduce surface charge
effects [87,88].

Sputtering was successfully used for the depositbroptical waveguides, both for
silicate and tellurite glasses [72,7T]is worth noting that high gain amplifiers cae b
obtained starting from thin films deposited by $eung [72, 89] In fact, the sputtering
method allows to obtain a high index contrast vaitbonsequent good confinement for
both signal and pump modes [90], moreover the reolthponent glassy thin films
deposited present a high quality and homogeneityctwreduces the possibility of rare

earth ions interactions and improves the spectmeguoperties of the material [20]

2.2.2 Chemical Vapor Deposition
In the chemical vapor deposition (CVD) method tliims are deposited by the

decomposition of high pressure gases (precursbhg).gaseous reactants are adsorbed
onto the substrate surface and usually the reactoa activated heating the substrate.
To reduce the substrate temperature, plasma erth&\é® (PECVD) can be employed

in which the film growth is activated by a glow disrge.

It should be noted that the range of material taat be deposited by PECVD is limited

due to the difficulty to choice suitable precursdrsthe case of Si)thin films can be
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deposited starting from e.g. (S/,) or (SiH/N, and NO) precursors. PECVD was
successfully applied to realize low loss silica egwides (propagation losses ~0.1
dB/cm) [91], and germanosilicate waveguides (pragpag losses ~0.2 dB/cm) [92].
Moreover starting from SiHand NO gases and P alkoxide and Er chelate, Er
phosphosilicate glass waveguides were demonstwatedn optical gain of ~0.7 dB/cm
[93].

The main advantage of PECVD is the compatibilitythwstandard silicon-based
technology and consequently the integration, @itoon substrates, of both active and
passive waveguides. Moreover low insertion loss egaides can be realized by
PECVD [94].

2.2.3 Sol-Gel Processing

Sol-gel technique can be used to achieve plarasglbaveguides more rapidly and less
expensively than by more conventional growth teghes, such as CVD. Thin films are
usually formed by dipping the substrate into thie(ee sol can be defined as a colloidal
suspension of solid particles in a liquid) and sgpently heating and spinning the
substrate in order to improve the film uniformitydacomposition. The “gellation” of the
sol creates a continuous suspension and form thdilim. Presently, the realization of
silica guiding films with good propagation charaidtcs has been achieved by many
groups working in the field and attention has &hiftoward the preparation of more
complex materials. Er-doped silica-germania anidasiitania planar waveguides have
been widely investigated [95,96].Factivated SiG-HfO,-AlO1 5 and SiQ-HfO,-TiO,-
AlO;s waveguides, prepared by sol-gel processing, ptiegea strong and stable PL
signal have recently been demonstrated and higtoBcentration, up to 1% mol, was

achieved in this case [97].

2.2.4 1on exchange technique

Planar waveguides can be realized not only by #gosition of a thin film onto a
substrate with a lower refractive index (respedhtfilm), but it is possible to employ
techniques that directly modify the refractive irae the glass (both bulk or in thin film

form).
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In ion exchange technique, the change in the rf@dndex can be achieved by
immersion of the substrate into a molten salt battich provides a source of alkali ions
which slowly exchange with the ions of the substragaterial. A dated review about ion
exchange glass waveguide fabrication can be found9B]. lon exchange planar
waveguides were successfully obtained in phospdnadesilicate glass with propagation
losses below 1 dB/cm [68, 99], moreover both mudtie and single-mode Er-doped

tellurite planar waveguides were recently demotextirfl 00].

2.3 Pulsed Laser Deposition Technique

The Pulsed laser deposition (PLD) technique is gy weersatile technique for the
deposition of thin films and it was applied to anga of materials and applications
[101,102] such as superconductivity [103], diamdkd-coatings [104], nitride thin

films [105] to name few of the historical applicats of PLD technique.

In this section PLD principle of operation and apas will be described, highlighting
the advantages of PLD technique with respect t@ther thin film deposition methods.

2.3.1 PLD: Operation principle

In standard pulsed laser deposition an UV laseth wanosecond pulse duration, is
directed onto a target in a vacuum chamber. UVtlighstrongly absorbed by many
metals and other materials in contrast to IR 1{§82], for this reason the UV lasers are
very attractive for materials processing and thiim foroduction. Typical wavelengths
for PLD are obtained from excimer lasers at 248amgh 193 nm and by tripled Nd:YAG
lasers at 355 nm.

The incident light is absorbed by electronic tréass in the solid (target). In a metal or
semiconductor the light produces excited electrhich subsequently interact with the
atoms. In an insulator (as the materials presentéais thesis) the light is absorbed by
interband transitions or transitions from impuréyels, since insulating materials are
transparent for photons of energy smaller thandh#te band gap. The light is absorbed

only for photon energies which exceed the energyhefbandgap or of the impurity
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levels. With increasing the laser intensity othlbsaption processes, e.g. multiphoton
and avalanche processes, play an increasing ro&.[A comprehensive review on the
fundamental aspects of laser-solid interaction igerg in [107]. The laser-target
interaction causes an increase in the target teahyper[102, 108] and the ejection of
material from the target. This “explosive removaf’material expands perpendicularly
to the target surface, forming a plume, and it oected onto a substrate generally
placed in front of the target. The accumulatiortanfet material on the substrate from a
large number of laser pulses leads to the graduaddtion of the film.

Several parameters are a key role on the qualiputsfed laser deposited thin films, for
example the laser fluence (the energy per unit eaeaed by a single laser pulse), the
background gases and the substrate temperaturgarticular the presence of a
background pressure during the deposition is vetigal.

In fact background gases (for example an inert @msargon) change the dynamic
expansion of the plume because of the collisioesvéen plume particles and the
background gas atoms . The gas actually acts nasdarator reducing the high impact
energy of the ablated species [109,110]. The poeseha high gas pressure can be use,
for example, to promote the growth of nanostruetduhin films [111].

Moreover a suitable gas can be inserted in thegssochamber in order to induce gas
chemical reactions between the plume atoms andakemolecules during the transfer
of the target material to the substrate.

In the case of oxide materials, to maintain thegexycontent in the growing film a
background pressure of few Pa of @ usually used during deposition.

A unique feature of the PLD is the high kinetic igyeof the ablated particles, which
strongly depends on the fluence. With time-of-ftigipectra a kinetic energy which
exceed 100 eV, even at relatively low fluences (#c2f), has been demonstrated [112].
The collisions within the plasma and with the baokimpd gas reduce the energy of the
ablated species, therefore to increase the mobilitije adatoms on the substrate surface
the temperature of the substrate must be incre&sszkntly Sambri et al. demonstrated
the influence of the substrate temperature alsthemynamic expansion of the plume: a
reduction of the background gas resistance to plpmpagation as the substrate

temperature increases was observed [113].
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2.3.2 Advantages of PLD technique

PLD technique presents several advantages wittecedp other thin film deposition
methods.

v' The ablated species (ions and atoms in the pluraeg lvery higher kinetic
energy and internal excitation energy with resgecbther techniques, such as
sputtering, consequently thin films with a good esglbn to the substrate and
good crystalline quality can be deposited at reddyilow substrate temperature.

v' Materials with complex stoichiometry can be depabin a single step by PLD,
since laser-target interaction causes the simuwtanevaporation of all the target
constituents (congruent ablation). However deficienf the lighter and most
volatile elements (as oxygen) present in the pluraa occur in the film
composition, nevertheless, the use of a suitalbd&graund gas can compensate
this deficiency.

v' Reactive PLD is possible using suitable backgrogad (e.g. M for nitride
formation, Q for oxide compounds). Moreover since PLD is a eqaoiibrium
process, the formation of new compounds and métastzhases is possible
[114].

v" Multilayer thin films can be easily deposited isiagle step by means of a multi-

target system.

Two major drawbacks are related to the PLD proeesisshould be considered.

Droplets and particulates can be deposited alotiy twe film, however a careful choice
of the deposition parameters (fluence, repetitate,rbackground pressure) can reduce
this problem.

The thickness profile of the deposited films is anfogeneous. In fact the angular
distribution of the ablated materials has a strpegk in the forward direction (the film
thickness profile follows a c8®) law, whered is the angle respect to the direction
perpendicular to the target surface, n ranges f2aim 20 (in vacuum) but even higher

values have been reported [115]). It is possiblenfarove the film thickness profile by
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changing the relative position between target aribtsate or moving the substrate., In

this last case it is possible to achieve uniform fitms on a large deposited area.

2.3.3 PLD of glass oxide planar waveguides

As underlined in the previous chapter glasses &gy \attractive for photonic
applications and in particular for the developmehtow loss optical waveguides and
high gain amplifiers. PLD, because of its uniqueperties, is very attractive for the
synthesis of glass waveguides, however it has baesty applied to the synthesis of
glass oxide thin films.

In 1989 Vogel et al. demonstrated for the firsteitime possibility to apply PLD to
obtain gallate, borosilicate and titanium-niobiuificate glass thin films, [116]. The first
pulsed laser deposited Er-doped waveguide was darated by the group of Afonso
which exploited the possibility to deposited rasetle doped phosphate glass thin films.
Unfortunately due to the poor quality of the subgtrvery high losses (11 dB/cm in the
best case) were obtained [117].

The main reasons for the limited use of PLD foisgldeposition is presumably due the
difficulties in producing films with good surfaceuaity, in fact surface roughness is a
very critical aspect of oxide thin film depositioAs suggested by Mailis et al. the
presence of particulate is strongly related toléiser parameters: the use of the 193 nm
laser wavelength has been found to lead to smoatisparent phosphate glasses, while
the same glass was hardly produced by using then@4®&avelength [118]. Moreover a
great influence of laser wavelength, oxygen pressand thickness uniformity on the
quality of lead germanate thin films was found [ti8der optimum conditions (laser
wavelength = 248 nm, QOpartial pressure = 1 Pa, and improved film thidae
uniformity) propagation losses of 2.1 dB/cm wer¢agked.

More recently PLD was applied for the depositioncomplex oxide glasses with very
interesting and promising results. Gonzalo et mlestigated the properties of heavy
metal oxide glass thin films and demonstrated tbesibility to achieve by PLD
transparent lead-niobium-germanate thin films mamge of composition much broader

than in the case of bulk glasses [114]. This vetgresting behavior was attributed to
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the ability of PLD to produce metastable materiahges. Further the influence of the
fluence on these films was recently investigatel®[1the fluence was found to induce
only weak effects on the film composition, but exkable effects were found on the
film surface morphology. In fact, high propagatiosses were found with a minimum
(6.5 dB/cm) at 2 J/cfndue to the presence of particulates at low flueratges and of
large hemispherical droplets at high fluence valwdshigh energy densities, in fact,
subsurface boiling induces the ejection of moltartipulates that eventually reach the
substrate. On the contrary at low energy densities,increase of the ablation time
required to deposit films leads to the degradatbihe target surface and favors the
ejection of solid particulates [120]. In a previoudrk Serra et al. showed that
intermediate energy densities have to be useddier@o achieve smooth films [121].

In this thesis tellurite and oxyfluoride silicatpar waveguides have been deposited. In
fact, PLD, despite of its drawbacks, remains vdtyaetive especially in the case of
complex multicomponent oxide materials. Moreovetently Caricato and co-workers
at the University of Salento demonstrated the gaedatntages of using PLD technique
for the fabrication of tellurite and oxyfluorideagls waveguides.

Tellurite thin films exhibiting the lowest propagat losses (0.8 dB/cm) for tellurite
planar waveguides and more in general for pulsedrladeposited glass waveguides,
have been demonstrated [76].

The role of oxygen background pressure to obtansgarent thin films with optical
properties similar to the target ones was demamstrdor oxyfluoride silicate

waveguides [ 122].

2.4 PLD: experimental apparatus

In fig 2.3 the experimental apparatus employedhis thesis for the deposition of the

planar waveguides is sketched.
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ArF (A=193) nm PumD svstem
KrF (A=248 nm), Hmp sysieme

=25 ns
Fig. 2.3: PLD experimental appara’

The main components of the PLD setup
* a multigas excimer laser (Lambda Physics LPX 305i) worlahg¢wo different
wavelengths:
v' 193 nm— ArF mixture;
v' 248 nm— KrF mixture.
The laser can deliver a maximum output energy/poisgbout 800 mJ (at 248 nn
the pulse lengthis ~25n
* alens (focal length 30 cm), to focus the lasembeato the target surface (t
incident angle of the laser beam on the targeb ¥,
» an UV variable attenuator, to select the lasergnand to control the fluenc
* a stainless steel high vacuum char equipped with an ¢-free vacuum pump
system. A dry scroll pump allows to evacuated thantber from atmospher
pressure to ~ 5 Pa, then a turbomolecular pumpead to reach the high vacut
regime (~ 10 Pa) needed to perform the deposit
e avacuungauge system formed b
v/ a capacitive vacuum gauge system (pressure ratrgespheric pressul
-~0.1Pa

v a hot cathode ionization gauge (pressure rangePa- 10° Pa );
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a quadrupole mass spectrometer to control the ualsigases pressures and

composition;

* inlet of reaction or background gases;

e a rotating target holder, which can hold up to ¢hdfferent targets. Two
independent target motions allow a uniform abtataé the target and avoid
drilling: the target rotates around its axis atreqfiency of 3 Hz and it is
vertically moved in order to span all the targetaarBoth the movements are
controlled by a computer program;

* two substrate holders: the first can hold up tor feubstrates kept a room

temperature and allows for multiple independentodéns without opening

the system to air, the second can sustain a ssuietrate, and it is equipped
with a heater in order to perform deposition abhigmperatures (up to 700 °C).

Both the substrate holders are mounted on a compaigrolled motion system,

which allows two independent movements along tlaad y directions in order

to obtain uniform films on large area.

2.5 Pulsed laser deposition of tellurite planar wasguides

2.5.1 Experimental

Tellurite flms have been produced starting frontuagsten tellurite glass of nominal
composition 45%Te®-39%WQ—-15%Na0-1%ErQ (Yomol).

An ArF excimer laser beam£193 nm,1=25 ns) was focused onto the target surface in
order to obtain a laser spot of 1.7 faffihe laser beam energy was adjusted by means of
a variable attenuator in order to achieve a ldsente on the target surface of about 2
Jlenf.

The films were deposited at three different sulbsttemperatures (RT, 100°C and
200°C) on pure silica (from Hereaus) in a backgtbpressure of molecular oxygen (5
and 10 Pa).

The distance between the target and the substi@de5® mm when operating at room

temperature, and 45 mm for depositions performdd@tC and 200°C.
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Before starting the depositions the chamber wasustad to a base pressure of 3%10
Pa, and the mass spectrum of the residual gasesacgasred. Before the deposition
1000 laser pulses were used to remove a supeérfgiar from the target surface in

order to avoid film contamination. A total numbdr49000 laser pulses was used for
each deposition. The substrate was mounted on @utemcontrolled motion system

and during the deposition was moved along a realangath in order to obtain a

homogeneous thickness profile.

In table 2.1 the deposition parameters for theitid planar waveguides are summarized.

Tab 2.1: Parameter for the deposition of the tellurite ptamaveguides

Sample | Substratg drasu | Fluence| Pulses numbe| P(OG,) | Substrate Temp
(mm) | (Jenf) (GE)) (°C)
RT5P Silica 55 2 40000 5 RT

100T5P fmsilifer:} 45 2 40000 5 100
200T5F Silica 45 2 40000 5 200
2 40000 10 200

200 T10P BTl Tor:1 45

The optical transmission spectra of the films wacguired by using a double beam
spectrophotometer (Perkin-Elmer Lambda 900), in Nie-Visible-UV regions (200-
2500 nm).

Optical transmission spectra were analyzed by meétise Swanepoel method [123]:
the thickness of the films and the dispersion csiviethe refractive index (n) and of the
extinction coefficient (k), were inferred from thpectra.

The thickness and the refractive index of the waiges at 543.5, 632.8, 1319 and
1542 nm were also measured in TE and TM polariaabip an m-line apparatus (Prism
coupler 2010 — Metricon) based on the prism cogptachnique [124], a rutile prism
was used for coupling. The losses at 632.8 nm werasured by photometric detection
of the light intensity scattered out of the wavelguplane, after the coupling of the light
in the different mode.

The erbium luminescence of the samples was measuredveguiding configuration
(obtained through a rutile prism coupling) by exajtthe sample with 514.5 nm Aion
laser. The luminescence was dispersed by a 320 mgtegrating monochromator
(Jobin Yvon mod SPEX 320M) with a resolution of @.nThe signal was measured by
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using InGaAs detector and a lock-in amplifier witie chopper frequency of 72 Hz. To
measure the lifetime of tHs, level, the luminescence signal was recorded higigatl
oscilloscope (Tectronix mod. TDS 350).

Finally to check the stoichiometry of the films Retford backscattering spectroscopy
(RBS) was performed, using‘#le’ beam at 2.2 MeV. Films with a lower thickness
respect that ones deposited on silica substratage weposited on <100> silicon
substrates to allow a non-ambiguous identificadod quantitative determination of the

different elements present in the films.

2.5.2 Results

Optical properties

Figure 2.4 shows the transmittance spectra ofilims fdeposited at increasing substrate
temperature (RT, 100°C and 200°C), at the samepf@ssure (5 Pa). The films
transmittance decreases as the substrate temgerattegases. The oscillations observed
in the spectra are typical fringes due to interieeebetween the light reflected at the air-
film and film-substrate interfaces.

Using the transmission spectra as input a compedee (Refractor), based on the
Swanepoel method [125], calculated the dispersiones of the refractive index n and
of the extinction coefficient k for the differentmis (Figures 2.5 and 2.6). Higher values
of refractive index and extinction coefficient wetetermined for the films deposited at
100 °C and 200 °C with respect to the ones debait&®T.

10 Pa of @ ambient pressure was necessary to obtain a tneamgddm for deposition
performed at the highest substrate temperaturedimparison between the transmission

spectra of the films deposited at 200°C in difféi@npressures is shown in figure 2.7.
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Fig. 2.4 Transmission spectra of the films deposited aedffit substrate temperatures in 5 Paof O
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Fig. 25: Refractive index of the films deposited afFig. 26: Extinction coefficient of the films
different substrate temperatures in 5 Pa of O deposited at different substrate temperatures in 5
Pa of Q.
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Fig 2.7: Films deposited at 200 °C at 10 Pa gf(blue line) and at 5 Pa of,@ed line).

To control the guiding properties of the thin filnms-line spectroscopy was performed.
The film deposited at 100 °C and 200 °C in 5 Paxgfgen did not show good coupling
of light at 543 nm, while the modes at 632.8 nenary broad , this behaviour could be
reasonably inferred to the high absorption in tl@gion. A further evidence of this
hypothesis is provided by the fact that these $esnghowed a better coupling (respect
to the previous wavelengths) and sharp modes & 48d 1542 nm.

On the contrary the sample RT5P and 200T10P amspaaent and colorless and exhibit
good coupling of light. Fig 2.8 highlights this laefor, evidencing the quality of the
coupling by prism method in the different wavegsi@de a wavelength of 632.8 nm for
the TE modes.

A comparison between the refractive index and tmesk values obtained by the
transmission spectra analysis and the m-line tectanis reported in table 2.2. The error
in the refractive index measurements is ab#1@.002 and in the thickness#s50 nm
for m-line andt 40 nm for Refractor code. The thickness valuesragood agreement

within the experimental errors, while the refraetiindex values measured by the
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Refractor code is lower then the m-line ones. Tames behaviour was found in a
previous work [122], and it could be explainedthg non uniform thickness of the
films.

Tab. 2.2: Comparison between the refractive index values #mnckness obtained by the m-line
measurements and the Refractor code for the RT5@guide. The value of the bulk refractive index is
reported in last column for comparison.

Sample RT5P M-line Refractor Bulk
2.074+0.002 1.978 0.002 2.072 0.002
2.049 0.002 1.947% 0.002 2.055 0.002
1.994- 0.002 1.880Ck 0.002 -

@S ESE PR S 1,987 0.002 1.875: 0.002 =
Thickness (nm) 113A 50 1193t 40 =

To evaluate the influence of the oxygen pressurktamperature on the film optical
quality the refractive index of the RT5P and 200T10P samples, calculated by m-line
technique, were compared (it is worth noting that both the films are transparent. The refractive
index at four different wavelengths were fittedtwét Cauchy dispersion law=a + b/?
wheren is the refractive index, the wavelength and andb the fitting parameters. In
fig 2.9 the fitting results were reported. As cam ilmmediately seen, increasing the

oxygen pressure and the temperature, an incredbe mefractive index can be observed.
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Fig 28: M-line spectra (at 632.8 nm) of the tellurite tHilms deposited in different experimental
conditions. Increasing the substrate temperatwejtiality of the light coupling decreases. At tighlkst
used temperature (200°C) 10 Pa of oxygen weressacgto improve the light coupling.

2’10 L 1 L 1 L 1 L 1 L 1 L 1
Data: Data2_RTSP
Model: cauchy
2,08 - Chi"2/DoF =18151E-6 -
RA2 = 0.99932
a 1.97612 £0.00114
2,06 - b 28982.13759  4532.6221 |
x
(0]
he]
£
0 2,04 F e
=
o
g
©
r 2024 o
m  RT5P
2,004 200T10P r
1,98 r T T T T T T T T T T T
400 600 800 1000 1200 1400 1600

Wavelength (nm)

Fig 2.9: Refractive index of the transparent films depabite different temperature and background
oxygen pressure (RT-5 Pa (black), 200 °C -10 Peefd)), as measured by m-line technique (scatter).
The dispersion curve, as obtained by fitting thpegdmental data with a Cauchy law, are reportedglo
with the relative fitting values.
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Loss measurements

It was not possible to perform loss measurementh®isamples 100T5Pa and 200T5Pa
since they didn’t show propagation. Unfortunatélg sample 200T10P ruined very soon
consequently loss measurements were performedoortlye sample RT5P.

The results of the losses at 632.8 nm for this waike are very high and are reported in

table 2.3
The unit is dB/cm and the error (due to short pgapan length and high scattering),
has to be considered very high (5dB/cm).

Tab 2.3:Losses for RT5P waveguide

2 15 18
3 18 15

IR luminescence

Though the sample 200T10P did not show good pitjaygat 514 nm as compared to
the RT deposited one, the luminescence intengitgra at 1530 nm) in the former
looked higher than the Er luminescence in sampléHRTh similar experimental
conditions.

The shape of luminescence appears different wghe@ to the bulk one (the emission
cross section was calculated from absorption spegirespecially in RT5P sample as

evidenced in figure 2.10. It withesses a changeefronment of rare earth ions.
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Fig 2.1C Er photoluminescence spectra of RT5P and 200Ta6®les. The PL of the bulk is reported
for comparison.

The lifetime of the 200T10P sample was measurdd/@atdifferent laser powers (360
mw and 200 mw on the prism) (Fig 2.11). The expental values were fitted with a
single exponential decay. The lifetime measurethathigher power was 0.67 + 0.1ms
lower than the one measured at the lower poweb£007/1ms), due to the presence of
an increased depopulating rate*tf;, level due to upconversion (or other cooperative
process).

The luminescence signal was very low so the fifetivas measured using an amplified
signal.

The lifetime of sample RT5P was found to be muotver (<0.2 ms) and not

determinable while using the amplifier.
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Fig. 211: Lifetime of the’l,3,level for the sample 200RT10P at two different pupewer: 200 mwW
(blue) and 360 mW (black), @ 514 nm

Compositional analysis

To correlate the optical properties with the stmatetry of the films, RBS analysis was
performed and the experimental spectra were siedllatith the RUMP computer
program [126] . In table 2.4 the results of RBSlgsia are reported. Films deposited at
RT and at 100 °C presented almost the same corgosit the target. At the substrate
temperature of 200 °C two aspects become evidentine hand the oxygen content of
the film decreases, on the other the relative catnggon of tungsten atoms appears to
increase. At highest temperature (200°C) the ldakxggen is partially restored using a
higher Q pressure (10 Pa) during the deposition.
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Tab. 2.4: Composition of target and films as determined BBSRthe error is 5%.
Sample %O Te% W% Na% Er%
66.2 13.2 11.5 8.8 0.3
66.4 14.3 12.4 6.3 0.6
66.4 14.3 12.4 6.3 0.6
60.4 15.9 15.9 7.1 0.7
62.4 14.9 14.9 6.6 0.7

2.5.3 Discussion

A fundamental issue, for optical application, le ttransparency of the films in the
wavelength range of interest (the IR range for wgaide amplifier). In literature the role
of oxygen background pressure in the depositidmamisparent glassy oxide thin films is
extensively discussed [127], while the role of sidstrate temperature is often ignored.
Usually in PLD process, the substrate temperatasetie role to promote the crystalline
growth, increasing the mobility of the adatoms, ssmuently no much attention is
devoted to the temperature in the case of amorphaterials. The results presented in
this thesis clearly show that the temperature carela critical function in the growth
mechanisms.

RBS analysis demonstrated that even if the ablgifoness lead to a congruent transfer
of the target stoichiometry to the layer, the filgrown at different temperatures can
have very different physical and optical properti¢éss worth noting in fact the RT5P
and 100T5P films present the same composition and the same stoichiometry of the
target within the experimental errors, nevertheley are very different in terms of
transparency. The complex physical phenomena (dgna&xpansion of the plasma
plume and the plume-sample interaction) involvetha growth of the PLD films could
contribute to different rearrangements (respedhéotarget) of the ablated material on

the substrate surface. From the results it is exittet the substrate temperature induces
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additional effects on the film bonding formationdaconfiguration. These effects could
be related to the network rearrangement originatethe heating as a consequence of
changes in the surface mobility of the ablated pot&lduring the growth process.

The fact the film deposited at 200 °C shows a lovagitent of oxygen respect to RT and
100 °C deposited films suggests that surface oxidgirocesses are relevant in the case
of tellurite thin film deposition, and that tempenge can affect the oxidation state of the
deposited materials. Oxygen is the main constitoégtasses and can enter in the glass
network either as a bridging or non-bridging io28]. Oxygen deficiency modifies the
glass structure and can even prevent its formatimreover a high oxygen deficiency
generally leads to absorbing films [127]. Obviousg high absorption prevents the
propagation in the waveguide, as evidenced by m#achnique, and consequently the
use of such films as waveguides.

A very interesting behavior is represented by ttzrdhtic change in the properties of the
films increasing the oxygen background pressurkigh transmission is achieved and
the guiding properties of the layer are improvediisTfact is not surprising, since
increasing the oxygen pressure, oxidation of tHata species can occur during the
plasma expansion, consequently the formation ofaxioles in the gas phase contributes
to the increase of the overall oxygen content & fihms, moreover monoxides have a
lower angular scattering than atomic oxygen and asnsequence a narrow deposition
distribution, due to their higher mass with resgectomic oxygen.

Nevertheless it is interesting to note that thengilstill remain sub-stechiometric in
oxygen, therefore the increase in the oxygen contam not fully explain the
remarkable change in the film properties. Gonzald co-workers demonstrated in the
case of lead-niobium-germanate glass, the poggibib obtain transparent films
presenting a lower oxygen content than the bulk[@dd]. In the case of tellurite thin
films the same behavior can be observed and ibeaascribed to the unique capabilities
of PLD to form metastable phases.

Concerning the luminescence and waveguide propethe results are not satisfactory.
Even for the RT5P sample which presents opticgbgnites (transparency and refractive
index) very close to the bulk ones, the Er IR luesitence is quite different from the

target one, and the lifetime is very short, as @sequence a modification in the glass
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network formation and in the rare earth ion envinent can be supposed. The sample
200T10P showed better luminescence properties cespe the previous one,
unfortunately it ruined very soon and a completarabterization of its properties was
not possible. Probably the structural weaknesshisf $ample can be ascribed to the
substrate temperature used during the depositidnraparticular to the stress induced
during the growth by the different expansion camint of film and substrate.

2.6 Pulsed laser deposition of oxyfluoride silicate phar waveguides

2.6.1 Experimental

The experimental setup for the deposition and dcteraation of the silicate planar
waveguides was similar to the one presented imptheious section, for this reason in
this section only the remarkable differences betwdiee two apparatus will be
underlined. Er-doped silicate thin films were deiped by the PLD technique using a
target glass of nominal composition 655©3AL0; — 11NaO — 10Pbk - 10Lak —
1ErFs (% mol). During preliminary tests we found thatattdn with a KrF laser resulted
in poor quality films with microcrystalline structi The deterioration in the film
transmission characteristics was attributed to rddbuced absorption of the 248 nm
radiation by the targeConsequently the silicate glass target was ablasaty an ArF
excimer laserX=193 nm, pulse length ~ 25 ns). The laser fluenadetarget surface
was set at 2 J/cinjust above the ablation threshold, to obtain aatmablation process.
The ablated material was collected on a 7 substrate made of pure silica. Due to the
quite large area of the substrate a particulamtatte was devoted to the substrate
motion to ensure a high uniform thickness of tia.fi

The influence of substrate temperature was invagity and the depositions were
performed from RT to 350 °C.

For each deposition up to 1xX1€onsecutive laser pulses were used. A dynamic dbw
oxygen at the pressure of 5 Pa was maintaineckichiamber. Preliminary tests showed
that this was the lowest optimal pressure whicluetsa good transparency of the films.

Pressures higher than this value yielded clustdiless with whitish appearance,
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whereas at lower pressures than 5 Pa, the depdiitschad color centers in visible and
near-IR and consequently enhanced attenuatioresethpectral regions.
Table 2.5 summarizes the used parameters for tlyuoxide silicate thin films

depositions.

Tab. 2.5: Parameter for the deposition of the oxyfluoridecate planar waveguides

Sample | Substrate | drar.sup | Fluence | Pulses number| P(Oy,) Substrate
(mm) | (Jlcm?) (GE)) Temp
(°C)

Silica 2 100000 5

Silica 55 2 100000 5 200
Silica 55 2 100000 5 300
2 80000 5 350

S35( Silica 55

Since silicate thin films have lower refractive @xd than tellurite ones, m-line
measurements were performed using a different pgMetricon 200-P-1 prism), with
the same m-line apparatus (Metricon 2010).

The waveguide losses were measured by the opitiealhethod: in a first step the light
was inserted into the waveguide by the prism cogplmethod then the loss
measurement was performed by scanning a fiber gpobe down the length of the
propagating streak to measure (by InGaAs photottedethe light intensity scattered
from the surface of the guide. The assumption a #t each point on the propagating
streak the light scattered from the surface anllggiaip by the fiber is proportional to
the light which remains within the guide. The besponential fit to the resulting
intensity vs distance curve yields the loss in diB/c

The PL spectra and lifetime measurements were romuiged in waveguide
configuration, since a different experimental setups used, namely an Edinburgh
Instrument Ltd spectrometer (mod. FLS920P) usingl@BaAs detector. For PL
measurements the samples were excited with an Ant+laser while for lifetime
measurements a Xe arc lamp was employed.

The morphology of the films was studied by usindiagd microscopy, and a Field-
Emission Scanning Electron Microscopy (SEM-FEG),OLEsemini 1530, for high
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resolution, up to 1-2 nm, working at 3 kV. The s#&spbefore to be submitted to SEM
analysis, were coated with 3 nm of gold in ordeavoid effects of electronic charge.

2.6.2 Results
Optical properties

The deposited films were observed to be transpdeetite naked eye. In Fig. 2.12 the
transmission spectra of the films deposited atedkffit temperatures are shown. The
waveguides showed a transmission higher than 90Meimnvavelength range of interest,
very close to the substrate transmission value misi®2%. The less pronounced ripples,
respect to the case of tellurite thin films, aree da the small difference between the
substrate and thin film refraction indexes. Thasmaission spectra were analyzed by the
Refractor code to obtain the spectral dependendbeofefractive index and extinction

coefficient.

1,004 -

0,95+ -

Transmission

0,85+ -

0,80

T T T T T
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Fig. 2.12: Transmission spectra of the oxyfuoride silicaia fhims deposited at different temperature

M-line analysis performed on the samples at twoedengths, 632.8 nm and 1321 nm,

showed that all the thin films supported guidingd®s, moreover all the waveguides
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exhibited very good coupling of the light. The eaftive index and the thickness of the
waveguide as obtained by m-line analysis are sumstin table 2.6. The error in the

refractive index measurements is abaud.002 and in the thickness#$50 nm.

Tab. 2.6: Refractive index, thickness and number of opticatles measured using m-line spectroscopy at

632.8 nm and 1321 nm.

1755 1342 1333

It is immediately evident that increasing the terap@e the refractive index of the films
increases. This trend is further evidenced inidperé 2.11, where the refractive index of
the films as a function of the substrate tempeeatsr reported. In the insets, the
dispersion curve of the refractive index and ofiretion coefficient, as obtained by

Refractor, at two representative temperatures ({RIFr200°C) are reported.
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Fig. 2.11: Thin films refractive index as a function of sulagt¢ temperature. In the insets the dispersion
curve of n and k are reported for two represengatwnperature (RT and 200 °C)

Loss measurements

The surface of the films deteriorated as a reduthe different analyses performed on
the samples, consequently the prism coupling of lipet became very difficult.
Propagation losses could be measured only on thplea SRT and S200. In tab 2.7 the
results, at the wavelength of 632.8 nm, are redoriéery low values were obtained in
the range of 1dB/cm.

Losses for the S300 sample were roughly estimaiedht Tk mode and a value of
~3.5 dB/cm was obtained.

Tab. 2.7: Propagation losses (dB/cm) for each of the optinaes of SRT and S200 waveguide as
measured by prism coupling and detecting the seatieght (at a wavelength of 633 nm).
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IR Luminescence

IR analysis was not performed in waveguide configjan, but lighting directly the
sample surface. No Er photoluminescence signaldetected for the SRT sample even
at high pump power (above 1 W). Fig 2.12 showsPthepectra of the silicate thin films
deposited at different temperatures, acquirederstime experimental condition. The PL

intensity of the films appears to improve incregdime temperature.
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Fig. 2.1z Er photoluminescence spectra of the S200, S3080 Sample, acquired in the same
experimental condition.

The lifetime was measured for all the samples uaisgtup similar to the PL one, but
by means of a Xe arc lamp. The intensity decaysJigied by a single exponential
law, but very poor results were obtained: the tesyllifetimes were much lower than
the target one (10 ms), and the fitting functiod dot agree well with the experimental
data. The intensity decay were fitted with a doubtponential curve, two contributes
can be distinguish, a fast decay (with lifetinig, and a second slower decay with a
characteristic lifetimeg2, similar to the bulk one. In order to fix theeaition to the first

decay process, which is assumed to be caused lpe@iive processes between Er
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ions, the fitting procedure was repeated assuminglieze equal to the bulk one fa2.

In Fig 2.13 the experimental values along with wfferent fit results, namely single
exponential and double exponential decay (withdix®), are reported. The values of
11 obtained by the fitting procedure are reportedaisie 2.8.11 appear to be longer

with higher deposition temperatures.
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Fig. 2.1% Lifetime of the’l,5,level for the samples deposited at different temipees. The experimental
values were fitted by a single exponential (blug) a double exponential (red) decay.

Tab. 2.8: 11 values obtained by fitting the intensity decaytwva double exponential curve and fixit®yat

10 ms.
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Film morphology

The silicate thin films were subjected to SEM ingpm in order to examine the fil
morphology. In Fig 2.14 the SEM images of the ddfe films are shown. TF
temperature strongly influenced the structure effitms. The films presented a mi-
grain structure and increasing the temperature the glamensions decreased and
films appeared more dense. This aspect was in agmewith the increase of tl

refractive index at high temperature
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Fig 2.14: SEM pictures of the silicate thfilms deposited at different temperatt

2.6.3 Discussion

For the deposition of oxyfluoride silicate wavegsdhe temperature is found to hay
fundamental role as in the case of tellurite thimg. Two important effects can |
distinguished: fromone hand the temperature influences the glass neti@omation,

from the other hand it strongly affects the morplggland the structure of the filr
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The effects of substrate temperature on silicadhése films were studied by Serra and
co-workers, which found a shift of the-8)-Si stretching frequency with the substrate
temperature [121].

In the case of the silicate thin films studied listthesis the increase in the substrate
temperature has two main consequence: an incieasiee refractive index of the
deposited thin films and an increase in the erdiummnescence.

Concerning the last aspect, it is possible to ss@pbat substrate temperature promote
the right glass network formation and above ak, éinrangement of the erbium ions in
the correct network sites. The temperature is resipte of an increase in the mobility of
the deposited species, and consequently the filmaibg configuration can be affected,
as demonstrated by Serra et al.. In particularhiiglh temperature seems to inhibit
erbium-erbium interaction. This assumption is fiesi by the increase in the erbium
photoluminescence at high temperatures, due prgtalal reduced quenching effect.

A further validation of this hypothesis is supgliby the lifetime behavior:an initial
fast decay component can be observed, which evaitesa slower decay. This trend
can be attribute to cooperative processes betwaerearth ions which depopulate the
1312 level.

If the lifetime of the slower component2), is assumed equal to the bulk one, as
presented in the result section, the lifetime bé fast decaytl) can be assumed as a
direct measurements of the quenching effect. Flmrdata of table 2.8 it is evident that
the S350 sample has the highgstalue, consequently the lowest quenching effects.
Substrate temperature appears to influence alsantheostructure of the films. The
films are formed by a grain structure and in patfc increasing the temperature the
films appear to be formed by smaller grains. Mosroflms deposited at 300°C and
350°C do not show a valuable contrast amongst Hrécfes, possibly indicating a
higher cohesion and a higher film packing dendityis aspect is evidenced by the SEM
images and confirms the behavior of the increasehef refractive index with the
temperature. This aspect is very interesting fonelogical reasons since it could allow
to tailor the characteristic of the films simplyactying the substrate temperature during

deposition.
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It is worth noting,in faci, that all the filmsare very transparent and above all

waveguidesexhibit good propagion properties. In particular very low les (in the
range ofl dB/cm) have been four

Another interesting properties of the films depeditit high substrate temperature
their robustness. In fact, a different behavior wdsserved between thsamples
deposited at room temperature and the ones degpaaitdigher temperatures wh
submitted to SEM inspectic

Due to the nature dhe SEM apparatus, structural changes caniewed in real time
during the inspection. The fil deposited at RT wagack free at the beginning SEM

analysis but cracks were seen to appear in real timerasuit of the interaction with tt
electron beamThe film deposited at higher temperatyresmained crac-free after
inspection In figure 2.15 the SEM imagwof the SRT and S200 samples are repol
the flms fabricated on moderately heated (2 C) substrates were found to withste
the SEM inspectionThis aspect even if not surprising is very inséiregy from a
technological point of view, in fact robuand stable films are well suited for t
development of integrated circuits since they coogdsubmitted to all the stande

processes employed in integrated optics, suchhasyliaphy and etchini

Fig. 2.15: SEM images of film«deposited at RT (a) and at 200 (b).
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Several applications require optical confinementwo dimensions therefore planar
waveguides present in many cases some limitagodscan not be used. For example
two dimensional confinement is useful to guidehligrom two point of an optical
integrated circuit or to interconnect two circalements. In this chapter, after a brief
introduction to rectangular waveguides, two differeechnological approaches to obtain
2D waveguides will be presented, the “standard ow¥thin which the 2D waveguides
were etched in the PLD films, and the “inverse rdthin which the channels were
defined in the bulk substrate and then the waveguiere deposited inside the channels
by PLD. The results obtained for 2D oxyfluorideicgsite waveguide fabrication and

characterization will be presented and discussed.
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3.1 Rectangular Waveguide

Figure 3.1schematically shov the cross sections of different waveguide structi

which can be sed to obtain 2D confinemel

y y y

Fig. 3.1: Different structureso realize rectangular waveguides.

The channel waveguide (Fig. .(a))is the basic rectangular waveguide and consis
a waveguide region surrounded by a medium whickgmts a lower index of refractic
respect to the guiding co A variation on the channel waveguisiguctureis the ridge
waveguide (Fig. 3(b)), in which thelateral confinement is achieved removing later
a portion of the planar waveguide in order to @eatefractive index contrast betwe
the high refractive index core ler and the airOptical mode confinement can also
obtained by putting a strip of cladding materialeoplanar core layer, resulting in a st
loaded waveguide (Fi@.1(c)).

The exact solution of the wave equation for a ganerxctangular wavegui, i.e. a core
layer surrounded by one or more different materialgh lower refractive index, i
extremely complicated and it has not been obtayetdHowever it is possible to obte
approximate solutions assuming that the guidingesalipported byhe waveguide, are
“well guided”, i.e. well above the cutoff conditiobinder this assumption it is possil
to consider that the electromagnetic fields decaprentially out of the guiding regio
Imposing this condition it is possible to solve Maxwell’'s equations in the core regic
and to found the modes supported by the wavegil29. As in the case of plani
waveguide, rectangular waveguides support a deseretnber of guided modes. T
mode are usually distinguished by two mode numhengch carespond to the numb

of peaks of the field distribution in the x andiyections
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As evidenced exact analytical methods are heagsyricted to the analysis of only very
simple slab devices, consequently, for the analgkisiore complex structures, in the
last years much attention has been focused on Nemheand approximate Semi-
Analytical methods [130]. Such methods can obvipust applied to rectangular
waveguides and they allow not only to calculate mloenber of modes but also to
simulate the light propagation in the guiding regien chapter 4 a discussion about

numerical methods will be provided

3.2 2D waveguide fabrication

The state of art in glass-based EDWA was presentethapter 1 and contextually a
brief review of the methods employed to realized ®8veguides was drawn. In this
section the methods employed in this thesis tazedD waveguides will be briefly
presented.

Since oxyfluoride silicate thin films showed supercharacteristics with respect to the
tellurite ones, only silicate 2D waveguides weraired.

Two main methods were employed.

The first method employed to realized 2D waveguwas performed at the University
of Edinburgh and it is a standard technological hoéf i.e. the 2D structures were
realized directly on the deposited thin films, bgans of Reactive lon Etching (RIE)
(see Fig 3.2a).

In the second method (“inverse method”), developedvercome some limitations
presented by the first one, a different approack &maployed. In fact, in a first step the
channel structures were etched directly onto tihstsate by dry etching, and in a second
step the oxyfluoride silicate glass was depositeside the channels by means of PLD
(see Fig 3.2b).This method was developed and peedrby the L3 Group at the
University of Salento.

It must be mentioned that in both methods the etchprocess was preceded by
photolithography in order to define on the film swbstrate a mask with the desired
pattern. The successive etching processes alloleddlective removal of unmasked
material areas respective to the masked ones. pimm®lithography is a well defined

technique in microfabrication processes, it doesefuire a complete description and
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only the experimental details will be provided imetexperimetal sections. On 1
contrary some useful comments on RIE and in pdaticon glass etching will b

provided in the next sectic

a) Pulsed Laser b) Etching
Deposition Process

sbome

Etching
Process

Substrate

Pulsed Laser
Deposition

b

o s o, ()
Fig. 3.2: Methods for the fabrication of 2D wavegus. a) Standard method: after the thin f

deposition the 2D wg. is defid by etching. b) Inverse method: the substrate isegt@nd then the filr
is deposited inside the channel, realizing a 2I

Substrate

3.2.2 Reactive | on Etching: operation principle and apparatus

Microelectronics industry has developed many plas@sed techniques for matel
etching, the most common is the Reactive lon ECRIE).

In RIE, the sample is placed inside a reactor irciviseveral gases are introducThe
standard RIE apparatus (Fig. 3.3) is constituted bgcuum chamber housing a pare
plate electrodes. The samples are placed on thenb@ectrode.Plasma is initiated i
the system by applying a strong radio frequencydidctromagnetic field to the wat
platter. The field is typically set to a frequerafyl3.56 MHz. The ions in the plasma .
accelerated towards, and reacts at, the surfadbe material being etched, formil
another gaseous material. This is known as the idaémart of reactive ion etchin
There is also a physical part which is similar atume to the sputtering process. If
ions have high enough energy, they can renatoms out of the material to be etct

without a chemical reaction. It is a very complagk to develop dry etch processes
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balance chemical and physical etching, since taegemany parameters to control. In
fact, it is worth noting that by changing the ba&kant is possible to influence the
anisotropy of the etching being the chemical pdrthe etching isotropic and the
physical part highly anisotropic [131]. This a v@myportant issue in all the applications
since anisotropic etching is required to obtainecrtical shape of the sidewalls and to
reproduce the mask pattern along all the deptheoktched zone.

To achieve higher plasma density with respect afveational RIE, the Inductively
Coupled Plasma (ICP) etching was developed.

While in a conventional RIE system the plasma isegated by a rf electric-field, in an
ICP tool two RF power supplies are employed. Oneapacitively coupled to one
electrode, as in RIE, whilst the other is indudiiveoupled through the walls of the
chamber by wrapping the electrode in the form ofod around it. This inductive
component is the high power supply and is usedeteate the plasma. This current
induces an electric field in the plasma region Whgprimarily tangential to the plasma
boundary. The tangential component of the rf inducelectric field may then penetrate
the plasma region 1-2 cm and generate an inteasenpl Most significantly, the plasma
is sustained without creating a high voltage sheatthe plasma-wall boundary. This

improves the purity of the process and greatlydases the ion generation efficiency.

[ Ilnsulator

Fr ] -,rfjf_{_._';, I e A T
7 [ ij I+ Upper electrode
| o P 2 'T:I\_\ e RN ;

ot S
7 /,,.:%// 1 i ) Lower electrode
e | Wafer holder
| B O
;ﬁl = |9-.= T ¢ oa M"?'uT?i{
.f{._f,, A7) A

T ‘ T Diffuser nossles
Gas Pump Gas

Fig. 3.3: Standard parallel plate RIE apparatus.
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3.2.2 Reactive | on Etching of glasses

With the development of glass-based devices, tloeossitructuring of glass surfaces for
the fabrication of optical waveguides, gratings difttactive optical elements, became
very relevant [132,133]. RIE was intensively apglitor processing both Si
substrates and silica substrates by semiconduadoisiries, nevertheless there has been
limited studies of RIE of multicomponent glasses.

In the case of silicon dioxide (silica), £&nd/or CHE are commonly used dry etching
gases because they generate highly volatile, &D/CQ and HO reaction products;

the net reaction using GHor example, is:

Si0, + CF, % SiF, + CO,
The reaction mechanism, however, is quite comptels. mediated by the presence of
electrons in the plasma which create reactive atoatscals and ions which drive the
chemical reaction.
Steinbruchel [134] described the RIE of pure silicaa fluorocarbon plasma to be a
process of ion enhanced chemical reaction. He sthahet the etch rate was directly
dependent on the density of the highly reactives ionthe rf diode reactor. Similarly,
RIE of pure silica in a G#CHF; plasma using an electron cyclotron resonance geact
(ECR) led Oerlein et al. [135] to a similar conatus In the case of borosilicate [136]
and soda lime glasses [137,138] low etch rates aomipto pure silica using
fluorocarbon RIE were found.
Leech [139] showed that small concentrations ok lmlpurities (> 25 ppm) such as Al,
Ca, Na in silica glass decreased the etch rate2b¥o~in CHR/CF, plasmas) compared
to higher purity silica substrates (impurities 2 Ppm). The author attributed this to the
formation of less-volatile compounds of AJFCaF, and NaF. However, no work has
been reported to directly characterize the etclhef@ses of multicomponent glasses nor
to define the rate controlling mechanism.
More recently Metwally and Pantano, made a study tba etching rate of

multicomponent silicate and phosphate glasses ametion of the plasma power,
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plasma composition and glass composition, by mezna magnetically enhanced
reactive ion etching apparatus (MERIE) [140]. Theynd that in fluorocarbon plasmas,
the etch rate of glasses decreased as the cortaemwéless-volatile oxides in the glass
increased. These etching rates were interpreteterms of ion enhanced chemical
reaction and physical sputtering. In general, #ite controlling mechanisms of etching
by the RIE process may be due to physical effexdsr( sputtering with inert ions), or
chemical phenomena in the sense that the ion baimeant enhances surface chemical
reactions with the reactants yielding highly-vd&ateaction products.

In the case of multicomponent glasses a high crenmeaction rate between the reactive
(ion) species in the plasma and the glass surfaseolserved during the early stages of

etching while at longer times the etching was d@tad by physical sputtering.

3.3 2D waveguide fabrication by “Standard Method”

3.3.1 Experimental

Ridge waveguides were fabricated starting from flowyide silicate thin films,
deposited by pulsed laser deposition techniquey @imé films deposited at room
temperature and at 200 °C were submitted to theirgjcprocedure. The film were
deposited in the same experimental conditions of &Rl S200 samples as presented in
the previous chapter (see table 2.5).

To fabricate rib waveguides, a UV sensitive phamte(Shipley 1813) was spun onto
the film surface. The sample was then baked fom8tutes at 90 °C. The rib structures
(widths 2— 15 um) were defined onto the resist by UV illuminatitor 15 seconds
through a chrome-on-silica mask. The resist was tteveloped using the resist
developer and the resultant resist mask baked foyu?s at 95 °C. Finally, the sample
surface was etched for 105 minutes in an OxfordrR&Technology RIE80 reactive ion
etcher using CHfgas.

The final etch depth was measured by Atomic Foreerddcope (AFM) analysis while

the rib morphology was investigated by optical msoope and SEM.
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Waveguide facets for coupling light were prepanedider to allow fiber-waveguide
coupling. The guiding properties of the waveguidese investigated by coupling light
into the waveguide using fiber-waveguide butt-couypland imaging the waveguide
output facet onto an IR Vidicon camera. By pumpimg waveguides at 980 nm through
a 980 / 1550 nm fused fiber wavelength division tipléxer, fluorescence emission
around 1550 nm was collected and analyzed usimmgpacal spectrum analyzer.

The 15, — %1135 transition absorption in the waveguide was deteethiby measuring
the insertion losses of one of the smaller widthvegaiides (closer to single mode)
across the erbium absorption band using a broadBamglified Spontaneous Emission
(ASE) source (Thorlabs ASE-FL 7002-C4).

The “13» — “l15 transition fluorescence lifetime was measured Bcteonically
modulating the 980 nm pump lasers and detecting ftberescence emission
perpendicular to the waveguide surface using a rtamperature germanium detector

with pump blocking filters.

3.3.2 Results

Structural analysis

The film deposited at room temperature crackedndguthe etching process, on the
contrary the film deposited at 200 °C was succdlgsfirocessed. In Fig 3.4 optical
images of the ridge waveguides realized startinghffilms deposited at RT and 200°C

are reported.
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Fig 3.4: Optical images of the film deposited at RT (ledt)d 200°C (right) after the etching process. RT
deposited film is clearly cracked.

Using AFM the final etch depth was measured to 9arf. In fig 3.5 both SEM and

AFM images of a 12 pm width waveguide are reported.

Fig 3.5: (a) SEM and (b) AFM images of a rib waveguide ifedtbed on an Er-doped thin film realizeed
using PLD.

The sample was coated with a stress free polymerdar to produce a good facet for
coupling light into and out of the waveguide andrtht was diced perpendicular to the

direction of the waveguide axis. Although in sonases it was possible to achieve a
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good facet, despite extensive attempts, the progassnot found to be repeatable. For
this reason an alternative method was then empldipedsample was covered with the
resist and photolithography was used to defineraigstt edge along the facet. The
waveguide was then etched to produce a straigpepdrcular facet. Fig. 3.6 shows the
results of the two facet preparation methods. As lwa seen, the results of the etching

method produced a good facet quality which wadyeespeatable.

a)

Fig 3.6: SEM pictures of a waveguide facet produced usioigpgl (a) and etching {b

Waveguide characterization

By imaging the output facet of the fabricated waudgs onto an IR Vidicon camera,

and coupling a signal at the desired wavelength tii¢ waveguide at the other end, the
guiding properties at various wavelengths of eaakiaguide could be examined. All the

waveguides were found to support guiding at both 9 (the usual pump wavelength

for Er-doped amplifiers) and 1550 nm (the signavelangth).

All waveguides tested produced characteristic #goence in the 1550 nm region. The
Fig. 3.7 shows a comparison of the normalized enb@mission cross section measured
from one of the fabricated waveguides with the raimed emission cross section

measured from the bulk glass.
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Fig3.7. (a) Comparison of the normalized emission crasgien from the bulk and from the film. (b)
Comparison of the normalized absorption cross sedtr the*l;s, — 4l13 transition as measured in the
bulk target and one of the fabricated rib wavegslide

By measuring the insertion losses of the waveguaddized with the smallest width
(closer to single mode) across the erbium absorpbiand using a broadband ASE
source, the amount of absorption present in theegade could be measured
quantitatively. Using this technique, the peak@mbiabsorption was measured to be 4.6
dBcmit. This value is slightly higher than that of thdkowhich was measured to be 3.4
dBemi.

Fig. 3.7 (b) shows a comparison of the normalizdaluen absorption cross section
measured in one of the fabricated waveguides with nrormalized absorption cross
section measured in the bulk glass.

The minimum measured background insertion losssigetthe*l;s, — “l135 transition
absorption band) was approximately 20 dB for a Oci® long, 4 um wide rib
waveguide. The majority of this value is thoughthi® due to poor mode matching
between the 1550 / 980nm WDM coupler fiber and egande.

The fluorescence lifetime of the optically activeiem was measured to be 0.1ms. This
is far from that measured in the bulk sampl&dms).
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3.3.3 Discussion

The optical images of the thin films after the @ighprocess, clearly confirmed the
importance of the substrate temperature to obtaod gjuality and mechanical stable
waveguides. The same behavior reported during Stddeictions and presented in the
previous chapter was observed under RIE. The fiegpodited at room temperature
cracked during the RIE process under the actioth@fplasma. On the contrary, it was
possible to realize rib waveguides from films defgasat 200°C films.

Rib quality was quite good even if the waveguiddswalls were not vertical, therefore
it was necessary to further optimize the etchiragess to achieve vertical sidewalls.
The waveguides supported a well confined mode #t B80 nm and 1550 nm. The
guiding at 1550 nm was of a high enough qualityafow direct measurement of the
erbium absorption lineshape by direct fiber-wavdgtiiber coupling of a broadband
ASE source. A peak erbium absorption coefficient @& dBcn* indicated that a large
concentration of erbium was incorporated into the fand it was indicative of a
stoichiometric transfer of material from the butkthe film. Unfortunately fluorescence
lifetime was very low: as in the case of the measur thin films it was indicative of the
presence of a significant quenching mechanismemithterial. Two possible sources of
luminescence quenching can be suggested: the peesénhydroxyl (O-H) impurities
[141] or the strong energy transfer/cooperativeonpersion mechanisms [22]. Probably
both the mechanisms are responsible of the lifebetevior.

Concerning the presence of O-H impurities it shdugdconsidered that the film was
found to be granular in structure which may result significantly low packing density,
leaving the film susceptible of water absorptiomgreover it should be considered that
etching in CHE plasma can add a further source of O-H impuritiesertion loss
measurements revealed an unexpected increaseimstréon loss at 1426 nm, close to
the first vibrational overtone of the O-H hydroxgioup. It must be mentioned, in fact,
that out of the erbium absorption band the insertasses usually decrease. This is a
strong indication that water absorption is a sigaifit problem resulting in the reduction

of the*l13,—"115» transition fluorescence lifetime.
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Moreover cooperative mechanisms should be not ralgdsince pumping at 980 nm
showed a large amount of green up conversion whald point towards ion-ion
clustering as a significant problem. Moreover, aslarlined in the previous chapter,
even though ion-ion interaction appears to decremsethe substrate temperature
increases, at 200°C (the used temperature for ilhe dubmitted to RIE) Er-Er

interaction is still dominant and can not be netgléc

3.4 2D waveguide fabrication by “Inverse Method”

The standard method provides very good resultshén fabrication of silicate ridge
waveguides but two important aspects are evideoin fone hand mechanically stable
films are required to obtain good quality wavegsidand from the other smooth
waveguide facets can be obtain only by a furthehniegy procedure (as evidenced in the
previous section) due to the delicate nature otrefilms.

To overcome these two drawbacks, the inverse metlasddeveloped.

In this methods the etching process involves dméysubstrate, in which the channels of
the suitable dimensions are defined, while the iggidayer is simply deposited inside
the channel by means of the PLD technique.

Obviously, in this method a very important role atributed to the etching of the
substrate, since the performance of the final waweg strongly depends from the
quality of the bottom and of the sidewalls of timaienel.

In this section the experimental details of thehietg process will be presented while
concerning the film deposition the same experinleptaameters, which have been

described in the previous chapter, should be cersid

3.4.1 Experimental

The channel were fabricated in pure silica substr@tieraecus), moreover a preliminary
test was also performed on a g8 (SOS) wafer.
Two different masks were used to defined the chapag&tern on the substrate: a

polymer mask and a chromium mask.
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Before the photolithography process the substrates baked for 5 minutes in acetone
and successively 5 minutes in isopropyl alcohobrder to remove contaminants from
the surface.

To fabricate the polymer mask, a positive photstehipley AZ 5214 E ), was spun
onto the silica plate, after that the sample wdstdor 1 minute at 120°C. Then the
channel patternwidth ranging from 5 to 10@um) was defined onto the resist by UV
illumination (. = 365 nm) for 15 seconds through a chrome-onasitiask, afterward the
photoresist was developed by using the resist dpeel

To produce the chromium mask, a thin film of chromi (thickness ~70 nm) was
evaporated onto the pure silica substrate. ThensHmple was subject to optical
lithography. A UV sensitive photoresist (AR-P 53806m Allresist GmbH) was spun
onto the film surface and baked for 4 minutes &@°Cl A series of channels with a
length of 2 cm and with a width ranging from 5 ©@0Jum was then defined onto the
resist by UV illuminationX = 320 nm) for 12 seconds through a chrome-onasitiask,
afterward the photoresist was developed by usimg risist developer. Finally the
chromium was wet etched and the photoresist remdeating a chromium mask with
the desired pattern. The same procedure was entpfoyéhe SiQ/Si wafer.

The samples were then subjected to etching proeddutCP-RIE. The ICP etch source,
(STS Advanced Oxide Etch (AOE )) uses a planar inductively coupled radio
frequency (13.56MHz) plasma coil with multipolar gm&tic confinement at the
chamber sidewalls and high-rate vacuum pumping

The etching was performed by using a mixture of, G&zFs and Q gas. The total
etching process time was 4 minutes. The etchingnpaters were summarized in table
3.1.
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Table 3.1:Parameters for the silica and SOS substrate etching

Substrate Gas Coil/Platen Process timdg

(total pressure power

4 mTorr)

Silica CF, 1250W/200W 4
(flow 20 sccm)

CiFg
(flow 20 sccm)

Chromium

Chromium SiG,/Si CFk, 1250W/200W 4
(flow 20 sccm)
CsFg
(flow 20 sccm)
0.
(flow rate 4

sccm))

After the etching the residuals of the masks weneaved.

The channel morphology was analyzed by atomic fargteroscopy (AFM), and high
resolution scanning electron microscopyleeM JEOL 6500F instrument equipped with a
Field Emission Gun (SEM-FEG) was used in the seapneélectron detection mode.
The nominal image resolution of the instrument.5dm at 15 kV and 5 nm at 1 kV.

In the second phase oxyfluoride silicate glassa® weposited onto the patterned channels
using the same experimental conditions of theag@ichin films described in the previous
chapter (see table 2.5). The morphology of the mhlawaveguides were investigate by
SEM analysis (SEM-FEQ,EO Gemini 153D
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3.4.2 Results

Channel characterizatic
The total etch depth was measure by AFM and a wa#luel.3 pm was foun

The channel morphology was investigated by meai$Edl analysis

The sample etched using the photoresist mask gessémo important drawbacksrst
of all after the etching process the photoresist fivas firmly adherent on the gla
substrate, and it can not be removed using acetotiee commercial stripping solutic
moreover some residual due to-deposition of the etching products or

pdymerization were found on the bottom and on tldewalls of the channels. In figu
3.8 the SEM micrographs of the samples exhibitegjdual polymer after the etchi

are shown.

CNR-IMM TOPO  50kvV  X1,000 10pm WD 8.5mm CNR-IMM TOPO  50kvV  X5500 1pm WD 8.7mm

Fig 3.8: SEM micrographs of the channel obtained by usipglgmer mask during the etching proc a).
A higher magnificatiorview of the same channb).

A similar behavior was found using the chromium kpdsut in this case the residt
mask was removed by baking the sample in the chmomiemoval solution at 50 °(
Moreover to reduce polymerization during the etghimocedure, » was added during
the praess. Very good results were obtained, as demdéedtiay the SEM image
reported in figure 3.9.

AFM analysis performed on the silica sample shovleat a very low roughne:

(average roughness ~1.5 nm) was achieved on timaehbottorr
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CNR-IMM TOPO  3.0kV X500 10pm WD 9.1mm CNR-IMM TOPO  3.0kV X10,000 1um WD 8.9mm

Fig 3. SEM micrographs of the channel obt in the sample C-S-n b) a closer view of thchannel

sidewalls is shown.

Morphology characterization of the waveguide

Silicate glass waveguides were deposited inside dm@nnel by PLD.The most

important aspect ofhe inverse methois the possibility todeposi by PLD good

quality films directly orto non-planar substrates. In faitte SEM image: demonstrate
that the deposited thifiims follow exactly the geometries dffie silica channels and
in particular the vertical profile of the sidewalés evidenced in Fig 3.1

The structure of the deposited layer is granulandke case of the thin films deposit

on flat substrates. As example in Fig 3.11a topvvi¢ a waveguide dcosited in the
same condition of the S200 (substrate temperatd®@eC, background oxygen press

5 Pa) sample is reported. The vertical profiléhef sidewalls is evidel

Depositions were performed also on ,/Si substrates, and good results were ined

in this case too. Fig 3.12 shows a sample depositedSOS substrat
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InLens
33

Signal A
Photo No.

3.00 kv

EHT =

2um
30.00K X |—| WD= 4mm

Fig 3.1¢C SEM micrograplof the waveguide deposited on the C-S-O sanfie. defects on the filt
surface are due to the sample preparation for B &nalysis

1pm EHT = 3.00 kv Signal A = InLens
Mag= 5000KX |—— WD= 4mm Photo No. = 12
> B R d = W < o -

Fig 3.11: Top view of a waveguide deposited at a substratpéeature of 200°¢ On the right side of the
image it is possible to see the bottom of the chbwaveguide

81



Chapter 32D Oxyfluoride Sicate Waveguides

um EHT = 3.00 kv ' Signal A = InLens
Mag= 3084 KX |—] WD= 3mm Phcto No. = 31

Fig 3.1Z Top view of a waveguide deposited on a SOS sulbs

3.4.3 Discussion

The inverse method is quite promising for the mzdion of 2D waveguide. The me
advantage of the inverse method is that the opéitiaiz of the etching procedure and
the thin film deposition can be made independer

Concerning the dization of the channels in silica substrates, ¢hehing procedur
gave very good results. A chromium mask was usedetne the pattern on tt
substrate. The polymer mask in fact after the atglwas hardly removed: this behav
was found also by Mealli et al. [14(, and can be presumably ascribed to inter
reactions caused by the ion bombardment or by pipdieal electri-field. It is worth
noting that while Metwalli succeeded to remove hlaedened photoresist by means «
low pressure (50 mdrr) and low rf power (200 W) , plasma after the etching proce
in the case presented in this thesis, the phosticould not beremoved using the ,

plasma. This was probably due to the nature of @tehing apparatus, which w
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specifically designed for the etching of oxide mials, and provided a very dense
plasma.

In the experiment performed using a pure fluorosarplasma, residual polymer were
found on the bottom and on the sidewalls of thennka The presence of the residual
polymer was essentially due to redeposition ofefehing products.

The redeposition effect was significantly affectsdthe amounts of particles sputtered
from the bottom, which can be mainly related to blottom etch rate [142], which was
very high in the experiment performed in this tee§+300nm/min). Moreover the
amount of particles sputtered from the bottom i®eined by various factors such as
the energy and flux of ions incident on the bottdhe thickness of the polymer film
formed on the bottom surface, and the thicknesshefSiQF, layer present at the
interface between the fluorocarbon-polymer film émel SiQ layer [143].

Min et al. demonstrated that the redeposition ghéi for Ch with respect to ¢
plasma [144] since in the case of Gifasma, F radicals contribute to the etching ef th
bottom while CE radicals contribute to the deposition of a flu@dmn polymer film on
the bottom surface, eventually retarding the readbetween F and the bottom.
Moreover the redeposition of bottom-emitted pagscbn the sidewall surface directly
affected the formation of a sidewall polymer film.

As result the sidewalls became very rough aftehiegcas can be observed by SEM
images in figure 3.8. This result was demonstrédedCF, plasma and it was attributed
to the particles redeposited from the bottom thatisted surface polymerization,
leading to the formation of a rough fluorocarbdmfon the sidewall surface [145].

The addition of @ at the fluorocarbon plasma improved the qualityhef etching, and
very good results were obtained. In fact when u€dagn the plasma, the amount of
sputtered particles decreases. Moreover as thec@centration increased, the
concentration of CF radicals, a polymer precursor, decreased and QOcalad
simultaneously consumed the fluorocarbon polymemén on the bottom and, as a
result, the redeposition effect by the polymer ffinegts decreased [145]

Concerning the second step of the proposed “inversthod”, the deposition of the
waveguides inside the channel provided very intergsresults especially when

compared with the results obtained by the “standaathod”. In fact by using the
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standard method a 200°C substrate temperature waslysnecessary to make
mechanically stable films and to obtain good qyalib waveguides, on the contrary
in this new approach no invasive process intedeste thin films and good results
were obtained keeping the substrate at roonpéeature too (see figure 3.12). The
most important aspect of our experiment was theipibisy to deposit by PLD good
quality films directly onto non-planar substratds. fact we demonstrated that the
deposited thin films followed exactly the gesines of the silica channels and
maintained the vertical profile of the chanmsétlewalls. This is a key aspect to
realize laterally confinement in guiding struetsi since it allows to reduce the losses
due to the spreading of the radiation out of thiigg channel.

Another key feature of this new method was dueht® ¢onsideration that only the
substrate undergoes the etching process and tlparpten of the waveguide facets
became less problematic since it can be perforbeddre the deposition of the thin
films. This aspect probably can reduce the insertasses when testing the guiding
properties of the structures.

Unfortunately the guiding properties of the wavelguwere not characterized as the
maximum film thickness was ~1.3 um, and fibers vatbore dimension comparable to
this value (in order to have good mode matchingvbeh the fiber and the waveguide
and to obtain low insertion losses) were not ab#laNevertheless since the guiding
layer was simply deposited on the patterned suiesitas reasonable to consider the
properties of the rectangular waveguide as goadttheaguiding properties of the planar
thin films.

Finally, the preliminary results obtained on th®©®$5i wafer make this approach to
realize 2D waveguides very attractive since itvlido easily achieve the integration of
the waveguide in a optical circuit.
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Chapter 4

Design of a Y-junction: towards an integrated optial

amplifier
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After the realization of 2D active waveguides,sitstraightforward to study and realize
more complex guiding structures (with respect te #imple channel waveguide) in
order to develop new devices or to fully integratied erbium doped waveguide in an
integrated circuit.

To actually realize an integrated EDWA, in factjgtnecessary to launch inside the
waveguide both the signal to be amplified (at 15888 and the pump (at 980 nm or
1480 nm depending of the used pumping scheme).sidral-pump coupling in the
amplifier, can be successfully realized by a Y-jiort coupler, in which the pump and
signal power propagating in two input arms of th@ré multiplexed in the output arm
of the junction.

A careful design of the junction geometry is reqdirin order to optimize both the
signal and pump propagation as a function of theegaide parameters.

In this thesis a Y coupler was designed startinghfthe results of the previous chapters.
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In this chapter, the numerical method, based orthige-Difference Beam Propagation
Method, employed to simulate the wave propagatiothe guiding structure will be

described and the results of the simulation wilpbesented.

4.1 Methods for Optical Waveguide Analysis

Many types of methods for the analysis of opticamponents exist, which can be
classified into Analytical, Numerical and Semi-Aytadal methods. Unfortunately
analytical methods can be employed only in a lichireimber of problems concerning
simple slab planar devices. When the analysis cosceomplex 3D structures,
analytical methods are inapplicable. Consequeatligt of effort has been focused on
Numerical and approximate Semi-Analytical methods.

Rigorous numerical methods, such as the FiniteeBsfice (FD)[146,147] or Finite
Element (FE)[148] methods can be successfully eygal for optical components
analysis. However numerical methods often requiremory size and long
computational time. Consequently, in certain sitre, it is extremely difficult to apply
numerical methods, especially when large and/or ptexn waveguide structure is
considered. In these cases, a Semi-Analytical ndetsiach as the Effective Index (EI)
method [149], Spectral Index (SI) method [150]Foee Space Radiation Mode (FSRM)
method [151] may be chosen, depending on the gepnietsolve the electromagnetic
problem. Semi-analytical methods are useful to cedhe computational complexity of
the numerical code, in fact semi-analytical methads appropriate approximations,
which can result in fast applications suitable d@sign purposes, with the additional
advantages of much lower requirements in CPU tinteraemory size. These methods
sometimes provide results comparable with thoseuwnherical methods, and can be
useful tools along with other methods. Howevercsisemi-analytical methods involve
some approximations, in complex waveguide strusttine accuracy of the results can
be reduced: in these cases numerical methods rawshployed.

Two main numerical methods should be considered ther analysis of optical
waveguides, the Finite-Difference Time-Domain methFDTD) and the Beam
Propagation Method (BPM) .
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This section has not the aim to represent a fuhpe@hensive description neither of the
two methods nor of their implementation since savexts can be found on this topic.
For an exhaustive description about the methodshi@nalysis of optical waveguides
see for example [130]. In the following a briefsdeption of the two methods will be

provided pointing out their main advantages anavieecks.

4.1.1 Finite-Difference Time-Domain method (FDTD)

The FDTD method was developed by Yee [152] andctiyesolves the time-dependent

Maxwell’'s equations for the electri&) and magneticH) fields:

0B

VxE = —a
oD

VxH = —E‘l']
D = ¢E
B = uH

whereD is the displacement field,is the current densitf is the magnetic flux density
(often called the magnetic field). The quantitiess ey and p= gy, define the
electromagnetic properties of the medium, and &ee dielectric constant and the
magnetic permeability of the medium respectively= 8.85410 2 F/mis the dielectric
constant of vacuum and, g 4tx10”’ H/m the magnetic permeability of vacuugpand

ur are the relative permittivity and permeabilitytbé materialy,=1 when non-magnetic
materials are considered.

FDTD methods divide space and time into a finigaegular grid. As the FDTD is an
explicit scheme, the time step in the calculativréfined by the spatial discretization
width: if the grid resolution doubles, the numbétime steps doubles as well.

The main disadvantage of the FDTD method is tha #&mount of required
computational memory is enormous especially forsdDctures. In fact it requires that
the entire computational domain be gridded, andgtiek spatial discretization must be

sufficiently fine to resolve all the features oétivaveguide structure.
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A strength of the time-domain method is the ability obtain the entire frequency
spectrum of responses (or eigenfrequencies) in nglesisimulation, by Fourier-
transforming the response to a short input pulse.

A comprehensive and complete description of the BDiethod is illustrated in [153].

4.1.2 Beam Propagation method (BPM)

BPM was developed for the analysis of non-unifotnicures slowly varying in one
direction. Various kinds of BPMs were exploited lswuas the Fast Fourier Transform
BPM [154], the Finite Element BPM [155] and theiigrDifference BPM [156].

In particular in this thesis the FD-BPM was emphhysince it is very powerful and has
been widely applied to design and to optimizesaaptivaveguides.

FD-BPMs sample both the structure and the electgoeigc field: sampling procedure
is commonly performed at regular spatial intervdts.FD-BPM the calculation is
performed as follows: starting from the know valoéshe electromagnetic field in a set
of points (initial condition), the field at the foling step is calculated. Obviously the
knowledge of the waveguide structure at all samplaidts is required. This process is
repeated for each new set of calculated field gpiand so the simulation “propagates”
along the waveguide structure.

Among the developed FD-BPMs, the scheme implemebye@hung and Dagli [155]
represent the state of art from the viewpoints afusacy, numerical efficiency and
stability. The last aspect is very useful sincalidws to use the method in actual design,
moreover it allows propagation steps relativelgéarespect to other numerical methods,
reducing the computational time.

A relevant problem in numerical simulation is rey@eted by the boundary condition. In
fact in actual design a limited analysis window tbe considered, therefore the effects
of the reflection at the boundaries should be takeronsideration. The radiated waves,
after the reflection, return to the guiding arehgeve they interact with the propagating
fields. This interaction perturbs the propagatiids and greatly affects the calculation
accuracy. Hadley developed the Transparent Boundzowditions (TBC) which
efficiently suppress the reflection [157]. TBC wdrased on the assumption that the

radiation fields have a complex exponential behavioear the boundary. The fields
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outside the sample area were predicted using gsanaption, making the boundary
transparent and allowing the energy to leave tmepcdational domain.

It must be mentioned that the FD-BPM can be easiiggrated with computer-aided
design (CAD) software, which can allow the usehaf humerical methods with minimal
mathematical knowledge. A good commercial examptis is the BeamProp by RSoft

Design Group, Inc. [158].

4.2 Design of a Y-junction

The analysis of the propagation of a Y-junctiors\parformed by a FD-BPM numerical
code, implemented in C++ language by the Electrovag Field Group of the

Dipartimento di Elettronica ed Elettrotecnica o tRolitecnico di Bari.

4.2.1 Y-junction geometry
The basic Y-junction structure employed for thedation is represented in figure 4.1.

Some aspects must be highlighted before to présemesults of the simulation:

¢+ since the proposed “inverse method” to realize iggidtructures, appeared very
promising from a technological point of view andvegaattractive results as
evidenced in the previous chapter, the structuth@fwvaveguide was chosen in
order to reproduce the typical geometry obtainedhieyinverse method, i.e. the
waveguide core deposited inside the silica chatigl 4.1b);

+ since oxyfluoride silicate waveguides exhibited téretstructural and optical
properties with respect to tellurite waveguide® #imulation was performed
using, for the guiding region, the refractive indefthe oxyfluoride silicate
glasses. In particular, the refractive index of tllen deposited at room
temperature as presented in Chapter 2 was employed;

¢ in order to satisfy the need for integration, threwation was performed using a

SiO,/Si substrate, with a silica thickness of 9 um.
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Air(o=1)

Si0,

Pump @ Signal ()

Fig. 4.1. Y-junction structure: a) -z section (top view)of the Y geometrp) cross section of tt
waveguide.

Table 4.1 summarizebe main parameters which were employed in thelsithon. The
geometric dimensions of the wavegt cross sectiomnamely w and h (see Fig. 4.1 k
were evaluated from a first rapid calculation idearto obtain a single mode wavegu
at the signal wavelengt

To perform the simulation a Gaussian beam ced with the signal/pump branch w
launched, and TBC were impo: at thee boundary of the computational dor. In
BPM method only one wavelength at the time canabedhed, therefore the simulati
was perform for each branch separa

In the BPM schme one fundamental parameter is represented kstépesize along th
propagation directiofz axis, since the numerical coadalculates the propagating fiel
at one point from the values of the fields at thevipus step. Therefore the step ¢
must be small enough to assure an adequate acaar#ity calculation and to allow
satisfactory samplingf thewaveguide geometr Obviously decreasing the step size

computational time increases. In the simulationdtep size was set @10 (whereh is
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the wavelength of the propagating signal), sinaepresents a reasonable compromise

between the two requirements.

Table 4.1: Main parameters employed in the simulation of YR@nction. In last column is specified if
the parameter was maintained fix during the sinutabr was employed as a simulating variable.

Signal wavelength 1550 nm no

Pump wavelength 980 nm no

Waveguide refractive index 1,588@ 980 nm no
1,582@1550 nm

Waveguide width (w) 3 pum no

Waveguide depth (h) 3um no

SiO; refractive index 1,439@ 980 nm no
1,430@1550 nm

SiO, thickness (h) 9 um no

Input waveguide Length 400 pm no

(Lin)

Output waveguide Length 600 um no

I—OLIt

Coupling length (L) / yes

Distance of the signal branch§¥/ yes

from the Y axis (&)

Distance of the pump branchjii yes

from the Y axis (&)

4.2.2 Numerical Results

Pout

To estimate the properties of the Y-junction, th@nsmittance) = along the

n

waveguide branches was evaluated, whereari®l B represent respectively the power
launched at the input waveguide and the powereatviveguide output.

In Fig 4.2n is reported as function of the distance of thenbinafrom the Y-junction axis
for different coupling length values, L. In partiau fig. 4.2a reports the numerical
results obtained by varying @he distance between the signal branch and thengtipn
axis) and fig. 4.2b depicts the results pertairtimg (the distance between the pump
branch and the z axis). In order to study the degece of the transmittance from the

transversal dimensions of the waveguide, furtheuktions were performed fixing the
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coupling length (L) at 9 mm and considering two different waveguide widths: w=3 um
and w=4 um. The results obtained are shown in Fig 4.3, where n as function of a;

(signal branch) (Fig. 4.3a) and a, (pump branch) (Fig. 4.3b) is reported.
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Fig 4.2: Transmittance values 1, as function of the distance a; between the coupler axis and the signal
branch (a) and the distance a, between the coupler axis and the pump branch (b). The simulations were
performed for different coupling lengths, L.
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Fig 4.3: Transmittance values 1, as function of the distance a, between the coupler axis and the signal
branch (a) and the distance a, between the coupler axis and the pump branch (b).The simulations were
performed for two different waveguide widths (3 um and 4 um) while the coupling length, L was fixed at
9 mm.
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4.2.3 Discussion

The analysis of the propagation by the FD-BPM allows to simulate the behaviour of the
Y coupler at two different wavelengths, the signal at 1550 nm and the pump at 980 nm.
In order to design a suitable coupler the simulation was performed fixing the transversal
waveguide dimension in order to obtain a single mode waveguide and varying the
geometry of the junction in terms of the coupling length, L, and of the distance between
the two Y branches and the coupler axis (a; and a, for signal and pump branch
respectively).

From figure 4.2a it is possible to observe that the maximum signal transmittance n1=75%,
was obtained for a coupling length L= 9 mm and a branch distance a;=43um. For the
same values the transmittance for the pump was ~85%.

This condition appears to be a good compromise for the fabrication of the coupler. It is
worthwhile to note, in fact, that in this condition the Y-junction is symmetric. This
aspect is very relevant from a technological point of view since it simplifies both
fabrication and fiber-waveguide coupling.

A further simulation was performed to analyze the dependence of the coupler
performances from the waveguide width. The comparison between the numerical results
obtained for w=3 pm and w=4 pm shows that the transmittance increases as the width
increases, nevertheless the waveguide is found to support more than one mode at the
pump wavelength.

In figure 4.4 the intensity pattern of the electromagnetic field along both the signal (fig
4.4b) and the pump (fig. 4.4a) branch, presenting w=4 um, is reported.

This aspect can cause some drawbacks since a good spatial overlap between the pump
and signal is required to improve the pumping efficiency. In addition, the multimode

operation produces a spreading of the input pump power between the guided modes.
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Fig 4.4: Intensity e.m. field pattern along the a) pump (A,=980 nm) and b) the signal branch (A=~=1550
nm). Coupling length, L= 9 mm, waveguide width, w=4 um, waveguide depth h= 3 pm, distance between
the coupler axis and the signal and pump branches a;= a; = 50pum
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Future Works and Conclusion

The results presented in this thesis and in particular the attractive characteristic of the
waveguides described in the previous chapters have as immediate consequence the
possibility to realize with few efforts an Erbium-Doped Waveguide Amplifier integrated
in an optical circuit. The realization and test of the final device was not carried out in
this thesis work but the remaining steps for the fabrication of such device can be easily
covered.

Following an inverse order with respect to the one presented in this thesis, the first step
will be to realize a suitable photolithographic mask for the Y-junction realization with
the designed geometry, presented in the last chapter.

The “inverse method”, proposed in this thesis is extremely appropriate for the
technological development of the final device, therefore it can be applied without (or
with minor) further optimization work. The etching procedure is in fact completely
optimized. Excellent results were obtained both on silica and SiO,/Si substrate: channels
with vertical shape sidewalls and very smooth bottom were realized.

Oxyfluoride silicate glass waveguide with very low propagation losses were deposited
onto planar and patterned substrate nevertheless the deposition of the silicate glass could
require some efforts in order to reduce the quenching effects on the erbium
luminescence and to further discuss the role of the deposition temperature on the final
performances of the amplifier.

Concerning the tellurite glasses, it is worth noting that interesting results were achieved
by mean of the PLD technique, very transparent films were obtained with optical
properties similar to the bulk ones.

Moreover the application of the “inverse method”, can allow the fabrication of 2D
tellurite waveguides and amplifiers, since the possibility to realize lateral confinement,

in this method, is independent from the structural properties and stability of the starting
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material, therefore also fragile materials, such as tellurite glasses, can be successfully
employed for the realization of rectangular waveguides.

This thesis is entirely founded on the unique properties of the PLD technique. Very
attractive results were obtained on multicomponent glasses, both in planar and in
rectangular waveguides, moreover the strength of the “inverse method” itself is based on
the ability of PLD in depositing films onto non-planar substrates, without affecting the
film properties.

It is worth noting that of the different techniques employed to fabricate planar devices
and in particular EDWASs, no one emerged up to now as the definitive technique in this
field. This aspect is very stimulating, and in this context this thesis can represent the
strong point in behalf of the Pulsed Laser Deposition as the new method for integrated

optics application.
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