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Introduction  

 

In the past two decades, optical communications has totally changed the way we 

communicate. It is a revolution that has fundamentally transformed the core of 

telecommunications, its basic science, its technology, and its industry. 

The explosive growth of internet has generated an increasing request of higher 

bandwidth and speed in telecom systems. Internet traffic in fact, is continuously growing, 

and even by reasonably conservative estimates, it doubles every year, due to the ever 

increasing bandwidth requirements of voice, video, and data traffics. 

The market demand for higher-capacity transmission was supported by the fact that 

computers continued to become more powerful and needed to be interconnected. 

Therefore optical networks started to developed and nowadays they are gradually 

penetrating into the metropolitan areas, and finally to the customer premises.  

Even if optical telecommunication developed very rapidly, it took more than 25 years 

from the early pioneering ideas of signal transmission by optical way to the first large-

scale commercial deployments of optical communications: the Northeast Corridor 

system linking Washington with New York in 1983 and New York with Boston in 1984. 

The first transatlantic fiber system, TAT8, was deployed four years later, in 1988.  

Different discoveries and new technologies have permitted to reach this goal. 

The transmission and processing of signals carried by optical beams rather than by 

electrical currents has been a topic of great interest since the early 1960s, when the 

invention and the development of lasers provided a stable source for such applications. 

In the 1970s the development of low-loss optical fibers lead up to the birth of integrated 

optics and “optical integrated circuits” started to replace conventional electrical 

integrated circuits in signal processing. In fact, optical fibers and waveguides exhibited 

many advantages over the standard electrical interconnection methods (i.e. metallic 

wires and radio link through the air), namely immunity from electromagnetic 

interference, freedom from electrical short circuits, safety in combustible environment, 

small size and above all low costs.  
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Another milestone in the optical communication revolution is represented by the 

invention of the Erbium Doped Fiber Amplifier (EDFA) in 1987: R.J. Mears and co-

worker [1] at the University of Southampton and E. Desurvire et al. [2] from AT&T Bell 

Laboratories, published simultaneously their results on the optical amplification 

obtained in optical fiber doped with trivalent ions of erbium. The first EDFA, marketed 

in 1989, revolutionized the telecom systems. The signal amplification, in fact, has a key 

role in the long-distance transmission systems and the possibility to regenerate the signal 

by an optical scheme and not by the conventional electrical method (i.e. converting the 

optical signal in electrical signal, amplifying it and then re-converting it) allowed to 

reduce the costs integrating in a single fiber both the transmission and the amplification 

of the signal. 

The most recent technology innovation in optical fiber communications is the 

Wavelength Division Multiplexing (WDM). The WDM innovation represents a 

revolution inside the optical communications revolution, allowing the latter to continue 

its exponential growth. 

Vigorous R&D in WDM technologies led to the first large-scale deployment of a 

commercial WDM system in 1995: the deployment of the NGLN system in the long-

distance network of AT&T. In the years that followed, WDM gave rise to the explosive 

growth of optical communications. In early 1996, three research laboratories reported 

prototype transmission systems breaking through the terabit/second barrier for the 

information capacity carried by a single fiber [3,4,5]. This breakthrough launched 

lightwave transmission technology into the “tera era.” All three approaches used WDM 

techniques. Five years later, in 2001, a WDM research transmission experiment 

demonstrated a capacity of 10 Tb/s per fiber [6]. 

EDFA and WDM technology are undoubtedly the two engines of the ongoing growth of 

optical telecommunication.  

The optical amplifiers play a vital role in today’s dense WDM metro networks. The 

generic requirements for the optical amplifiers used in metro space include high optical 

performance, small size and low cost. Although EDFA continues to have a great success, 

it presents some difficulties especially concerning the signal distribution on Metro Area 

Network (MAN) and Local Area Network (LAN). In fact there are two profound 
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differences between metropolitan optical networks and long haul ones. Firstly, the traffic 

in metro networks is extremely dynamic due to the frequent optical add/drop activities; 

secondly the exceptionally cost-sensitive nature of metro/access networks usually 

requires an order of magnitude improvement or further on network’s total 

cost/performance ratio compared to their long-haul counterparts.  

The metro networks are dynamic and simultaneously transport data with bit rates 

ranging from kilobits per second to multiple gigabits per second with different types of 

signal protocols and formats. Therefore flexibility, simplicity, scalability, performance, 

size, cost, and the power consumption are the goals of the metro network design.  

Actually R&D efforts are devoted to study new solutions to achieve all these 

requirements in a single device. Moreover the need to integrate is very important for 

WDM systems and unfortunately fiber technology can’t fulfill all their requirements. A 

fiber-based wavelength division multiplexing system with 40 channels (i.e. 40 different 

wavelengths) need at least of 120 different components and each one must be connected 

manually to the other ones [7]. Moreover, concerning the fiber amplifiers, several meters 

of fiber (~ 10 m) are necessary to obtain the amplification due to the low erbium 

concentration feasible in fibers. 

These two aspects, namely integration and the need of high erbium concentration, can be 

achieved by the planar waveguide configuration, in which it is possible to integrate on a 

single substrate all the components of a WDM system as the source, the amplifier and 

the multiplexer.  

As a consequence the research in the last decade concentrated on the development of 

planar waveguide based devices and in particular on waveguide optical amplifier.  

There are three kinds of optical amplifiers used in the metro networks to meet the 

evolving networking demands: broadband optical amplifiers, banded optical amplifiers, 

and single-channel optical amplifiers. Among these broadband optical amplifiers are 

undoubtedly the most attractive, since they allow to amplify all the signals of a WDM 

system in a single step. It is noticeable that such amplifiers should exhibit the broader 

transmission band as possible and a flat gain in this band. In this way it possible to 

increase the number of transmitted channels and to amplify all the signals equally. 
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Therefore the research of new classes of materials that allow to fulfill these two aspects 

is a very interesting and fruitful field and a particular attention is devoted to materials 

suitable for erbium (or most in general rare-earth) doping [ 8 ]. In particular 

multicomponent glasses have very unique features (depending on their composition), 

such as high erbium solubility and high transmission at the telecom wavelengths, 

therefore they are vey appealing for the development of optical amplifier.  

At the same time the study of new techniques to realize planar waveguide, starting from 

these materials, has became a very significant research field. A very promising 

technique for the deposition of erbium-doped materials is the Pulsed Laser Deposition 

(PLD) technique. PLD has, in fact, a high potential to produce complex glassy films for 

integrated optical applications with improved optical performances. The main advantage 

of PLD, when compared to other deposition methods, is its capability to allow the 

stoichiometric transfer of the starting material to the deposited layer.  

To obtain integrated optical amplifiers, a further aspect must be considered: the optical 

signal must be “guided” through the optical circuit. To fulfil this requirement it is 

necessary to realize optical waveguides supporting lateral confinement of the signals 

(2D waveguides). Therefore new strategies to obtain signal confinement must be studied, 

and new fabrication processes must be exploited with particular attention to the final 

requirement of integration. 

In this work, all this aspects will be developed, in particular great attention will be 

devoted to the properties of erbium doped glasses and the work will be focused in 

particular to tellurite and silicate glasses for their promising characteristics. Further the 

deposition process will be studied, since in PLD, several parameters must be controlled 

and optimised in order to achieve the desired film quality and structure. The goal to 

reach is the control of the stoichiometry of the films and of their optical properties.  

Two different approach to realize 2D waveguide, named Standard and Inverse methods 

will be proposed. Finally the design of an optical coupler 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 particular of the Er3+ 

ions will be presented, and the mechanism of optical amplification by Er 

doping will be discussed. The properties of erbium host materials, suitable 

for the realization of amplifiers for WDM systems will be described and a 

particular attention will be devoted to the properties of tellurite and silicate 

glasses. Finally the state of art in Erbium Doped Waveguide Amplifiers will 

be presented 

 

Chapter 2: The planar waveguide configuration and the light propagation in 

planar waveguides will be described. The methods for the realization of 

planar waveguides will be presented, and the advantages of pulsed laser 

deposition technique respect to the other methods will be highlighted. The 

deposition apparatus and the experimental conditions to deposit tellurite and 

silicate planar waveguides will be described. The results concerning the 

compositional, morphological and propagation properties of the optical 

waveguide will be presented and discussed.    

 
 

Chapter 3: While planar (or slab) waveguides restrict light propagation in one 

dimension (1D waveguide), channel or ridge waveguides confine the light in 

two dimensions (2D waveguide): 2D waveguides will be depicted. 

Two different approaches to realize 2D waveguides will be presented, 

namely “Standard” and “Inverse” methods. The two different methods will 

be discussed and applied, and the experimental procedures will be depicted. 
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The propagation and structural properties of the 2D waveguides will be 

reported and discussed. 

 

Chapter 4: The design of a Y-junction coupler will be illustrated. Particular 

attention will be devoted to the description of the employed simulation 

method, the Finite Difference Beam Propagation Method (FD-BPM). The 

results regarding the optimization of the Y-junction structure, will be 

presented and discussed. 
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Erbium-Doped Waveguide Amplifiers 
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One of the crucial steps that mainly contributed to the development of optical 

communication systems was the advent, during the 80s, of the Erbium-Doped Fiber 

Amplifier (EDFA) [9,10]. In fact an EDFA is able to optically regenerate a signal 

around 1.55 µm and by the use of this all-optical process avoids the double opto-

electronic conversion that represented the bottleneck for the performance of the network. 

The success of the EDFA combined with the continuous improvement of glass 

integrated optics technologies [11] gave a strong impulse towards the development of 

planar Erbium-Doped Waveguide Amplifiers (EDWAs) [9]. 

In this chapter, the operation principles of EDWA will be described: in the first section a 

brief introduction to Wavelength Division Multiplexing (WDM) system will be provided, 

in the second section the properties of trivalent erbium ions will be presented. The third 

section is devoted to the operation principle and properties of EDWA, then the 



 

properties of suitable materials for supporting erbium dopin

finally in the last section the state of the art in EDWAs will be outlined. 

1.1 WDM Systems 
Wavelength division multiplexing (WDM) is a method that allows to overcome the 

mismatch between the high transmission capacitance of the op

limitation of the electrical components 

systems, the optical transmission spectrum (see Fig. 1.

non-overlapping wavelength (or frequency) bands, with each wavele

single communication channel.

a single fiber, one can employ the huge fiber bandwidth, on condition that one can 

design and develop appropriate network architectures, protocols, and al

handle the signals.   

Fig. 1.1. Diagram of the electro
telecommunication are evidenced
 

Multiple functions must be exploited by a 

and high-specification 

implemented. Actually several devices have to be developed and then integrated onto a 

single substrate: each channel requires a separate laser
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properties of suitable materials for supporting erbium doping will be described and 

finally in the last section the state of the art in EDWAs will be outlined. 

 
Wavelength division multiplexing (WDM) is a method that allows to overcome the 

mismatch between the high transmission capacitance of the op

limitation of the electrical components which produce and manage the signals. 

systems, the optical transmission spectrum (see Fig. 1.1) is divided into a number of 

overlapping wavelength (or frequency) bands, with each wavele

single communication channel. Thus, by allowing multiple WDM channels to coexist on 

a single fiber, one can employ the huge fiber bandwidth, on condition that one can 

design and develop appropriate network architectures, protocols, and al

Diagram of the electro-magnetic spectrum: the transmission windows employed in
telecommunication are evidenced along with the total attenuation curve of silica fibers.

Multiple functions must be exploited by a WDM system (fig 1.2) , therefore complex 

 opto-electronic integrated circuits are required and must be 

implemented. Actually several devices have to be developed and then integrated onto a 

ach channel requires a separate laser source, then it is necessary to 

Waveguides Amplifiers 

g will be described and 

finally in the last section the state of the art in EDWAs will be outlined.  

Wavelength division multiplexing (WDM) is a method that allows to overcome the 

mismatch between the high transmission capacitance of the optical fiber and the 

produce and manage the signals. In WDM 

is divided into a number of 

overlapping wavelength (or frequency) bands, with each wavelength supporting a 

Thus, by allowing multiple WDM channels to coexist on 

a single fiber, one can employ the huge fiber bandwidth, on condition that one can 

design and develop appropriate network architectures, protocols, and algorithms to 

 
the transmission windows employed in optical 

along with the total attenuation curve of silica fibers.  

system (fig 1.2) , therefore complex 

are required and must be 

implemented. Actually several devices have to be developed and then integrated onto a 

then it is necessary to 



 

combine (multiplex), transmit 

must be detected and processed. 

Fig. 1.2: Functions required by a WDM system

 

Generally, for mass production, 

compact, reliable, and eas

range of materials, each with their own

defines the method by which 

circuit,  namely Monolithic 

In monolithic integration, 

substrate. Obviously monolithic integration 

e.g. III-V semiconductors based on InP, GaAs and Si.

whole device is made from the same material

each individual component, therefore 

the assembly of the optical circuit is much easier, resulting in 

devices. 

In hybrid integration, active and passive components are fabricated from glass or

materials incapable of light generation (as Lithium Niobate), therefore some active 

components, such as lasers, have to be coupled onto the substrate of the device. 

Tolerances are critical, and misaligned components can result in failure of the devi

Hybrid integration, however, allows each component to be fabricated from the most 

suitable material for its operation, with accompanying performance benefits. In this 

thesis an hybrid approach will be consider
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combine (multiplex), transmit and split (de-multiplex) the channels

must be detected and processed.  

Functions required by a WDM system. 

Generally, for mass production, optical integrated circuits for WDM systems 

compact, reliable, and easy to assemble, moreover optical circuits can be made from a 

range of materials, each with their own strengths and weaknesses, 

by which the different components are integrated on the 

Monolithic or Hybrid Integration [12] 

In monolithic integration, all the active and passive components are etched into

Obviously monolithic integration can only be achieved using active materials, 

ctors based on InP, GaAs and Si. In a monolithic scenario, the 

is made from the same material, which may not be the optimal

ividual component, therefore reduced performances can be obtained

the optical circuit is much easier, resulting in  more reliable and

In hybrid integration, active and passive components are fabricated from glass or

materials incapable of light generation (as Lithium Niobate), therefore some active 

components, such as lasers, have to be coupled onto the substrate of the device. 

Tolerances are critical, and misaligned components can result in failure of the devi

Hybrid integration, however, allows each component to be fabricated from the most 

suitable material for its operation, with accompanying performance benefits. In this 

thesis an hybrid approach will be considered, focusing on two main aspects: 

Waveguides Amplifiers 

multiplex) the channels, then the signals 

for WDM systems need to be 

can be made from a 

strengths and weaknesses, and each material 

integrated on the optical 

active and passive components are etched into a single 

can only be achieved using active materials, 

onolithic scenario, the 

, which may not be the optimal material for 

s can be obtained. However 

more reliable and robust 

In hybrid integration, active and passive components are fabricated from glass or other 

materials incapable of light generation (as Lithium Niobate), therefore some active 

components, such as lasers, have to be coupled onto the substrate of the device. 

Tolerances are critical, and misaligned components can result in failure of the device. 

Hybrid integration, however, allows each component to be fabricated from the most 

suitable material for its operation, with accompanying performance benefits. In this 

on two main aspects: the study of 
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suitable materials and techniques to realize low loss transmission planar waveguides and 

amplifiers, and the analysis of the most suitable methods from a technological point of 

view, to achieve lateral confinement and to allow integration.  

While the technology for the fabrication of passive planar devices such as splitters, and 

(de)multiplexers is now quite well developed  and devices based on this technology are 

now commercially available [13], to further improve WDM technology is necessary to 

develop optical amplifiers which can be integrated with these devices. Such amplifiers 

can be used to compensate the losses in splitters or other components, or can also be 

used as preamplifiers for active devices such as detectors.   

The development of erbium doped waveguide amplifiers (EDWA) is the subject of this 

thesis and a detailed discussion about operation principle and  the state of the art of 

EDWA will be provide in the next sections. 

  

1.2 Properties of Erbium Ions 

Erbium is a rare earth element belonging to the group of the Lanthanides. When 

embedded in a solid, erbium generally assumes the trivalent Er3+ state, which has the 

electronic configuration [Xe]-4f11. The Er3+ ion has an incompletely filled 4f-shell, 

allowing for different electronic configurations with different energies due to spin-spin 

and spin-orbit interactions [14]. Radiative transitions between most of these energy 

levels are parity forbidden for free Er3+ ions. However, when Er is incorporated in a 

solid, the surrounding material perturbs the 4f wave functions. This has two important 

consequences. First, the host material can introduce odd-parity character in the Er 4f 

wave functions, making radiative transitions weakly allowed. Secondly, the host 

material causes Stark-splitting of the different energy levels, which results in a 

broadening of the optical transitions. Figure 1.3a shows a schematic energy level 

diagram of the Er3+ ion, labeled using Russell-Saunders notation. Since radiative 

transitions in Er3+ are only weakly allowed, the cross sections for optical excitation and 

stimulated emission are quite small, typically of the order of 10-21 cm2, and the radiative 

lifetimes of the excited states are long, up to several milliseconds [15]. When Er is 

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



 

phonon emission. This results in typical excited state lifetimes ranging from 1 ns to 100 

ms. The transition from the first excited st

exception to this rule. Due to the large transition energy 

is unlikely, resulting in high lifetime, 

~13.5 ms for silicate and 

emission at 1.54 µm. However, t

host material, because the 4f shell is

5p shells [15]. 

 

 

1.3  Operation principle and fundamental properties of EDWA

Optical amplification can be achieved in fibers and waveguides, by means of trivalent 

erbium ions. Erbium-doped materials are of great interest in optical communications 

technology, as they can serve as the gain medium in optical amplifiers operating at th

standard telecommunications wavelength of 1.5 

Fig. 1.3: a) Energy level of Er
Erbium amplification. 
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phonon emission. This results in typical excited state lifetimes ranging from 1 ns to 100 

ms. The transition from the first excited state (4I13/2) to the ground state (

exception to this rule. Due to the large transition energy (0.8 eV) multi

high lifetime, depending on host material, e.g up to ~14.5 ms and 

and soda-lime silicate glasses respectively [15

However, the emission wavelength is relatively

host material, because the 4f shell is shielded from its surroundings by the filled 5s and 

Operation principle and fundamental properties of EDWA

Optical amplification can be achieved in fibers and waveguides, by means of trivalent 

doped materials are of great interest in optical communications 

technology, as they can serve as the gain medium in optical amplifiers operating at th

standard telecommunications wavelength of 1.5 µm.  

Energy level of Er3+ labeled using Russell-Saunders coupling. b)

Waveguides Amplifiers 

phonon emission. This results in typical excited state lifetimes ranging from 1 ns to 100 

) to the ground state (4I15/2) is an 

eV) multi-phonon emission 

e.g up to ~14.5 ms and 

15, 16],  and efficient 

wavelength is relatively insensitive to the 

shielded from its surroundings by the filled 5s and 

Operation principle and fundamental properties of EDWA 

Optical amplification can be achieved in fibers and waveguides, by means of trivalent 

doped materials are of great interest in optical communications 

technology, as they can serve as the gain medium in optical amplifiers operating at the 

 
b) Pumping scheme for 
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Er3+ 
ions, when incorporated in a solid host, show the well-defined energy levels of the 

4f-shell electronic configurations, described previously (see Fig. 1.3a). In particular, for 

amplifier operation, the 4I15/2, 
4I13/2, and 4I11/2 levels are fundamental. In fact, erbium acts 

as the active medium of a three level laser, as schematically shown in the three level 

diagram represented in figure 1.3b, where 4I15/2, 
4I13/2, and 4I11/2 represent the ground 

state, the metastable state and the excited state, respectively. The transition from the first 

excited state to the ground state (4I13/2→
4I15/2) occurs at ~1.53 µm and actually it is 

employed to provide the gain in optical fiber amplifiers in long-distance 

telecommunication links worldwide. Erbium ions are pumped to the excited energy 

levels by the absorption of light from the pump source, usually at 980 nm or 1480 nm. 

The transition from the metastable state to the ground state has a very long lifetime 

compared to other downward transitions, thus allowing to achieve the population 

inversion condition. To regain the equilibrium distribution, the electrons, which are 

pumped to the metastable state, can either revert to the ground state spontaneously 

(spontaneous emission), or they can be stimulated by some incident photons (signal) of 

exactly the energy corresponding to the drop to the fundamental state (stimulated 

emission). While spontaneous emission increase the noise in the amplifier, the 

stimulated emission lead to the signal amplification. 

 

Absorption and emission cross-sections 

Erbium doped amplifiers are characterized by two  quantity, namely the absorption, σa, 

and emission, σe, cross-sections defined as [17]: 

Pabs = σaI  (1.1) 

Pem = σeI  (1.2) 

where Pabs and Pem represent the absorbed and emitted power respectively and I is the 

intensity of the incident light per unit area.  

The link between the emission and absorption cross section is given by the McCumber 

relationship [18]: 

����� = �����exp [�
 − ℎ��/��]   (1.3) 
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where ν is the frequency of the interacting photon, ε is the mean transition energy 

needed to excited an Er3+ ion from the ground state to the first excited state, h is the  

Planck’s constant, k is Boltzmann’s constant and T is the absolute temperature.  

The McCumber theory was successfully applied in several applications and for the 

description of solid state lasers, fibers, and waveguide amplifiers [19,20,21].  Moreover 

the  McCumber theory is very attractive since it is based on general assumptions: first of 

all the population of Stark levels (of the same degenerate level)  is assumed to have a 

thermal distribution, further the broadening  of each Stark level is considered small with 

respect to kT.  

 

Lifetime 

A fundamental parameter to characterize the performances of an erbium-doped 

waveguide amplifiers is the metastable level lifetime. In general the lifetime of a level is 

inversely proportional to the probability per unit time that the ion will decay from the 

excited level: the population of an excited level varies exponentially with time with a 

constant equal to the lifetime. When there are several pathways for the population to 

decay, the total probability is the sum of the individual probabilities for each pathway. 

The two main pathways are the radiative and nonradiative ones, and hence the lifetime is 

given by [22]: 

1/τ =1/τr +1/τnr  (1.4) 

where τ is the total lifetime, τr is the radiative lifetime, and τnr is the non-radiative 

lifetime.  

In erbium doped amplifiers the radiative lifetime arises from the fluorescence from the 

metastable level to the ground level. Non-radiative lifetime depends on the coupling 

between the vibrations of the host lattice ions and the states of the rare earth ions, 

consequently τnr depends largely on the host nature and composition [23]. Lifetime is a 

very important parameter since long lifetimes lead to low noise and high power 

conversion efficiency amplifiers. 
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Linewidth broadening 

Although the electronic transitions of an isolated ion are very well defined, broadening 

of the energy levels occurs when the ions are incorporated into a matrix (as the glass of 

the optical fiber or waveguide) and thus the amplification window is also broadened. 

This broadening can be both homogeneous (all ions exhibit the same broadened 

spectrum) and inhomogeneous (different ions in different host locations exhibit different 

spectra). 

In glasses, both the homogeneous and inhomogeneous broadening can be quite large, as 

compared to crystals [16]. Homogeneous broadening arises from the interactions with 

phonons of the glass, while inhomogenous broadening is caused by differences in the 

glass sites where the different ions are hosted [24]. In fact different sites expose ions to 

different local electric fields, which shifts the energy levels via the Stark effect. In 

addition, the Stark effect also removes the degeneracy of energy states having the same 

total angular momentum. Thus, for example, the trivalent Erbium ion (Er+3) has a 

ground state with J = 15/2, and in the presence of an electric field it splits into J + 1/2 = 

8 sublevels with slightly different energies. The first excited state is characterized by J = 

13/2 which gave rise to 7 Stark manifold. Transitions from the J = 13/2 excited state to 

the J= 15/2 ground state are responsible for the gain at 1.5 µm wavelength. 

  

Gain in erbium doped amplifiers 

The gain is the most important parameter to evaluate the performance of an erbium 

doped amplifier.  

The gain spectrum of the EDWAs has several peaks which are smeared by the 

broadening mechanisms described above. The net result is a broad spectrum. It is 

evident that the broad gain-bandwidth of EDWAs make them particularly useful in 

wavelength-division multiplexed communications systems as a single amplifier can be 

utilized to amplify all signals being carried on a fiber and whose wavelengths fall within 

the gain window. 

The gain is defined as G =10log(Pout/Pin), where Pout and Pin represent the power at the 

output of the amplifier and the power injected in the amplifier, respectively.  
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Three definitions of gain are generally used from a practical point of view to 

characterize the optical amplifier [22]: 

1. The net gain is the change in signal power as a result of propagation through the 

amplifying device, i.e., the useful gain.  

2. The internal gain is the net gain minus the insertion losses outside the absorption 

band, i.e. how much the signal is amplified if the background losses were zero.  

3. Relative gain is the change in signal power out of the device as a result of 

pumping the device.   

The two main specifications that should be considered for commercial applications, are 

the net gain per length unit GL (dB/cm) and the net gain per pump power unit GP 

(dB/mW). 

 

Noise in erbium doped amplifiers 

The principal source of noise in erbium doped amplifiers is Amplified Spontaneous 

Emission (ASE).  

ASE has a spectrum very similar to the gain spectrum of the amplifier. In fact, Er3+ ions 

in excited states can decay to the fundamental state by stimulated and spontaneous 

emission. Spontaneous emission occurs randomly, depending upon the host structure 

and inversion level. Photons are emitted spontaneously in all directions, but a fraction of 

the emitted photons can be captured and guided by the waveguide. The photons captured 

may then interact with other rare earth ions, and thus be amplified by stimulated 

emission. Therefore the initial spontaneous emission is amplified in the same manner as 

the signals, hence the term Amplified Spontaneous Emission (ASE). 

The noise figure (NF) of the amplifiers is commonly used as a measure of the 

degradation of the signal-to-noise ratio for signal passing through the amplifier 

(NF=SNRin/SNRout). The expression to calculate the optical noise figure is given by [22] 

������ = 10����� � !"#
$%&'

+ �
)*  (1.5) 

where ν is the signal frequency, PASE is the noise power (due to ASE) at the same 

frequency,  h is the Planck’s constant, Bo is the bandwidth of the optical spectrum 

analyzer at the signal frequency ν. 



 

Equation 1.5 assumes that no noise is injected at the input of the amplifier (i.e., a 

shotnoise-limited input signal).

value, which seems to be in the range 3
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assumes that no noise is injected at the input of the amplifier (i.e., a 
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It must be underlined that the ion-ion interaction can also represent an useful process as 

in the case of co-doping with different ions. In fact it can be employed in novel pumping 

schemes whereby excitation is provided to one species and transferred to the other, 

allowing different pump sources to be used. Examples of such mechanisms are the 

Er/Yb codoping schemes adopted in EDWAs to increase the luminescence efficiency of 

the Er3+ ion by coupling to the absorption bands of the Yb codopant.  

 

1.4  Materials for EDWA development 

As evidenced by the previous sections the performances of an EDWA strongly depend 

by the nature of the host materials for the erbium doping, since the interaction between 

the rare earth ions and the host influence the characteristics of the amplifiers, namely the 

emission and absorption cross-sections, the lifetime of the metastable level and the gain 

of the amplifier. Silica was the first rare earth host to be studied, since optical 

telecommunications were based on silica fibers, therefore the properties of all the other 

host materials are habitually compared with those of silica. The following sections do 

not represent a complete and exhaustive description of all the materials employed for 

EDWAs development, for example semiconductor hosts are not mentioned even if a lot 

of research efforts have been spent in the last years in this field. Semiconductor in fact 

are very attractive for technological reasons because of the possibility of integrating 

intense narrow-band light sources directly on the integrated optical circuits, using well 

established microelectronics processing techniques.      

1.4.1 Lithium Niobate 

Lithium niobate has received attention as a host for rare-earth ions because of the 

possibility of exploiting its electro-optic, acousto-optic and nonlinear properties to 

produce a range of rare-earth doped integrated optoelectronic devices from modulators 

to switches and filters [26,27]. Doping can be achieved readily by thermal diffusion, ion 

exchange [28], or by ion implantation [29]. Most work on this material has been 

concentrated on erbium doping to produce devices for the 1.5 µm telecommunication 

window. Different erbium-doped LiNbO3 waveguide devices, including lasers and 



Chapter 1: Erbium Doped Waveguides Amplifiers 

18 
 

planar waveguides, have been produced [30,31]. Such devices have been produced by 

thermal diffusion of erbium into lithium niobate, however, being an equilibrium process, 

rare-earth clustering limits the maximum concentration of optically active erbium which 

can be incorporated into the host. 

A great advantage in rare-earth doped lithium niobate is that the co-operative 

upcoversion is less problematic than in the case of Er-doped silica, since absorption and 

emission spectra of erbium in lithium niobate are narrower and as a consequence the 

probability of energy transfer processes between rare earth ions is reduced [32]. 

1.4.2 Al2O3 

Recently, pure aluminium oxide (Al2O3) has been studied both as host for rare-earth 

ions, in particular erbium, and as a material for waveguide fabrication [33]. This is 

principally due to  the high solubility of erbium in alumina and its high refractive index 

(n = 1,64) which make it possible to produce silica-clad fibers and waveguides which 

exhibit high optical mode confinement and are capable of small bend radii. The 

increased solubility of Er in Al2O3 respect to SiO2 results from the valence match 

between the rare-earth dopant and the substituted cation (Al3+). The optically active Er3+ 

ions readily substitute for aluminium ions occupying octahedral sites in alumina. 

Moreover, in the Al2O3 lattice one-third of Al3+
 octahedral sites are unoccupied, and 

hence a large number of Er3+ ions can be incorporated without suffering from up-

conversion [34]. In addition, the Er3+ emission linewidth can extend up to 55 nm in 

alumina [35], compared to around 10 nm  in pure silica, making erbium-doped alumina 

waveguides promising candidates for WDM applications [32]. 

 

1.4.3 Polymers 

Polymers can be considered excellent hosts for rare earth ions, as they can incorporate 

erbium ion complexes containing multifunctional organic ligands at higher 

concentrations than in EDFA’s. Moreover, Er in these materials exhibit broader 

luminescence spectra as compared to those of Er in pure silica [36,37] or some other 

inorganic hosts. In addition, polymers have lower cost with  respect to crystalline 
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materials as lithium niobate and offer more flexible fabrication methods to elaborate 

optical waveguides [38]. moreover polymers display high transparency, low dispersion, 

and easy engineering for the control of various optical parameters such as refractive 

index and birefringence [39]. 

Several authors have reported spectroscopic investigations on erbium-containing 

polymers and their applications in infrared active optical devices. Recently, a FWHM of 

70 nm has been demonstrated for Er-doped polymer luminescence spectra around 1550 

nm [40]. Moreover, an optical gain coefficient up to 0.9 cm−1 at 1540 nm has been 

demonstrated in erbium complex doped  polymethylmethacrylat (PMMA) [41]. 

 

1.4.4 Glasses 

Glass hosts are very attractive for the development of integrated optics devices for two 

main reasons: first of all they are amorphous materials so they can be easily deposited  

(i.e. without lattice constant constraints) onto crystalline substrates, secondly glass 

materials can be suitable modified in order to fulfill the requirements of different 

integrated optics devices, consequently they facilitate the integration of more function 

onto a single substrate. Concerning the development of EDWAs, glass hosts must satisfy 

two important requisites, from one hand they must allow the higher erbium 

concentration as possible, in order to improve the performance of the amplifier, from the 

other hand they have to provide the broader and flatter gain as possible. In fact for an 

efficient WDM operation, the Er3+-doped amplifiers with broadband and flat gain 

characteristics are required to compensate and maintain the gain at each channel, so that 

the gain excursion over the whole spectral width can be minimized.        

Two main approaches can be followed to satisfy these two requirements. The first 

approach  is based on modifying the structure of silica-based glasses, since they present 

many advantages in terms of system compatibility with the standard silica fibers. In the 

second approach, non-silica glass hosts, intrinsically capable of broader gain than silica 

EDWA, have been studied and developed. 

The first method to modify the structure of silica glasses is based on Al2O3 and P2O5 

codoping of the glass (these glasses are known as Al/P silica) [42] which disperse Er3+ 
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ions in the silica glass matrix and thereby increase the Er sites in the glass network. The 

modification of the glass structure, with Al2O3-P2O5 addition, leads to an increase in the 

value of the full width at half maximum (FWHM) of the Er3+ emission from ~10 nm in 

pure silica to 44 nm in Al/P silica [14].  

A material which has been recently attracted attention as host for luminescent rare-earth 

ions is silicon-rich silica. This material consists of silica doped with an excess of silicon 

in the form of nanometer-sized clusters or crystallites. It can be thought of as a three-

dimensionally confined silicon system in which the confinement is produced by the 

silicon–silica boundary. The embedded silicon clusters may be either amorphous or 

crystalline, and because of quantum confinement effects, emit light in the visible and 

near-infrared region. Such material has been studied for some time as a promising 

candidate for light emission from silicon [43,44], but photoluminescence efficiencies 

were low [45] as, even for nanoclusters as small as 2 nm in diameter, the silicon remains 

predominantly an indirect gap semiconductor. However, when co-doped with rare-earth 

ions the situation is dramatically improved: intense rare-earth emission can be obtained, 

and doping with erbium allows access to the 1.5 µm spectral region. Indirect excitation 

of erbium photoluminescence via coupling between the absorption bands of the silicon 

nanoclusters and erbium excited states has been demonstrated [46] and recently optical 

gain at 1.5 µm was demonstrated in silicon-rich silica, by using a low-cost commercial 

LED [47]. 

To increase the value of the FWHM new classes of glasses have been studied and the 

most relevant family is represented  undoubtedly by the fluorozirconate glasses. In these 

hosts the FWHM for the 1500 nm Er3+ transition is  65 nm [14, 48]. Consequently Er3+-

doped fluorozirconate glass amplifiers have been considered as an alternative to Al/P 

silica-based devices. Although the emission and the gain curves are much broader 

(respect to silica-based glasses) in Er-doped zirconium-barium-lanthanum-aluminum-

sodium fluoride (ZrF4–BaF2–LaF3–AlF3–NaF: ZBLAN) glass, it suffers from three main 

disadvantages. The first disadvantage is related with the low phonon energy of ZBLAN  

(~580 cm-1), which makes the device unsuitable for pumping at 980 nm due to an 

enhanced “excited state absorption” at the pump wavelength [49]. As a result, the device 

is only pumped at 1480 nm. The second major problem is that the glass cannot be 
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heavily doped with Er3+, as the concentration at which the quenching starts to dominate 

is above 1000 ppm [50]. The third problem is the comparatively poor stability and 

durability of ZBLAN glasses. It is much weaker than Al/P silica. The unsuitability of 

Er3+-doped ZBLAN and limitation of Al/P silica led to a search for other glass hosts 

which can dissolve higher concentrations of Er3+ ions without causing the concentration 

quenching and, at the same time, can exhibit a broader FWHM than Al/P silica and 

ZBLAN.   

Good candidates to achieve these two characteristics are phosphate glasses. Phosphate 

glasses in fact show higher emission cross section than silicate and Al/P silica. 

Moreover, in phosphate glasses, unlike in silica-based glass, the co-operative 

upconversion  and the ion clustering effects are prevented because of a weak interaction 

among the rare earth ions so it is possible to achieve a high rare earth concentration and 

consequently a high amplifier gain [51,52].   

In this thesis both these two approaches, namely the use of silica based and no-silica 

based glass hosts will be investigated. In particular, two different glass hosts will be 

studied, namely oxyfluoride silicate glasses and tellurite glasses. 

 

1.4.4a Oxyfluoride Silicate Glasses 

Silica-based glasses are very interesting for the development of  integrated optics 

devices, since they can be easily coupled with standard silica fibers. 

Oxyfluoride silicate glasses, therefore, are of particular interest as hosts for Er3+ ions, 

since they retain the structural features of both silicate and fluoride glasses.  

An important advantage of oxyfluoride silicate glasses is that these glasses can be doped 

to relatively high concentrations of rare-earth ions without inducing ion-ion clustering 

and the consequent reduction of fluorescence lifetime and quantum efficiency. The 

incorporation of fluorine, which creates non-bridging oxygen and F- sites, potentially 

become responsible for F- ion like local environment for rare earth ions.  

As silicate glasses, oxyfluoride hosts are chemically and mechanically much more stable 

than fluoride glasses, further they present good characteristics (very similar to pure silica 

glass) for fibers and waveguides development as the enhanced devitrification resistance. 
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Therefore, the oxyfluoride silicate glass hosts can potentially offer the best features of 

both fluorides and silicates by combining the spectroscopic properties of fluoride hosts 

and the durability and mechanical properties of the silica glass. 

At the beginning the research activity about oxyfluoride silicate hosts, concentrated on 

the feature of glass ceramics, since they presents a strong erbium up-conversion 

luminescence (4S3/2→
4I15/2) due to the very low phonon energy of the ceramic phase 

[53,54]. Er3+-doped glass ceramic devices with higher Er3+-ions concentration (50 

times), with higher fluorescence quantum efficiency at 1.55 µm and with flatter gain 

bandwidth  than Al/P silica based devices have been demonstrated [55,56,57].  

Unfortunately glass ceramics present very high scattering losses, due to the high 

concentration of ultra-fine crystals. Therefore oxyfluoride glasses were preferred to their 

ceramic counterpart.     

The glass composition considered in this thesis work is: 65SiO2 - 11Na2O - 3Al2O3 -

10LaF3 - 10PbF2 - 1ErF3 (wt%). A detailed discussion on the properties of the bulk glass 

is presented in [58]. It is worth noting that the most important parameter in oxyfluoride 

materials is the F/O ratio since it determines the glass structure and properties. In 

particular the composition presented in this work exhibit an F/O ratio of 0.353 which 

leads to a high refractive index (~ 1.65) and an UV absorption edge of 3.9 eV. 

Concerning the  Er3+ spectroscopic properties, which are fundamental for the 

performances of the erbium-doped amplifiers, the oxyfluoride glass exhibit an 

absorption cross-section of ~ 3.5×10-21 cm2, larger than Al/P silica [14], a correspondent 

emission cross-section of ~7.5×10-21 cm2 and a large bandwidth at 1.55 µm, with a 

FWHM up to 35 nm. Moreover the lifetime of the 4I13/2 level, results in a value of 9.5 

ms. 

1.4.4b Tellurite Glasses 

A limiting process for the performances of an EDWA is the multiphonon relaxation 

which can rapidly depopulate the high excited states and therefore quench the 

luminescence [14]. Such processes occur only when a small number of phonons are 

required to bridge the energy gap between the upper and lower electronic states of the 

rare-earth ion. In the case of erbium, the energy gap of the 4I13/2 to 4I15/2 transition is 
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approximately 6500 cm-1. The phonon cut-off energy of silica is 1100 cm-1, and 

therefore the rare-earth luminescence at 1535 nm is weakly quenched at room 

temperature in silica. Glass hosts with a lower phonon energy than in silica, such as 

fluoride glasses, can reduce the contribution of multiphonon relaxation and improve the 

quantum efficiency. The disadvantages of fluoride glasses, as the low chemical stability 

and the low erbium doping level, lead to the study of new low phonon hosts. Tellurite 

glasses have the lowest phonon energy among oxide glass formers (~ 780 cm-1), 

moreover they present a good chemical stability and high rare earth solubility, more than 

5000 ppm  [59]. In 1997 Mori et al. [60] and  Yamada et al.[61] showed the possibility 

to use TeO2 for erbium-doped amplifiers and demonstrated a flat gain over 70 nm in an 

Er-doper TeO2 fiber. 

Tellurite glasses present two other important characteristics for the development of 

planar amplifier, namely an high transmission range (0.35-5 µm), and an high refractive 

index which increases the emission cross section [62,63]-  

Unfortunately tellurite glasses present some drawbacks. First of all the pumping scheme 

at 980 nm is not enough efficient. In fact, due to the low phonon energy, the non-

radiative decay of the 4I11/2 level is too slow, therefore the population of this level 

become relevant and the efficiency of the amplifiers is reduced. Moreover tellurite 

glasses present a  low softening point and as a consequence  these glasses can suffer 

from thermal damage. 

To overcome these problems it is possible to add in the matrix host actuator ions as 

tungsten or boron, in order to increase the phonon energy and consequently to reduce the 

lifetime of the 4I11/2 level [64,65].       

In this thesis a tungsten-tellurite glass will be considered with nominal composition 

45%TeO2–39%WO3–15%Na2O–1%ErO3. A detailed discussion about the glass 

preparation and characterization can be found in [66]. In particular the studied glass 

presented a high  refractive index (n > 2) and a high absorption and emission cross 

section (~7.6×10-21 cm2).  The experimental lifetime of the 1.5 µm emission  resulted in 

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

1019 ions/cm3). 



Chapter 1: Erbium Doped Waveguides Amplifiers 

24 
 

1.5  The state of the art in glass-based EDWA 

The development of  an EDWA requires the fabrication of a waveguide structure, i.e. a 

structure that allows to propagate both the signal and the pump through the optical 

amplifier. It is evident that such waveguide must support propagation modes: the 

description of the fundamental conditions  to realize propagation modes in a waveguide 

will be provided in the next chapters, in particular planar waveguides (1D waveguide) 

and channel waveguide (2D waveguide) will be described. From a technological point of 

view, 2D waveguides are more useful than planar waveguides, and the methods for their 

fabrication can be roughly divided in two major groups: 

� multi-step methods; 

� direct writing methods. 

Both methods can require in a first step the realization of planar waveguides, then  thin 

film deposition  methods are necessary (such as Pulsed Laser deposition, Radio-

Frequency Magnetron Sputtering (rf-MS), Sol-Gel, Chemical Vapour Deposition 

(CVD), Flame Hydrolysis Deposition (FHD)). 

In multi-step method, the pattern of the waveguides is at first realized on a mask (by 

conventional photolithographic methods) and finally in the last phase the 2D structures 

are “written” on the film (duplicating the mask)  by Reactive Ion Etching (RIE), Ion 

Exchange technique, and UV or ion beam imprinting.  

In direct writing methods the waveguides are directly written on the glass (both bulk or 

thin film) by a focused laser beam (UV laser or femtosecond laser) or by an ion beam. 

It is straightforward that there are several possible combinations of materials and 

methods to realize 2D waveguides, moreover even limiting the discussion to glass-based 

devices it is quite difficult to compare the performances of different EDWAs realized 

starting from different materials and employing different methods. 

A further difficulty must be highlighted in this context: the authors do not agree 

regarding the parameters to be used for describing the performances of the amplifiers. 

For example some authors refer to the increase of the transmitted signal without consider 

the absorption and propagation losses (signal enhancement), while others refer to the net 

gain of the amplifier. Moreover a discrepancy can be found concerning the definition of 
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the input power since some authors refer to  the real power injected into the waveguide, 

while in some papers only the power at the end of the input fiber is reported without 

consider the insertion losses.  

For the previous motivations the discussion in next section will be restricted to those 

papers presenting well defined and non-ambiguous parameters. Moreover the state of the 

art in EDWAs will be described limiting the discussion to phosphate, silicate and 

tellurite glasses since they are the most attractive and promising glass hosts for EDWA 

development. 

 

Phosphate glasses    

The first high performance EDWA based on phosphate glasses was demonstrated by 

Yan et al. in 1997 [67]. A thin film of phosphate glass with a high erbium concentration 

(5.3×1020 ions/cm3)  was deposited by rf-magnetron sputtering. A 2D waveguide was 

then obtained depositing a SiO2 layer onto a 1-µm-thick  Er-doped glass layer, and then 

etching the waveguide pattern into this SiO2 layer using standard photolithography 

technique. A net optical gain at 1.535 nm of 4.1 dB was measured in a 10-mm-long Er-

doped phosphate glass waveguide amplifier pumped at 980 nm with a pump power of 21 

mW. This high gain at relatively low pump power was attributed to the very low co-

operative upconversion coefficient in this glass, caused by the homogeneous distribution 

of Er in the glass, as well as by the high mode confinement due to the high refractive 

index. 

In 2002 Wong and co-workers realized a 10-mm-long amplifier in a phosphate glass 

using Ion Exchange technique [68]. Er-Yb codoping was used (2%Er2O3-2%Yb2O3 

(%wt)). In this case the 2D structure was obtained by realizing an aluminum mask onto 

the glass by photolithography and liftoff techniques before the ion exchange process. A 

net gain of 3.3 dB/cm was obtained at a pump power of 120 mW..  

In 2004 a high gain and compact amplifier (3mm-long waveguide) was obtain by Patel 

et al. [69], by using electric field assisted Ag+ diffusion in a highly doped (8%Er2O3-

12%Yb2O3 (%wt))) phosphate glass. As in the previous case the 2D waveguide was 

obtained  by realizing a metal pattern onto the glass surface before the diffusion process.   
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4.1 dB/cm net gain was demonstrated at 150 mW (980 nm) pump power, this is the 

highest gain obtain for phosphate glass amplifiers. 

It is worth mentioning two recent works on phosphate glass amplifiers, realized by direct 

writing method. Liu et al. realized Er-Yb codoped waveguide amplifiers by means of a 

focused proton beam [70], while Della Valle and co-workers obtained a 3.7 cm-long Er-

Yb codoped amplifier by femtosecond laser writing [71]. Even if the net gain was not 

very high (1.72 dB/cm and ~2 dB/cm respectively), these techniques appeared very 

attractive for their versatility. 

 

Silica based glasses  

In 1997 Lin and co-workers demonstrated an EDWA based on a soda-lime silicate glass, 

by using a “collimated sputtering” method [72]: a thick (3µm) polymide layer was used 

to defined the waveguide pattern (onto the substrate) by photolithography and dry 

etching processes, then Er doped films were deposited by sputtering onto the pattern and 

finally the polymide mask acted as a sacrificial layer for a liftoff process that produced a 

ridge waveguide array onto the substrate. Very low loss waveguides, 1.7 cm-long, were 

obtained (propagation losses as low as 0.4 dB/cm) by this method. Using an erbium 

doping level of 3.3% wt, a signal enhancement of 15.4 dB was obtained (at a 40 mW 

pump power), that compensated for both the Er absorption (7.5 dB) and propagation 

losses (0.7 dB) and resulted in a net gain of 4.2 dB/cm. This value still remains the 

highest value reported in literature for glass based EDWA. 

Al/P silica buried-channel waveguides were obtain in 2003 by Huang et al. by sol-gel 

method followed by reactive ion etching technique [73]. 5 cm-long Er-Yb codoped 

waveguides were obtained (Er 0.25% mol- Yb 0.25% mol). A 1.1 dB/cm net gain was 

obtained at 175 mW pump power. Even if this value is not very high it is the highest for 

Al2O3:P2O5:SiO2 hosts.  

Pelli et al. in 2004 succeeded in realizing low loss planar (propagation losses < 0.6 

dB/cm) and channel waveguides in soda-lime silicate glasses by ion exchange [74]. The 

silicate glass presented an Er-Yb codoping  (Er 2.3×1020 ions/cm3- Yb 3.8×1020 

ions/cm3).The channel waveguides were realized by conventional photolithography of a 
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metal mask on the glass surface, followed by the ion exchange process. A 1.5 dB/cm net 

gain was obtained using a pump power of 250 mW. 

Very recently Psaila et al. [75] employed femtosecond laser writing method to obtain a 

waveguide amplifier in an Er-Yb codoped oxyfluoride glass (1%Er2O3-2%Yb2O3 

(%wt)). The glass composition was very similar to that presented in this thesis since both 

glass precursors were prepared by IMR group in Leeds. A net gain of 0.72 was obtained 

and propagation losses as low as 0.34 dB/cm were demonstrated. 

  

Tellurite glasses  

Tellurite glass slab optical waveguides were demonstrated in the last years, but the 

realization of 2D waveguides, which are the building block of any integrated devices, 

still appears a challenge mainly because of the low chemical durability of these glasses.   

Tellurite planar waveguides were obtained by different deposition techniques.  

In 2003 Caricato and co-workers, at the University of  Lecce, obtained very good quality 

tellurite waveguides by means of pulsed laser deposition technique [ 76 ]. The 

propagation losses were as low as 0.8 dB/cm, this value is the lowest value reported for 

tellurite planar waveguides. 

More recently Intyushin et al. demonstrated the possibility to employ rf-magnetron 

sputtering technique to obtain tellurite thin films in which the rare earth ions remain 

active [77].    

In 2006 Sakida and co-workers obtained tellurite waveguides by ion exchange 

technique. The propagation losses for such waveguides were 3.10 dB/cm at 632 nm [78]. 

The group of Prof. Righini, tried different methods to obtained 2D waveguides, namely 

ion exchange and femtosecond laser writing but they did not succeed, in the first case 

the photolithographic process damaged the waveguide surface, while femtosecond laser 

caused a decrease of the refractive index, making the process useless for waveguide 

fabrication [79]. Recently they succeeded in channel waveguide fabrication by means of 

ion beam irradiation method: tellurite glasses were irradiated through a silicon mask 

with a 1.5 MeV N+ collimated beam. Because of the short lengh (7 mm) and the 
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multimode features of the waveguides the propagation properties and the optical gain of 

the amplifiers were not characterized [80]. 
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Optical waveguides are fundamental components in Wavelength Division Multiplexing 

(WDM) systems, since they can have both  passive or active functions in an optical 

integrated circuit. First of all an optical waveguide operates as interconnection between 

the different devices of an optical circuit, so it simply transmits the signals; moreover, it 
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can have an active task as in the case of optical amplifiers.  In this chapter the 

propagation in optical planar waveguides will be outlined, followed by a brief 

description of the standard techniques employed to realize planar waveguides. Afterward 

the Pulsed Laser Deposition technique will be described, highlighting its advantages 

with respect to the other techniques. The experimental setup for Pulsed Laser  

Deposition of planar waveguides realized in this thesis will be illustrated. Finally the 

main results obtained for both tellurite and silicate planar waveguides will be presented 

and discussed.   

2.1  Optical Planar Waveguides: Theory 

A planar waveguide is characterized by parallel planar boundaries with respect to one 

direction while it is infinite in the lateral direction. Of course, because it is infinite in 

two dimensions, it can not be a practical waveguide for optical integrated circuits, 

nevertheless the study of propagation in planar waveguides represents the basis for the 

analysis of most technologically relevant waveguides, e.g. waveguides with rectangular 

cross section.   

In the three layer structure sketched in figure 2.1, all the layers are assumed to be infinite 

in extent in the y and z directions and both the bottom and the top layers are assumed 

semi-infinite in the x direction while the middle layer has a thickness t. In the figure ns, 

nf, nc, represent the indices of refraction of the different layers. In an effective 

waveguide, ns represents the refractive index of the substrate, nf  the refractive index of 

the film (i.e. the guiding layer), and nc the index of the cladding (typically the top layer 

is the air, hence nc = 1).  



 

Fig. 2.1: Diagram of a three layer planer waveguide.

 

A complete and exhaustive treatment of light propagation in planar waveguides was 

tackled by numerous authors [

optical waveguides is represented 

distributions of “optical energy” in one or more dimensions. The definition of an optical 

mode can be obtain mathematically by solving the Maxwell’s wave equation:

+
where E is the electric field vector, 

and c is the speed of light in vacuum. For monochromatic waves, the solutions of (2.1) 

have the form: 

where ω is the frequency. 

obtained: 

+
where k≡ω/c. 

If in the three layer structure sketched in Fig. 2.1, the light waves are assumed to be 

uniform plane waves propagating in the z direction, i.

where β is a propagation constant, the equation (
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Diagram of a three layer planer waveguide. 

A complete and exhaustive treatment of light propagation in planar waveguides was 

tackled by numerous authors [81,82]. The most interesting aspect of propagation in 

optical waveguides is represented by the existence of propagation modes, i.e. spatial 

distributions of “optical energy” in one or more dimensions. The definition of an optical 

mode can be obtain mathematically by solving the Maxwell’s wave equation:

+2.�3, 4� = 56-�3�
7- 8 92.�3, 4�/942 (2.1) 

is the electric field vector, r is the radius vector , n(r) is the index of refraction 

is the speed of light in vacuum. For monochromatic waves, the solutions of (2.1) 

.�3, 4� � .�3�:;<=  (2.2) 

 is the frequency. Substituting (2.2) into (2.1), the following equation can be 

+2.�3� (  �2>2�3�.�3� � 0  (2.3) 

If in the three layer structure sketched in Fig. 2.1, the light waves are assumed to be 

uniform plane waves propagating in the z direction, i.e. .�3� �

is a propagation constant, the equation (2.3) becomes: 
�

(
,-.�/,1�
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A complete and exhaustive treatment of light propagation in planar waveguides was 

The most interesting aspect of propagation in 

by the existence of propagation modes, i.e. spatial 

distributions of “optical energy” in one or more dimensions. The definition of an optical 

mode can be obtain mathematically by solving the Maxwell’s wave equation: 

is the index of refraction 

is the speed of light in vacuum. For monochromatic waves, the solutions of (2.1) 

Substituting (2.2) into (2.1), the following equation can be 

If in the three layer structure sketched in Fig. 2.1, the light waves are assumed to be 

� .�@, A�exp ��B?C�, 

(2.4). 
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Since the waveguide is assumed infinite in the y direction, it is possible to write the 

equation (2.4) separately for the three regions along  x:   

,-.�/,1�

,/-
+ ��2>;

2 − ?2�.�@, A� = 0 i = s, f, c.  (2.5) 

The solutions of (2.5) are either sinusoidal  (if ��2>;
2 − ?2� > 0) or exponential (if 

��2>;
2 − ?2� < 0) functions of x, moreover both .�@, A�and 9.�@, A�/9@ must 

be continuous, at the interfaces between the layers. By imposing these conditions the 

possible modes supported by the structure can be obtained.  In a similar way it is 

possible to solve the Maxwell’s equation for the magnetic field F�@, A�. 

In fig 2.2 the modes in a planar waveguide are represented as a function of β, for a 

constant frequency ω and assuming nf>ns>nc. The last condition  is  necessary to obtain 

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

 
Fig 2.2: Diagram of the possible modes in a planar waveguide as a function of β. 
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As it can be seen in Fig. 2.2 well confined guided modes can be obtain only for  

kns<β<knf, these modes are generally referred as transverse electric modes, or TE modes, 

i.e. the electric field is directed parallel to the guide plane and perpendicular to the 

direction of propagation [84]. For β values greater than knf the mode is not physically 

acceptable since the field increases exponentially in both the substrate and cladding 

regions, implying an infinite energy. For knc<β<kns the mode is confined at the 

cladding-film surface but it is sinusoidal in the substrate region, therefore it is supported 

by the waveguide structure but it loses energy across the substrate and it is not useful for 

the signal transmission. This kind of modes are defined as substrate radiation modes. 

Finally if  β<knc the field has a sinusoidal behavior in all the three layers of the 

waveguide, the modes are not guided modes since they can spread out of the film region, 

usually they are referred as air radiation modes. 

Formally solving the Maxwell’s equation and applying the boundary conditions [12], it 

can be proved that to obtain guided modes in the film region, β can have only discrete 

values  between kns and knf. Of course the number of modes supported by the waveguide 

depend on the thickness of the guiding layer, on the index of refraction of the three 

layers and on the frequency ω. From a practical point of view it is very useful to 

calculate the cut-off condition, i.e. the values of the parameters below which propagation 

can not occur. Usually the frequency is fixed by the waveguide application, so it is very 

useful to calculated the  cutoff condition for the index of refraction of the three layers. 

In the most relevant cases for this thesis, i.e. the asymmetric planar waveguide in which  

nc<<n s and nf≈ns, the cutoff condition is given by [12]: 

∆> � >H � >I > �2K ( 1�2L�
2/�32>H42�  (2.6) 

where m = 0,1,2,… represents the mode number, and λ0 is the vacuum wavelength. 

This relation has been derived for TE modes, but it can be proved [85] that the same 

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

2.2  Methods for Planar Waveguide fabrication 

As evidenced in the previous chapter there are several methods to realize planar 

waveguides. In this section the most significant techniques will be briefly reviewed. A 

particular attention is devoted to thin film deposition methods, namely magnetron 
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sputtering, chemical vapor deposition, sol-gel processing and ion-exchange technique. 

The next section will be devoted to the Pulsed Laser Deposition technique, which was 

employed in this thesis for the deposition of the planar waveguides.   

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

generated in a glow discharge plasma, situated in front of the target. The bombardment 

process causes the removal, i.e. ”sputtering', of target atoms, which may then condense 

on a substrate as a thin film, moreover during the process secondary electrons are also 

emitted [86]. To increase the deposition rate of the process, and the plasma ionization, 

magnetron sputtering was introduced. In magnetron sputtering a magnetic field is 

applied in order to force secondary electrons to be in motion in the vicinity of the target, 

in this way the probability to have an atom-electron collision is increased and 

consequently a dense plasma can be obtained. For the deposition of insulators, radio 

frequency (usually 13.56 MHz) sputtering is usually used, to reduce surface charge 

effects [87,88].  

Sputtering was successfully used for the deposition of optical waveguides, both for 

silicate and tellurite glasses [72,77]. It is worth noting that high gain amplifiers can be 

obtained starting from thin films deposited by sputtering [72, 89].  In fact, the sputtering 

method allows to obtain a high index contrast with a consequent good confinement for 

both signal and pump modes [90], moreover the multi-component glassy thin films 

deposited present a high quality and homogeneity, which reduces the possibility of rare 

earth ions interactions and improves the spectroscopic properties of the material [90].  

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

decomposition of high pressure gases (precursors). The gaseous reactants are adsorbed 

onto the substrate surface and usually the reactions are activated heating the substrate. 

To reduce the substrate temperature, plasma enhanced CVD (PECVD) can be employed 

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

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

due to the difficulty to choice suitable precursors. In the case of  SiO2, thin films can be 
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deposited starting from e.g. (SiH4/O2) or (SiH4/N2 and N2O) precursors. PECVD was 

successfully applied to realize low loss silica waveguides (propagation losses ~0.1 

dB/cm) [91], and germanosilicate waveguides (propagation losses ~0.2 dB/cm) [92].  

Moreover starting from SiH4 and N2O gases and P alkoxide and Er chelate, Er 

phosphosilicate glass waveguides were demonstrated with an optical gain of ~0.7 dB/cm 

[93]. 

The main advantage of PECVD is the compatibility with standard silicon-based 

technology and consequently the  integration, onto silicon substrates, of both active and 

passive waveguides. Moreover low insertion loss waveguides can be realized by 

PECVD [94]. 

2.2.3 Sol-Gel Processing 

Sol-gel  technique can be used to achieve planar glass waveguides more rapidly and less 

expensively than by more conventional growth techniques, such as CVD. Thin films are 

usually formed by dipping the substrate into the sol (the sol can be defined as a colloidal 

suspension of solid particles in a liquid) and subsequently heating and spinning the 

substrate in order to improve the film uniformity and composition. The “gellation” of the 

sol creates a continuous suspension and form the thin film. Presently, the realization of 

silica guiding films with good propagation characteristics has been achieved by many 

groups working in the field and attention has shifted toward the preparation of more 

complex materials. Er-doped silica-germania and silica-titania planar waveguides have 

been widely investigated [95,96]. Er3+-activated SiO2-HfO2-AlO1.5 and SiO2-HfO2-TiO2-

AlO1.5 waveguides, prepared by sol-gel processing, presenting a strong and stable PL 

signal have recently been demonstrated and high Er concentration, up to 1% mol, was 

achieved in this case [97]. 

2.2.4 Ion exchange technique 

Planar waveguides can be realized not only by the deposition of a thin film onto a 

substrate with a lower refractive index (respect to the film), but it is possible to employ  

techniques that directly modify the refractive index of the glass (both bulk or in thin film 

form). 



Chapter 2: PLD  of  
Tellurite and Oxyfluoride Silicate planar Waveguides 

36 
 

In ion exchange technique, the change in the refractive index can be achieved by 

immersion of the substrate into a molten salt bath, which provides a source of alkali ions 

which slowly exchange with the ions of the substrate material. A dated review about ion 

exchange glass waveguide fabrication can be found in [ 98 ]. Ion exchange planar 

waveguides were successfully obtained in phosphate and silicate glass with propagation 

losses below 1 dB/cm [68, 99], moreover  both multimode and single-mode Er-doped 

tellurite planar waveguides were recently demonstrated [100].   

 

2.3  Pulsed Laser Deposition Technique 

The Pulsed laser deposition (PLD) technique is a very versatile technique for the 

deposition of thin films and it was applied to a range of materials and applications 

[101,102] such as superconductivity [103], diamond-like coatings [104], nitride thin 

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

In this section PLD principle of operation and apparatus will be described, highlighting 

the advantages of PLD technique with respect to the other thin film deposition methods.  

 

2.3.1 PLD: Operation principle  

In standard pulsed laser deposition an UV laser, with nanosecond pulse duration, is 

directed onto a target in a vacuum chamber. UV light is strongly absorbed by  many 

metals and other materials in contrast to IR light [102], for this reason the UV lasers are 

very attractive for materials processing and thin film production. Typical wavelengths 

for PLD are obtained from excimer lasers at 248 nm and 193 nm and by tripled Nd:YAG 

lasers at 355 nm. 

The incident light is absorbed by electronic transitions in the solid (target). In a metal or 

semiconductor the light produces excited electrons which subsequently interact with the 

atoms. In an insulator (as the materials presented in this thesis) the light is absorbed by 

interband transitions or transitions from impurity levels, since insulating materials are 

transparent for photons of energy smaller than that of the band gap. The light is absorbed 

only for photon energies which exceed the energy of the bandgap or of the impurity 
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levels. With increasing the laser intensity other absorption processes, e.g. multiphoton 

and avalanche processes, play an increasing role [106]. A comprehensive review on the 

fundamental aspects of laser-solid interaction is given in [ 107 ]. The laser-target 

interaction causes an increase in the target temperature [102, 108] and  the ejection of 

material from the target. This “explosive removal” of material expands perpendicularly 

to the target surface, forming a plume, and it is collected onto a substrate generally 

placed in front of the target. The accumulation of target material on the substrate from a 

large number of laser pulses leads to the gradual formation of the film.  

Several parameters are a key role on the quality of pulsed laser deposited thin films, for 

example the laser fluence (the energy per unit area carried by a single laser pulse), the 

background gases and the substrate temperature. In particular the presence of a 

background pressure during the deposition is very critical. 

In fact background gases (for example an inert gas as argon) change the dynamic 

expansion of the plume  because of the collisions between plume particles and the 

background gas atoms . The gas actually acts  as a moderator reducing the high impact 

energy of the ablated species [109,110]. The presence of a high gas pressure can be use, 

for example, to promote the growth of nanostructrured thin films [111]. 

Moreover a suitable gas can be inserted in the process chamber in order to induce gas 

chemical reactions between the plume atoms and the gas molecules during the transfer 

of the target material to the substrate.  

In the case of oxide materials, to maintain the oxygen content in the growing film a 

background pressure of few Pa of O2  is usually used during deposition. 

A unique feature of the PLD is the high kinetic energy of the ablated particles, which 

strongly depends on the fluence. With time-of-flight spectra a  kinetic energy which 

exceed 100 eV, even at relatively low fluences (~ 2 J/cm2), has been demonstrated [112].   

The collisions within the plasma and with the background gas reduce the energy of the 

ablated species, therefore to increase the mobility of the adatoms on the substrate surface 

the temperature of the substrate must be increased. Recently Sambri et al. demonstrated 

the influence of the substrate temperature also on the dynamic expansion of the plume: a 

reduction of the background gas resistance to plume propagation as the substrate 

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

PLD technique presents several advantages with respect to other thin film deposition 

methods. 

� The ablated species (ions and atoms in the plume) have very higher kinetic 

energy and internal excitation energy with respect to other techniques, such as 

sputtering, consequently thin films with a good adhesion to the substrate and 

good crystalline quality can be deposited at relatively low substrate temperature. 

� Materials with complex stoichiometry can be deposited in a single step by PLD, 

since laser-target interaction causes the simultaneous evaporation of all the target 

constituents (congruent ablation). However deficiency of the lighter and most 

volatile elements (as oxygen) present in the plume can occur in the film 

composition, nevertheless, the use of a suitable background gas can compensate 

this deficiency.       

� Reactive PLD is possible using suitable background gas (e.g. N2 for nitride 

formation, O2 for oxide compounds). Moreover since PLD is a non-equilibrium 

process, the formation of new compounds and metastable phases is possible 

[114]. 

� Multilayer thin films can be easily deposited in a single step by means of a multi-

target system. 

 

Two major drawbacks are related to the PLD process and should be considered.  

Droplets and particulates can be deposited along with the film, however a careful choice 

of the deposition parameters (fluence, repetition rate, background pressure) can reduce 

this problem. 

The thickness profile of the deposited films is inhomogeneous. In fact the angular 

distribution of the ablated materials has a strong peak in the forward direction (the film 

thickness profile follows a cosn(θ) law, where θ is the angle respect to the direction 

perpendicular to the target surface, n ranges from 2 to 20 (in vacuum) but even higher 

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

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

 

2.3.3 PLD of glass oxide planar waveguides 

As underlined in the previous chapter glasses are very attractive for photonic 

applications and in particular for the development of low loss optical waveguides and 

high gain amplifiers. PLD, because of  its unique properties, is very attractive for the 

synthesis of glass waveguides, however it has been rarely applied to the synthesis of 

glass oxide thin films.   

In 1989 Vogel et al. demonstrated for the first time the possibility to apply PLD to 

obtain gallate, borosilicate and titanium-niobium silicate glass thin films, [116]. The first 

pulsed laser deposited Er-doped waveguide was demonstrated by the group of Afonso 

which exploited the possibility to deposited rare earth doped phosphate glass thin films. 

Unfortunately due to the poor quality of the substrate very high losses (11 dB/cm in the 

best case) were obtained [117].  

The main reasons for the limited use of PLD for glass deposition is presumably due the 

difficulties in producing films with good surface quality, in fact surface roughness is a 

very critical aspect of oxide thin film deposition. As suggested by Mailis et al. the 

presence of particulate is strongly related to the laser parameters: the use of the 193 nm 

laser wavelength has been found to lead to smooth transparent phosphate glasses, while 

the same glass was hardly produced by using the 248 nm wavelength [118]. Moreover a 

great influence of laser wavelength, oxygen pressure, and thickness uniformity on the 

quality of lead germanate thin films was found [118]: under optimum conditions (laser 

wavelength = 248 nm, O2 partial pressure = 1 Pa, and improved film thickness 

uniformity) propagation losses of 2.1 dB/cm were obtained.     

More recently PLD was applied for the deposition of complex oxide glasses with very 

interesting and promising results. Gonzalo et al. investigated the properties of heavy 

metal oxide glass thin films and demonstrated the possibility to achieve by PLD 

transparent lead-niobium-germanate thin films in a range of composition much broader 

than in the case of bulk glasses [114]. This very interesting behavior was attributed to 
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the ability of PLD to produce metastable material phases. Further the influence of the 

fluence on these films was recently investigated [119]: the fluence was found to induce 

only weak effects on the film composition, but  remarkable effects were found on the 

film surface morphology. In fact, high propagation losses were found with a minimum 

(6.5 dB/cm) at 2 J/cm2 due to the presence of particulates at low fluence values and of 

large hemispherical droplets at high fluence values. At high energy densities, in fact, 

subsurface boiling induces the ejection of molten particulates that eventually reach the 

substrate. On the contrary at low energy densities, the increase of the ablation time 

required to deposit films leads to the degradation of the target surface and favors the 

ejection of solid particulates [ 120 ]. In a previous work Serra et al. showed that 

intermediate energy densities have to be used in order to achieve smooth films [121].  

In this thesis tellurite and oxyfluoride silicate planar waveguides have been deposited. In 

fact, PLD, despite of its drawbacks, remains very attractive especially in the case of 

complex multicomponent oxide materials. Moreover, recently Caricato and co-workers 

at the University of Salento demonstrated the great advantages of using PLD technique 

for the fabrication of tellurite and oxyfluoride glass waveguides.   

Tellurite thin films exhibiting the lowest propagation losses (0.8 dB/cm) for tellurite 

planar waveguides and more in general for pulsed laser deposited glass waveguides, 

have been demonstrated [76].  

The role of oxygen background pressure to obtain transparent thin films with optical 

properties similar to the target ones was demonstrated for oxyfluoride silicate 

waveguides [ 122].   

 

2.4 PLD: experimental apparatus 

In fig 2.3 the experimental apparatus employed in this thesis for the deposition of the 

planar waveguides is sketched.  



 

Fig. 2.3: PLD experimental apparatus

 

The main components of the PLD setup are:

• a multi-gas excimer laser (Lambda Physics LPX 305i) working at two different 

wavelengths:  

� 193 nm 

� 248 nm 

The laser can deliver a maximum output energy/pulse of about 800 mJ (at 248 nm), 

the pulse length is  ~25 nm;

• a lens (focal length 30 cm), to focus the laser beam onto the target surface (the 

incident angle of the laser beam on the target is 45°);

• an UV variable attenuator, to select the laser energy and to control the fluence;

• a stainless steel high vacuum chambe

system. A dry scroll pump allows to evacuated the chamber from atmospheric 

pressure to ~ 5 Pa, then a turbomolecular pump is used to reach the high vacuum 

regime (~ 10-5 Pa) needed to perform the deposition;

• a vacuum gauge system formed by: 

� a capacitive vacuum gauge system (pressure range: atmospheric pressure 

- ~ 0.1 Pa);

� a hot cathode ionization gauge (pressure range: ~ 1 Pa 
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PLD experimental apparatus 

The main components of the PLD setup are: 

gas excimer laser (Lambda Physics LPX 305i) working at two different 

193 nm – ArF mixture;  

248 nm – KrF mixture. 

The laser can deliver a maximum output energy/pulse of about 800 mJ (at 248 nm), 

the pulse length is  ~25 nm; 

a lens (focal length 30 cm), to focus the laser beam onto the target surface (the 

incident angle of the laser beam on the target is 45°); 

an UV variable attenuator, to select the laser energy and to control the fluence;

a stainless steel high vacuum chamber equipped with an oil

system. A dry scroll pump allows to evacuated the chamber from atmospheric 

pressure to ~ 5 Pa, then a turbomolecular pump is used to reach the high vacuum 

Pa) needed to perform the deposition; 

gauge system formed by:  

a capacitive vacuum gauge system (pressure range: atmospheric pressure 

~ 0.1 Pa); 

a hot cathode ionization gauge (pressure range: ~ 1 Pa 
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gas excimer laser (Lambda Physics LPX 305i) working at two different 

The laser can deliver a maximum output energy/pulse of about 800 mJ (at 248 nm), 

a lens (focal length 30 cm), to focus the laser beam onto the target surface (the 

an UV variable attenuator, to select the laser energy and to control the fluence; 

r equipped with an oil-free vacuum pump 

system. A dry scroll pump allows to evacuated the chamber from atmospheric 

pressure to ~ 5 Pa, then a turbomolecular pump is used to reach the high vacuum 

a capacitive vacuum gauge system (pressure range: atmospheric pressure 

a hot cathode ionization gauge (pressure range: ~ 1 Pa - 10-6 Pa ); 
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• a quadrupole mass spectrometer to control the residual gases pressures and 

composition; 

• inlet of reaction or background gases; 

• a rotating target holder, which can hold up to three different targets. Two 

independent  target motions allow a uniform ablation of the target and avoid 

drilling: the target rotates around its axis at a frequency of 3 Hz and it is 

vertically moved in order to span all the target area. Both the movements are 

controlled by a computer program;  

• two substrate holders: the first can hold up to four substrates kept a room 

temperature and allows for multiple independent depositions without opening 

the system to air, the second can sustain a single substrate, and it is equipped 

with a heater in order to perform deposition at high temperatures (up to 700 °C). 

Both the substrate holders are mounted on a computer-controlled motion system, 

which allows two independent movements along the x and y directions in order 

to obtain uniform films on large area. 

 

2.5 Pulsed laser deposition of tellurite planar waveguides 

2.5.1 Experimental 

Tellurite films have been produced starting from a tungsten tellurite glass of nominal 

composition 45%TeO2–39%WO3–15%Na2O–1%ErO3 (%mol).   

An ArF excimer laser beam (λ=193 nm, τ=25 ns) was focused onto the target surface in 

order to obtain a laser spot of 1.7 mm2. The laser beam energy was adjusted by means of 

a variable attenuator in order to achieve a laser fluence on the target surface of about 2 

J/cm2.  

The films were deposited at three different substrate temperatures (RT, 100°C and 

200°C) on pure silica (from Hereaus) in a background pressure of molecular oxygen (5 

and 10 Pa).  

The distance between the target and the substrate was 55 mm when operating at room 

temperature, and 45 mm for depositions performed at 100°C and 200°C.  
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Before starting the depositions the chamber was evacuated to a base pressure of 3×10-5 

Pa, and the mass spectrum of the residual gases was acquired. Before the deposition 

1000 laser pulses were used to remove  a superficial layer from the target surface in 

order to avoid film contamination. A total number of 40000 laser pulses was used for 

each deposition. The substrate was mounted on a computer-controlled motion system 

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

homogeneous thickness profile.    

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

 
Tab 2.1: Parameter for the deposition of the tellurite planar waveguides  

Sample Substrate dTar-Sub 
(mm) 

Fluence 
(J/cm2) 

Pulses number P(O2) 
(Pa) 

Substrate Temp 
(°C) 

RT5P Silica 55 2 40000 5 RT 

100T5P Silica 45 2 40000 5 100 

200T5P Silica 45 2 40000 5 200 

200T10P Silica 45 2 40000 10 200 

 
The optical transmission spectra of the films were acquired by using a double beam 

spectrophotometer (Perkin-Elmer Lambda 900), in the NIR-Visible-UV regions (200-

2500 nm).  

Optical transmission spectra were analyzed by means of the Swanepoel method [123]: 

the thickness of the films and the dispersion curves of the refractive index (n) and of the 

extinction coefficient (k), were  inferred from the spectra.  

The thickness and the refractive index of  the waveguides at 543.5, 632.8, 1319 and 

1542 nm were also measured in TE and TM polarization by an m-line apparatus (Prism 

coupler 2010 – Metricon) based on the prism coupling technique [124], a rutile prism 

was used for coupling. The losses at 632.8 nm were measured by photometric detection 

of the light intensity scattered out of the waveguide plane, after the coupling of the light 

in the different  mode.   

The erbium luminescence of the samples was measured in waveguiding configuration 

(obtained through a rutile prism coupling) by exciting the sample with 514.5 nm Ar+ ion 

laser. The luminescence was dispersed by a 320 mm single-grating monochromator 

(Jobin Yvon mod SPEX 320M) with a resolution of 2 nm. The signal was measured by 
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using InGaAs detector and a lock-in amplifier with the chopper frequency of 72 Hz. To 

measure the lifetime of the 4I13/2 level, the luminescence signal was recorded by a digital 

oscilloscope (Tectronix mod.  TDS 350). 

Finally to check the stoichiometry of the films Rutherford backscattering spectroscopy 

(RBS) was performed, using a 4He+ beam at 2.2 MeV. Films with a lower thickness 

respect that ones deposited on silica substrates were deposited on <100> silicon 

substrates to allow a non-ambiguous identification and quantitative determination of the 

different elements present in the films. 

 

2.5.2  Results  
Optical properties 

Figure 2.4 shows the transmittance spectra of the films deposited at increasing substrate 

temperature (RT, 100°C and 200°C), at the same O2 pressure (5 Pa). The films 

transmittance decreases as the substrate temperature increases. The oscillations observed 

in the spectra are typical fringes due to interference between the light reflected at the air-

film and film-substrate interfaces.  

Using the transmission spectra as input a computer code (Refractor), based on the 

Swanepoel method [125], calculated the dispersion curves of the refractive index n and 

of the extinction coefficient k for the different films (Figures 2.5 and 2.6). Higher values 

of refractive index and extinction coefficient were determined for the films deposited at 

100 °C and 200 °C with respect to the ones deposited at RT.  

10 Pa of O2 ambient pressure was necessary to obtain a transparent film for deposition 

performed at the highest substrate temperature: the comparison between the transmission 

spectra of the films deposited at 200°C in different O2 pressures is shown in figure 2.7.  
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Fig. 2.4:Transmission spectra of the films deposited at different substrate temperatures in 5 Pa of O2. 
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Fig. 2.5: Refractive index of the films deposited at 
different substrate temperatures in 5 Pa of O2. 

Fig. 2.6: Extinction coefficient of the films 
deposited at different substrate temperatures in 5 
Pa of O2. 
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Fig 2.7: Films deposited at 200 °C at 10 Pa of O2 (blue line) and at 5 Pa of O2 (red line). 
 
 

To control the guiding properties of the thin films, m-line spectroscopy was performed.  

The film deposited at 100 °C and 200 °C in 5 Pa of oxygen did not show good coupling 

of light  at 543 nm, while the modes at 632.8 nm are very broad , this behaviour could be 

reasonably inferred to the high absorption in this region. A further evidence of this 

hypothesis is provided by the fact  that these samples showed a better coupling (respect 

to the previous wavelengths) and sharp modes at 1319 and 1542 nm. 

On the contrary the sample RT5P and 200T10P are transparent and colorless and exhibit 

good coupling of light. Fig 2.8 highlights this behavior, evidencing the quality of the 

coupling by prism method in the different waveguides at a wavelength of 632.8 nm for 

the TE modes.  

A comparison between the refractive index and thickness values obtained by the 

transmission spectra analysis and the m-line technique is reported in table 2.2. The error 

in the refractive index measurements is  about  ± 0.002 and in the thickness is ± 50 nm 

for m-line and ± 40 nm for Refractor code. The thickness values are in good agreement 

within the experimental errors, while the refractive index values measured by the 
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Refractor code is lower then the m-line ones. The same behaviour was found in a 

previous work [122], and  it could be explained by the non uniform thickness of the 

films.     

  
Tab. 2.2: Comparison between the refractive index values and thickness obtained by the m-line 
measurements and the Refractor code for the RT5P waveguide. The value of the bulk refractive index is 
reported in last column for comparison. 
 

Sample RT5P 

(T=RT, P(O2)=5Pa) 

M-line Refractor Bulk 

n @ λ=543 nm 2.074 ± 0.002 1.978± 0.002 2.072± 0.002 

n @ λ =632.8 nm 2.049± 0.002 1.947± 0.002 2.055± 0.002 

n @ λ =1319 nm 1.994± 0.002 1.880± 0.002 - 

n @ λ =1542 nm 1.987± 0.002 1.875± 0.002 - 

Thickness (nm) 1137± 50 1193± 40 - 

 
 
 
To evaluate the influence of the oxygen pressure and temperature 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 fitted with a Cauchy dispersion law: n=a + b/λ2 

where n is the refractive index, λ the wavelength and a and b the fitting parameters. In 

fig 2.9 the fitting results were reported. As can be immediately seen, increasing the 

oxygen pressure and the temperature, an increase in the refractive index can be observed.  
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Fig 2.8: M-line spectra (at 632.8 nm) of the tellurite thin films deposited in different experimental 
conditions. Increasing the substrate temperature the quality of the light coupling decreases. At the highest 
used  temperature (200°C) 10 Pa of oxygen were necessary to improve the light coupling.   
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Data: Data2_200T10P
Model: cauchy
  
Chi^2/DoF = 5.4047E-6
R^2 =  0.99805
  
a 1.98792 ±0.00196
b 29388.64574 ±919.0765
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Fig 2.9: Refractive index of the transparent films deposited in different temperature and background 
oxygen pressure (RT-5 Pa (black), 200 °C -10 Pa (green)), as measured by m-line technique (scatter). 
The dispersion curve, as obtained by fitting the experimental data with a Cauchy law, are reported along 
with the relative fitting values.     
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Loss measurements  

It was not possible to perform loss measurements on the samples 100T5Pa and 200T5Pa 

since they didn’t show propagation. Unfortunately the sample 200T10P ruined very soon 

consequently loss measurements were performed only on the sample RT5P. 

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

table 2.3 

The unit is dB/cm and the error (due to short propagation length and high scattering), 

has to be considered very high (5dB/cm). 

 
Tab 2.3: Losses for RT5P waveguide 

 

n° mode TM TE 

1 9 18 

2 15 18 

3 18 15 

 
 

 

IR luminescence  

Though the sample  200T10P did not show good propagation at 514 nm as compared to 

the RT deposited one, the  luminescence intensity of Er ( at 1530 nm) in the former 

looked higher than the Er luminescence in sample RT5P in similar experimental 

conditions. 

The shape of luminescence appears different with respect to the bulk one (the emission 

cross section was calculated from absorption spectrum), especially in RT5P sample as 

evidenced in figure 2.10. It witnesses a change of environment of rare earth ions. 
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Fig 2.10: Er photoluminescence spectra of RT5P and 200T10P samples. The PL of the bulk is reported 
for comparison. 
 
 
The lifetime of the 200T10P sample  was measured at two different laser powers (360 

mw and 200 mw on the prism) (Fig 2.11). The experimental values were fitted with a 

single exponential decay. The lifetime measured at the higher power was 0.67 ± 0.1ms  

lower than the one measured at the lower power (0.75± 0.1ms), due to the presence of  

an increased depopulating rate of 4I13/2 level due to upconversion (or other cooperative 

process). 

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

signal. 

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

determinable while using the amplifier. 
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Fig. 2.11: Lifetime of the 4I13/2 level for the sample 200RT10P at two different pump power: 200 mW 
(blue) and 360 mW (black), @ 514 nm    
 
 

Compositional analysis 
 
To correlate the optical properties with the stoichiometry of the films, RBS analysis was 

performed and the experimental spectra were simulated with the RUMP computer 

program [126] . In table 2.4 the results of RBS analysis are reported. Films deposited at 

RT and at 100 °C presented almost the same composition of the target. At the substrate 

temperature of 200 °C two aspects become evident: on one hand the oxygen content of 

the film decreases, on the other the relative concentration of tungsten atoms appears to 

increase. At highest temperature (200°C) the lack of oxygen is partially restored using a 

higher O2 pressure (10 Pa) during the deposition. 
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Tab. 2.4: Composition of target and films as determined by RBS, the error is 5%. 

Sample  %O  Te%  W%  Na%  Er%  

Target 66.2  13.2  11.5  8.8  0.3  

RT5P 66.4  14.3  12.4  6.3  0.6  

100T5P 66.4  14.3  12.4  6.3  0.6  

200T5P 60.4  15.9  15.9  7.1  0.7  

200T10P 62.4  14.9  14.9  6.6  0.7  

 
 

2.5.3  Discussion 

A fundamental  issue, for optical application, is the transparency of the films in the 

wavelength range of interest (the IR range for waveguide amplifier). In literature the role 

of oxygen background pressure in the deposition of transparent glassy oxide thin films is 

extensively discussed [127], while the role of the substrate temperature is often ignored. 

Usually in PLD process, the substrate temperature has the role to promote the crystalline 

growth, increasing the mobility of the adatoms, consequently no much attention is 

devoted to the temperature in the case of amorphous materials. The results presented in 

this thesis clearly show that the temperature can have a critical function in the growth 

mechanisms.  

RBS analysis demonstrated that even if the ablation process lead to a congruent transfer 

of the target stoichiometry to the layer, the films grown at different temperatures can 

have very different physical and optical properties. It is worth noting in fact the RT5P 

and 100T5P films present the same composition and have the same stoichiometry of the 

target within the experimental errors, nevertheless they are very different in terms of 

transparency. The complex physical phenomena (dynamic expansion of the plasma 

plume and the plume-sample interaction) involved in the growth of the PLD films could 

contribute to different rearrangements (respect to the target) of the ablated material on 

the substrate surface. From the results it is evident that the substrate temperature induces 
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additional effects on the film bonding formation and configuration. These effects could 

be related to the network rearrangement originated by the heating as a consequence of 

changes in the surface mobility of the ablated products during the growth process.  

The fact the film deposited at 200 °C shows a lower content of oxygen respect to RT and 

100 °C deposited films suggests that surface oxidation processes are relevant in the case 

of tellurite thin film deposition, and that temperature can affect the oxidation state of the 

deposited materials. Oxygen is the main constituent of glasses and can enter in the glass 

network either as a bridging or non-bridging ion [128]. Oxygen deficiency modifies the 

glass structure and can even prevent its formation, moreover a high oxygen deficiency 

generally leads to absorbing films [127]. Obviously the high absorption prevents the 

propagation in the waveguide, as evidenced by m-line technique, and consequently the 

use of  such films as waveguides.  

A very interesting behavior is represented by the dramatic change in the properties of the 

films increasing the oxygen background pressure: a high transmission is achieved and 

the guiding properties of the layer are improved. This fact is not surprising, since 

increasing the oxygen pressure, oxidation of the ablated species can occur during the 

plasma expansion, consequently the formation of monoxides in the gas phase contributes 

to the increase of the overall oxygen content in the films, moreover monoxides have a 

lower angular scattering than atomic oxygen and as a consequence a narrow deposition 

distribution, due to their higher mass with respect to atomic oxygen. 

Nevertheless it is interesting to note that the films still remain sub-stechiometric in 

oxygen, therefore the increase in the oxygen content can not fully explain the 

remarkable change in the film properties.  Gonzalo and co-workers demonstrated in the 

case of lead-niobium-germanate glass, the possibility to obtain transparent films 

presenting a lower oxygen content than the bulk one [114].  In the case of tellurite thin 

films the same behavior can be observed and it can be ascribed to the unique capabilities 

of PLD to form metastable phases. 

Concerning the luminescence and waveguide properties, the results are not satisfactory. 

Even for the RT5P sample which presents optical properties (transparency and refractive 

index) very close to the bulk ones, the Er IR luminescence is quite different from the 

target one, and the lifetime is very short, as a consequence a modification in the glass 
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network formation and in the rare earth ion environment can be supposed. The sample 

200T10P showed better luminescence properties respect to the previous one, 

unfortunately it ruined very soon and a complete characterization of its properties was 

not possible. Probably the structural weakness of this sample can be ascribed to the 

substrate temperature used during the deposition and in particular to the stress induced 

during the growth by the different expansion coefficient of film and substrate.  

 

2.6  Pulsed laser deposition of oxyfluoride silicate planar waveguides 

2.6.1 Experimental 
 
The experimental setup for the deposition and characterization of the silicate planar 

waveguides was similar to the one presented in the previous section, for this reason in 

this section only the remarkable differences between the two apparatus will be 

underlined.  Er-doped silicate thin films were deposited by the PLD technique using a 

target glass of nominal composition 65SiO2 – 3Al2O3 – 11Na2O – 10PbF3 – 10LaF3 – 

1ErF3 (% mol). During preliminary tests we found that ablation with a KrF laser resulted 

in poor quality films with microcrystalline structure. The deterioration in the film 

transmission characteristics was attributed to the reduced absorption of the 248 nm 

radiation by the target. Consequently the silicate glass target was ablated using an ArF 

excimer laser (λ=193 nm, pulse length ~ 25 ns). The laser fluence at the target surface 

was set at 2 J/cm2, just above the ablation threshold, to obtain a smooth ablation process. 

The ablated material was collected on a 7 cm2 substrate made of pure silica. Due to the 

quite large area of the substrate a particular attention was devoted to the substrate 

motion to ensure a high uniform thickness of the film.   

The influence of substrate temperature was investigated and the depositions were 

performed from RT to 350 °C.  

For each deposition up to 1x105 consecutive laser pulses were used. A dynamic flow of 

oxygen at the pressure of 5 Pa was maintained in the chamber. Preliminary tests showed 

that this was the lowest optimal pressure which ensured a good transparency of the films. 

Pressures higher than this value yielded clustered films with whitish appearance, 
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whereas at lower pressures than 5 Pa, the deposited films had color centers in visible and 

near-IR and consequently enhanced attenuation in these spectral regions.  

Table 2.5 summarizes the used parameters for the oxyfluoride silicate thin films 

depositions. 

 

Tab. 2.5: Parameter for the deposition of the oxyfluoride silicate planar waveguides  
Sample Substrate dTar-Sub 

(mm) 
Fluence 
(J/cm2) 

Pulses number P(O2) 
(Pa) 

Substrate 
Temp 
(°°°°C) 

SRT Silica 55 2 100000 5 RT 

S200 Silica 55 2 100000 5 200 

S300 Silica 55 2 100000 5 300 

S350 Silica 55 2 80000 5 350 

 

Since silicate thin films have lower refractive index than tellurite ones, m-line 

measurements were performed using a different prism (Metricon 200-P-1 prism), with 

the same m-line apparatus (Metricon 2010). 

The waveguide losses were measured by the optical fiber method: in a first step the light 

was inserted into the waveguide by the prism coupling method then the loss 

measurement was performed by scanning a fiber optic probe down the length of the 

propagating streak to measure (by InGaAs photodetector) the light intensity scattered 

from the surface of the guide. The assumption is that at each point on the propagating 

streak the light scattered from the surface and picked up by the fiber is proportional to 

the light which remains within the guide. The best exponential fit to the resulting 

intensity vs distance curve yields the loss in dB/cm.   

The PL spectra and lifetime measurements were not acquired in waveguide 

configuration, since a different experimental setup was used, namely an Edinburgh 

Instrument Ltd spectrometer (mod. FLS920P) using an InGaAs detector. For PL 

measurements the samples were excited with an Ar+ ion laser while for lifetime 

measurements a Xe arc lamp was employed. 

The morphology of the films was studied by using optical microscopy, and a Field-

Emission Scanning Electron Microscopy (SEM-FEG), LEO Gemini 1530, for high 
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resolution, up to 1-2 nm, working at 3 kV. The samples before to be submitted to SEM 

analysis, were coated with 3 nm of gold in order to avoid effects of electronic charge. 

2.6.2 Results 

Optical properties 

The deposited films were observed to be transparent to the naked eye. In Fig. 2.12 the 

transmission spectra of the films deposited at different temperatures are shown. The 

waveguides showed a transmission higher than 90% in the wavelength range of interest, 

very close to the substrate transmission value which is 92%. The less pronounced ripples, 

respect to the case of tellurite thin films, are due to the small difference between the 

substrate and thin film refraction indexes. The transmission spectra were analyzed by the 

Refractor code to obtain the spectral dependence of the refractive index and extinction 

coefficient. 
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Fig. 2.12: Transmission spectra of the oxyfuoride silicate thin films deposited at different temperature  
 

 

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

showed that all the thin films supported guiding modes, moreover all the waveguides 
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exhibited very good coupling of the light. The refractive index and the thickness of the 

waveguide as obtained by m-line analysis are summarized in table 2.6. The error in the 

refractive index measurements is  about  ± 0.002 and in the thickness is ± 50 nm. 

 

 

 

 

 

Tab. 2.6: Refractive index, thickness and number of optical modes measured using m-line spectroscopy at 
632.8 nm and 1321 nm.  

Sample 
SRT 
(RT) 

S200 
(200°C) 

S300 
(300 °C) 

S350 
(350 °C) 

Source (nm) 633 1321 633 1321 633 1321 633 1321 

Ref. index (± 0.002) 1.524 1.507 1.568 1.552 1.590 1.574 1.591 1.575 

Thickness (nm) (± 50) 1755 1342 1333 1000 

Number of modes 3 1 3 1 3 1 2 1 

 

It is immediately evident that increasing the temperature the refractive index of the films 

increases. This trend is further evidenced in the figure 2.11, where the refractive index of 

the films as a function of the substrate temperature is reported. In the insets, the 

dispersion curve of the refractive index and of extinction coefficient, as obtained by 

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

Loss measurements 

The surface of the films deteriorated as a result of the different analyses performed on 

the samples, consequently the prism coupling of the light became very difficult. 

Propagation losses could be measured only on the samples SRT and S200. In tab 2.7 the 

results, at the wavelength of 632.8 nm, are reported.  Very low values were obtained in 

the range of 1dB/cm. 

Losses for the S300 sample were roughly estimated for the TE0 mode and a value of  

~3.5 dB/cm was obtained. 

 
Tab. 2.7: Propagation losses (dB/cm) for each of the optical modes of SRT and S200 waveguide as 
measured by prism coupling and detecting the scattered light (at a wavelength of 633 nm). 

Sample Mode 1 Mode 2 Mode 3 

SRT 1.02 0.83 0.74 

S200 1.20 2.00 2.44 
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IR Luminescence 

IR analysis was not performed in waveguide configuration, but lighting directly the 

sample surface. No Er photoluminescence signal was detected for the SRT sample even 

at high pump power (above 1 W). Fig 2.12 shows the PL spectra of the silicate thin films 

deposited at different temperatures, acquired in the same experimental condition. The PL 

intensity of the films appears to improve increasing the temperature.   
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Fig. 2.12: Er photoluminescence spectra of the S200, S300, S350 sample, acquired in the same 
experimental condition.  
 
The lifetime was measured for all the samples using a setup similar to the PL one, but 

by means of a Xe arc lamp. The intensity decays were fitted by a single exponential 

law, but very poor results were obtained: the resulting lifetimes were much lower than 

the target one (10 ms), and the fitting function did not agree well with the experimental 

data. The intensity decay were fitted with a double exponential curve, two contributes 

can be distinguish, a fast decay (with lifetime τ1), and a second slower decay with a 

characteristic lifetime, τ2, similar to the bulk one. In order to fix the attention to the first 

decay process, which is assumed to be caused by cooperative processes between Er 
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ions, the fitting procedure was repeated assuming a value equal to the bulk one for τ2. 

In Fig 2.13 the experimental values along with two different fit results, namely single 

exponential and double exponential decay (with fixed τ2), are reported. The values of 

τ1 obtained by the fitting procedure are reported in table 2.8. τ1 appear to be longer 

with higher deposition temperatures.   
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t2 10000 ±0

 

 

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
it)

Time (µs)

 350C

Data: SRT
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00133
R^2 =  0.93043
  
y0 0.07468 ±0.00136
A1 0.77519 ±0.00888
t1 1304.24919 ±23.15669

Data: SRT
Model: ExpDec2
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00034
R^2 =  0.98206
  
y0 -0.00113 ±0.00149
A1 0.75519 ±0.00625
t1 677.11313 ±10.08292
A2 0.23039 ±0.00364
t2 10000 ±0

 

 

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)

Time (µs)

 Room Temp

Data: _S300
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00078
R^2 =  0.98751
  
y0 -0.07613 ±0.00593
A1 1.00639 ±0.00489
t1 4427.0652 ±64.76745

Data: _S300
Model: ExpDec2
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00044
R^2 =  0.99288
  
y0 -0.427 ±0.00524
A1 0.29705 ±0.00533
t1 939.02268 ±36.89664
A2 1.13945 ±0.0099
t2 10000 ±0

 

 

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
it)

Time (µs)

 300C

Data: A12911535_S200
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00174
R^2 =  0.95406
  
y0 0.05389 ±0.00493
A1 0.73823 ±0.00529
t1 3101.77256 ±68.01638

Data: _S200
Model: ExpDec2
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00073
R^2 =  0.98091
  
y0 -0.2717±0.00477
A1 0.41655 ±0.00744
t1 529.83327 ±18.25903
A2 0.82407 ±0.00816
t2 10000 ±0

 

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)

Time (µs)

 200C

 
Fig. 2.13: Lifetime of the 4I13/2 level for the samples deposited at different temperatures. The experimental 
values were fitted by a single exponential (blue) and a double exponential (red) decay. 
 

 

Tab. 2.8: τ1 values obtained by fitting the intensity decay with a double exponential curve and fixing τ2 at 
10 ms.          

 SRT S200 S300 S350 

τ1 (µs) 677 ±10 530±20 940 ±40 1144 ±20 

τ2 (ms) 10 10 10 10 

 



 

Film morphology 

The silicate thin films were subjected to SEM inspection in order to examine the film 

morphology. In Fig 2.14 the SEM images of the different films are shown. The 

temperature strongly influenced the structure of the films. The films presented a micro

grain structure and increasing the temperature the grain dimensions decreased and the 

films appeared more dense. This aspect was in agreement with the increase of the 

refractive index at high temperatures.  

   

Fig 2.14: SEM pictures of the silicate thin 
 
 

2.6.3 Discussion 

For the deposition of oxyfluoride silicate waveguides the temperature is found to have a 

fundamental role as in the case of tellurite thin films. Two important effects can be 

distinguished: from one hand the temperature influences the glass network formation, 

from the other hand it strongly affects the morphology and the structure of the films.
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The effects of substrate temperature on silica-based thin films were studied by Serra and 

co-workers, which found a shift of the Si−O−Si stretching frequency with the substrate 

temperature [121].  

In the case of the silicate thin films studied in this thesis the increase in the substrate 

temperature has two  main consequence: an increase in the refractive index of the 

deposited thin films and an increase in the erbium luminescence. 

Concerning the last aspect, it is possible to suppose that substrate temperature promote 

the right glass network formation and above all, the arrangement of the erbium ions in 

the correct network sites. The temperature is responsible of an increase in the mobility of 

the deposited species, and consequently the film bonding configuration can be affected, 

as demonstrated  by Serra et al.. In particular the high temperature seems to inhibit 

erbium-erbium interaction. This assumption is justified by the increase in the erbium  

photoluminescence at high temperatures, due probably to a reduced quenching effect.  

A further validation of  this hypothesis is supplied by the lifetime behavior:  an initial 

fast decay component can be observed, which evolves into a slower decay. This trend 

can be attribute to cooperative processes between rare-earth ions which depopulate the 
4I13/2 level.  

If the lifetime of the slower component (τ2), is assumed equal to the bulk one, as 

presented in the result section, the lifetime of  the fast decay (τ1) can be assumed as a 

direct measurements of the quenching effect. From the data of table 2.8 it is evident that 

the S350 sample has the highest τ1value, consequently the lowest  quenching effects.  

Substrate temperature appears to influence also the microstructure of the films. The 

films are formed by a grain structure and in particular increasing the temperature the 

films appear to be formed by smaller grains. Moreover films deposited at 300°C and 

350°C do not show a valuable contrast amongst the particles, possibly indicating a 

higher cohesion and a higher film packing density. This aspect is evidenced by the SEM 

images and confirms the behavior of the increase of the refractive index with the 

temperature. This aspect is very interesting for technological reasons since it could allow 

to tailor the characteristic of the films simply changing the substrate temperature during 

deposition.  



 

It is worth noting, in fact

waveguides exhibit good propagat

range of 1 dB/cm) have been found.

Another interesting properties of the films deposited at high substrate temperatures is 

their robustness. In fact, a different behavior was observed between the 

deposited at room temperature and the ones deposited at higher temperatures when 

submitted to SEM inspection.

Due to the nature of the

during the inspection. The film

analysis, but cracks were seen to appear in real time as a result of the interaction with the 

electron beam. The film

inspection. In figure 2.15 the SEM images 

the films fabricated on moderately heated (200 

the SEM inspection. This aspect even if not surprising is very interesting from a 

technological point of view, in fact robust 

development of integrated circuits since they could be submitted to all the standard 

processes employed in integrated optics, such as lithography and etching. 

 

Fig. 2.15: SEM images of films 
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in fact,  that  all the films are very transparent and above all the 

exhibit good propagation properties. In particular very low loss

1 dB/cm) have been found. 

Another interesting properties of the films deposited at high substrate temperatures is 

their robustness. In fact, a different behavior was observed between the 

deposited at room temperature and the ones deposited at higher temperatures when 

submitted to SEM inspection.  

the SEM apparatus, structural changes can be v

during the inspection. The film deposited at RT was crack free at the beginning of 

, but cracks were seen to appear in real time as a result of the interaction with the 

The film deposited at higher temperatures, remained crack

. In figure 2.15 the SEM images of  the SRT and  S200 samples are reported: 

ilms fabricated on moderately heated (200 °C) substrates were found to withstand 

. This aspect even if not surprising is very interesting from a 

technological point of view, in fact robust and stable films are well suited for the 

development of integrated circuits since they could be submitted to all the standard 

processes employed in integrated optics, such as lithography and etching. 

SEM images of films deposited at RT (a) and at 200 (b). 
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Several applications  require optical confinement in two dimensions therefore  planar 

waveguides  present in many cases some limitations and can not be used. For example 

two dimensional  confinement is useful to guide light from two point of an optical 

integrated circuit or  to interconnect two circuit elements.  In this chapter, after a brief 

introduction to rectangular waveguides, two different technological approaches to obtain 

2D waveguides will be presented, the “standard method”, in which the 2D waveguides 

were etched in the PLD films, and the “inverse method”, in which the channels were 

defined in the bulk substrate and then the waveguide were deposited inside the channels 

by PLD. The results obtained for 2D oxyfluoride silicate waveguide fabrication  and 

characterization will be presented and discussed.   

 



 

3.1  Rectangular Waveguides

Figure 3.1 schematically shows

which can be used to obtain 2D confinement. 

Fig. 3.1: Different structures 

 

The channel waveguide (Fig. 3.1

a waveguide region surrounded by a medium which presents a lower index of refraction 

respect to the guiding core.

waveguide (Fig. 3.1(b)), in which the 

a portion of the planar waveguide in order to create a refractive index contrast between 

the high refractive index core lay

obtained by putting a strip of cladding material on a planar core layer, resulting in a strip 

loaded waveguide (Fig. 3.1 

The exact solution of the wave equation for a general rectangular waveguide

layer surrounded by one or more different materials, with lower refractive index, is 

extremely complicated and it has not been obtained yet. However it is possible to obtain 

approximate solutions assuming that the guiding modes supported by t

“well guided”, i.e. well above the cutoff condition. Under this assumption it is possible 

to consider that the electromagnetic fields decay exponentially out of the guiding region. 

Imposing this condition it is possible to solve the Maxwe

and to found the modes supported by the waveguide [

waveguide, rectangular waveguides support a discrete number of guided  modes. The 

mode are usually distinguished by two mode numbers, which co

of peaks of the field distribution  in the x and y directions.
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Rectangular Waveguides 

schematically shows the cross sections of different waveguide structures 

sed to obtain 2D confinement.  

 to realize rectangular waveguides. 

The channel waveguide (Fig. 3.1.(a)) is the basic rectangular waveguide and consists of 

a waveguide region surrounded by a medium which presents a lower index of refraction 

respect to the guiding core. A variation on the channel waveguide structure 

(b)), in which the lateral confinement is achieved removing laterally 

a portion of the planar waveguide in order to create a refractive index contrast between 

high refractive index core layer and the air. Optical mode confinement can also be 

obtained by putting a strip of cladding material on a planar core layer, resulting in a strip 

3.1 (c)).  

The exact solution of the wave equation for a general rectangular waveguide

layer surrounded by one or more different materials, with lower refractive index, is 

extremely complicated and it has not been obtained yet. However it is possible to obtain 

approximate solutions assuming that the guiding modes supported by t

“well guided”, i.e. well above the cutoff condition. Under this assumption it is possible 

to consider that the electromagnetic fields decay exponentially out of the guiding region. 

Imposing this condition it is possible to solve the Maxwell’s equations in the core region 

and to found the modes supported by the waveguide [129]. As in the case of planar 

waveguide, rectangular waveguides support a discrete number of guided  modes. The 

mode are usually distinguished by two mode numbers, which correspond to the number 

of peaks of the field distribution  in the x and y directions. 
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As evidenced exact analytical methods are heavily restricted to the analysis of only very 

simple slab devices, consequently, for the analysis of more complex structures, in the 

last years much attention has been focused on Numerical and approximate Semi-

Analytical methods [ 130 ]. Such methods can obviously be applied to rectangular 

waveguides and they allow not only to calculate the number of modes but also to 

simulate the light propagation in the guiding region. In chapter 4 a discussion about 

numerical methods will be provided 

3.2  2D waveguide fabrication 

The state of  art in glass-based EDWA was presented in chapter 1 and contextually a 

brief review of the methods employed to realized 2D waveguides was drawn. In this 

section the methods employed in this thesis to realize 2D waveguides will be briefly 

presented.  

Since oxyfluoride silicate thin films showed superior characteristics with respect to the 

tellurite ones, only silicate 2D waveguides were realized.  

Two main methods were employed. 

The first method employed to realized 2D waveguide, was performed at the University 

of Edinburgh and it is a standard technological method, i.e. the 2D structures were 

realized directly on the deposited thin films, by means of Reactive Ion Etching (RIE) 

(see Fig 3.2a).  

In the second method (“inverse method”), developed to overcome some limitations 

presented by the first one, a different approach was employed. In fact, in a first step the 

channel structures were etched directly onto the substrate by dry etching, and in a second 

step the oxyfluoride silicate glass was deposited inside the channels by means of PLD 

(see Fig 3.2b).This method was developed and performed by the L3 Group at the 

University of Salento. 

It must be mentioned that in both methods the etching process was preceded by 

photolithography in order to define on the film or substrate a mask with the desired 

pattern. The successive etching processes allowed the selective removal of unmasked 

material areas respective to the masked ones. Since photolithography is a well defined 

technique in microfabrication processes, it doesn’t require a complete description and 



 

only the experimental details will be provided in the experimetal sections. On the 

contrary some useful comments on RIE and in particular on glass etching will be 

provided in the next section.
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etching, the most common is the Reactive Ion Etching (RIE).

In RIE, the sample is placed inside a reactor in which several gases are introduced. 

standard RIE apparatus (Fig. 3.3) is constituted by a vacuum chamber housing a parallel 

plate electrodes. The samples are placed on the bottom electrode.  

the system by applying a strong radio frequency (rf) electromagnetic field to the wafer 
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balance chemical and physical etching, since there are many parameters to control. In 

fact, it is worth noting that by changing the balance it is possible to influence the 

anisotropy of the etching being the chemical part of the etching isotropic and the 

physical part highly anisotropic [131]. This a very important issue in all the applications 

since anisotropic etching is required to obtained a vertical shape of the sidewalls and to 

reproduce the mask pattern along all the depth of the etched zone.  

To achieve higher plasma density with respect of conventional RIE, the Inductively 

Coupled Plasma (ICP) etching was developed.  

While in a conventional RIE system the plasma is generated by a rf electric-field, in an 

ICP tool two RF power supplies are employed. One is capacitively coupled to one 

electrode, as in RIE, whilst the other is inductively coupled through the walls of the 

chamber by wrapping the electrode in the form of a coil around it. This inductive 

component is the high power supply and is used to generate the plasma. This current 

induces an electric field in the plasma region which is primarily tangential to the plasma 

boundary. The tangential component of the rf induction electric field may then penetrate 

the plasma region 1-2 cm and generate an intense plasma. Most significantly, the plasma 

is sustained without creating a high voltage sheath at the plasma-wall boundary. This 

improves the purity of the process and greatly increases the ion generation efficiency. 

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

With the development of glass-based devices, the micro-structuring of glass surfaces for  

the fabrication of optical waveguides, gratings and diffractive optical elements, became 

very relevant [132,133 ]. RIE was intensively applied for processing both SiO2/Si 

substrates and silica substrates by semiconductor industries, nevertheless there has been 

limited studies of RIE of multicomponent glasses.      

In the case of silicon dioxide (silica), CF4 and/or CHF3 are commonly used dry etching 

gases because they generate highly volatile SiF4, CO/CO2 and H2O reaction products; 

the net reaction using CF4, for example, is: 

NBO2 ( P�Q

�R

ST NB�Q ( PO2 

The reaction mechanism, however, is quite complex. It is mediated by the presence of 

electrons in the plasma which create reactive atoms, radicals and ions which drive the 

chemical reaction. 

Steinbruchel [134] described the RIE of pure silica in a fluorocarbon plasma to be a 

process of ion enhanced chemical reaction. He showed that the etch rate was directly 

dependent on the density of the highly reactive ions in the rf diode reactor. Similarly, 

RIE of pure silica in a CF4/CHF3 plasma using an electron cyclotron resonance reactor 

(ECR) led Oerlein et al. [135] to a similar conclusion. In the case of borosilicate [136] 

and soda lime glasses [ 137 , 138 ] low etch rates compared to pure silica using 

fluorocarbon RIE were found. 

Leech [139] showed that small concentrations of bulk impurities (> 25 ppm) such as Al, 

Ca, Na in silica glass decreased the etch rate by ~25% (in CHF3/CF4 plasmas) compared 

to higher purity silica substrates (impurities < 0.2 ppm). The author attributed this to the 

formation of less-volatile compounds of AlF3, CaF2 and NaF. However, no work has 

been reported to directly characterize the etched surfaces of multicomponent glasses nor 

to define the rate controlling mechanism. 

More recently Metwally and Pantano, made a study on the etching rate of 

multicomponent silicate and phosphate glasses as a function of the plasma power, 
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plasma composition and glass composition, by means of a magnetically enhanced 

reactive ion etching apparatus (MERIE) [140]. They found that in fluorocarbon plasmas, 

the etch rate of glasses decreased as the concentration of less-volatile oxides in the glass 

increased. These etching rates were interpreted in terms of ion enhanced chemical 

reaction and physical sputtering. In general, the rate controlling mechanisms of etching 

by the RIE process may be due to physical effects (as in sputtering with inert ions), or 

chemical phenomena in the sense that the ion bombardment enhances surface chemical 

reactions with the reactants yielding highly-volatile reaction products. 

In the case of multicomponent glasses a high chemical reaction rate between the reactive 

(ion) species in the plasma and the glass surface was observed during the early stages of 

etching  while at longer times the etching was dominated by physical sputtering. 

 

3.3  2D waveguide fabrication by “Standard Method” 

3.3.1 Experimental 

Ridge waveguides were fabricated  starting from oxyfluoride silicate thin films, 

deposited by pulsed laser deposition technique. Only the films deposited at room  

temperature and at 200 °C were submitted to the etching procedure. The film were 

deposited in the same experimental conditions of SRT and S200 samples as presented in 

the previous chapter (see table 2.5).  

To fabricate rib waveguides, a UV sensitive photoresist (Shipley 1813) was spun onto 

the film surface. The sample was then baked for 30 minutes at 90 °C. The rib structures 

(widths 2 → 15 µm) were defined onto the resist by UV illumination for 15 seconds 

through a chrome-on-silica mask. The resist was then developed using the resist 

developer and the resultant resist mask baked for 2 hours at 95 °C. Finally, the sample 

surface was etched for 105 minutes in an Oxford Plasma Technology RIE80 reactive ion 

etcher using CHF3 gas.  

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

the rib morphology was investigated by optical microscope and SEM. 
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Waveguide facets for coupling light were prepared in order to allow fiber-waveguide 

coupling. The guiding properties of the waveguides were investigated by coupling light 

into the waveguide using fiber-waveguide butt-coupling and imaging the waveguide 

output facet onto an IR Vidicon camera. By pumping the waveguides at 980 nm through 

a 980 / 1550 nm fused fiber wavelength division multiplexer, fluorescence emission 

around 1550 nm was collected and analyzed using an optical spectrum analyzer.  

The 4I15/2 → 4I13/2 transition absorption in the waveguide was determined by measuring 

the insertion losses of one of the smaller width waveguides (closer to single mode) 

across the erbium absorption band using a broadband Amplified Spontaneous Emission 

(ASE) source (Thorlabs ASE-FL 7002-C4). 

The 4I13/2 → 4I15/2 transition fluorescence lifetime was measured by electronically 

modulating the 980 nm pump lasers and detecting the fluorescence emission 

perpendicular to the waveguide surface using a room temperature germanium detector 

with pump blocking filters.  

 

3.3.2 Results 

Structural analysis 

The film deposited at room temperature cracked during the etching process, on the 

contrary the film deposited at 200 °C was successfully processed. In Fig 3.4 optical 

images of the ridge waveguides realized starting from films deposited at RT and 200°C 

are reported. 
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Fig 3.4: Optical images of the film deposited at RT (left), and 200°C (right) after the etching process. RT 

deposited film is clearly cracked. 

 

Using AFM the final etch depth was measured to be 0.9µm. In fig 3.5 both SEM and 

AFM images of a 12 µm width waveguide are reported. 

 

 

a)

 

b)

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

using PLD. 

 

 

The sample was coated with a stress free polymer in order to produce a good facet for 

coupling light into and out of the waveguide and then it was diced perpendicular to the 

direction of the waveguide axis. Although in some cases it was possible to achieve a 
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good facet, despite extensive attempts, the process was not found to be repeatable. For 

this reason an alternative method was then employed: the sample was covered with the 

resist and photolithography was used to define a straight edge along the facet. The 

waveguide was then etched to produce a straight perpendicular facet. Fig. 3.6 shows the 

results of the two facet preparation methods. As can be seen, the results of the etching 

method produced a good facet quality which was easily repeatable. 

 

a) b) 

Fig 3.6: SEM pictures of a waveguide facet produced using dicing (a) and etching (b) 

 

Waveguide characterization 

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

and coupling a signal at the desired wavelength into the waveguide at the other end, the 

guiding properties at various wavelengths of each waveguide could be examined. All the  

waveguides were found to support guiding at both 980 nm (the usual pump wavelength 

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

All waveguides tested produced characteristic fluorescence in the 1550 nm region. The 

Fig. 3.7 shows a comparison of the normalized erbium emission cross section measured 

from one of the fabricated waveguides with the normalized emission cross section 

measured from the bulk glass. 
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Fig3.7: (a) Comparison of the normalized emission cross section from the bulk and from the film. (b) 
Comparison of the normalized absorption cross section for the 4I15/2 → 4I13/2 transition as measured in the 
bulk target and one of the fabricated rib waveguides. 
 

By measuring the insertion losses of the waveguide realized with the smallest width 

(closer to single mode) across the erbium absorption band using a broadband ASE 

source, the amount of absorption present in the waveguide could be measured 

quantitatively. Using this technique, the peak erbium absorption was measured to be 4.6 

dBcm-1. This value is slightly higher than that of the bulk which was measured to be 3.4 

dBcm-1.  

Fig. 3.7 (b) shows a comparison of the normalized erbium absorption cross section 

measured in one of the fabricated waveguides with the normalized absorption cross 

section measured in the bulk glass. 

The minimum measured background insertion loss (outside the 4I15/2 → 4I13/2 transition 

absorption band) was approximately 20 dB for a 0.76 cm long, 4 µm wide rib 

waveguide. The majority of this value is thought to be due to poor mode matching 

between the 1550 / 980nm WDM coupler fiber and  waveguide. 

The fluorescence lifetime of the optically active erbium was measured to be 0.1ms. This 

is far from that measured in the bulk sample (≈10ms). 
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3.3.3 Discussion 

The optical images of the thin films after the etching process, clearly confirmed the 

importance of the substrate temperature to obtain good quality and mechanical stable 

waveguides. The same behavior reported during SEM inspections and presented in the 

previous chapter was observed under RIE. The film deposited at room temperature 

cracked during the RIE process under the action of the plasma. On the contrary, it was 

possible to realize rib waveguides from films deposited at 200°C films.  

Rib quality was quite good even if the waveguides sidewalls were not vertical, therefore 

it was necessary to further optimize the etching process to achieve vertical sidewalls. 

The waveguides supported a well confined mode at both 980 nm and 1550 nm. The 

guiding at 1550 nm was of a high enough quality to allow direct measurement of the 

erbium absorption lineshape by direct fiber-waveguide-fiber coupling of a broadband 

ASE source. A peak erbium absorption coefficient of 4.6 dBcm-1 indicated that a large 

concentration of erbium was incorporated into the film and it was indicative of a 

stoichiometric transfer of material from the bulk to the film. Unfortunately fluorescence 

lifetime was very low: as in the case of the measure on thin films it was indicative of the 

presence of a significant quenching mechanism in the material. Two possible sources of 

luminescence quenching can be suggested: the presence of  hydroxyl (O-H) impurities 

[141] or the strong energy transfer/cooperative upconversion mechanisms [22]. Probably 

both the mechanisms are responsible of the lifetime behavior.  

Concerning the presence of O-H impurities it should be considered that the film was 

found to be granular in structure which may result in a significantly low packing density, 

leaving the film susceptible of water absorption, moreover it should be considered that 

etching in CHF3 plasma can add a further source of O-H impurities. Insertion loss 

measurements revealed an unexpected increase in the insertion loss at 1426 nm, close to 

the first vibrational overtone of the O-H hydroxyl group. It must be mentioned, in fact, 

that out of the erbium absorption band the insertion losses usually decrease. This is a 

strong indication that water absorption is a significant problem resulting in the reduction 

of the 4I13/2→
4I15/2 transition fluorescence lifetime.  
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Moreover cooperative mechanisms should be not ruled out since pumping at 980 nm 

showed a large amount of green up conversion which could point towards ion-ion 

clustering as a significant problem. Moreover, as underlined in the previous chapter, 

even though ion-ion interaction appears to decrease as the substrate temperature 

increases, at 200°C (the used temperature for the film submitted to RIE) Er-Er 

interaction is still dominant and can not be neglected.     

3.4  2D waveguide fabrication by “Inverse Method” 

The standard method provides very good results in the fabrication of silicate ridge 

waveguides but two important aspects are evident: from one hand mechanically stable 

films are required to obtain good quality waveguides, and from the other smooth 

waveguide facets can be obtain only by a further etching procedure (as evidenced in the 

previous section) due to the delicate nature of the thin films.  

To overcome these two drawbacks, the inverse method was developed.   

In this methods the etching process involves only the substrate, in which the channels of 

the suitable dimensions are defined, while the guiding layer is simply deposited inside 

the channel by means of the PLD technique. 

Obviously, in this method a very important role is attributed to the etching of the 

substrate, since the performance of the final waveguide strongly depends from the 

quality of the bottom and of the sidewalls of the channel. 

In this section the experimental details of the etching process will be presented while 

concerning the film deposition the same experimental parameters, which have been 

described in the previous chapter, should be considered. 

3.4.1 Experimental 

The channel were fabricated in pure silica substrates (Heraeus), moreover a preliminary 

test was also performed on a SiO2/Si (SOS) wafer. 

Two different masks were used to defined the channel pattern on the substrate: a 

polymer mask and a chromium mask. 



Chapter 3:2D Oxyfluoride Silicate Waveguides 

77 
 

Before the photolithography process the substrates were baked for 5 minutes in acetone 

and successively 5 minutes in isopropyl alcohol in order to remove contaminants from 

the surface. 

To fabricate the polymer mask, a positive photoresist (Shipley AZ 5214 E ), was spun 

onto the silica plate, after that the sample was baked for 1 minute at 120°C. Then the 

channel pattern (width ranging from 5 to 100 µm) was defined onto the resist by UV 

illumination (λ = 365 nm) for 15 seconds through a chrome-on-silica mask, afterward the 

photoresist was developed by using the resist developer.     

To produce the chromium mask, a thin film of chromium (thickness ~70 nm) was 

evaporated onto the pure silica substrate. Then the sample was subject to optical 

lithography. A UV sensitive photoresist (AR-P 5350 from Allresist GmbH) was spun 

onto the film surface and baked for 4 minutes at 110°C. A series of channels with a 

length of 2 cm and with a width ranging from 5 to 100 µm was then defined onto the 

resist by UV illumination (λ = 320 nm) for 12 seconds through a chrome-on-silica mask, 

afterward the photoresist was developed by using the resist developer. Finally the 

chromium was wet etched and the photoresist removed, leaving a chromium mask with 

the desired pattern. The same procedure was employed for the SiO2/Si wafer.  

The samples were then subjected to etching procedure by ICP-RIE. The ICP etch source, 

(STS Advanced Oxide Etch (AOETM )) uses a planar inductively coupled radio 

frequency (13.56MHz) plasma coil with multipolar magnetic confinement at the 

chamber sidewalls and high-rate vacuum pumping 

The etching was performed by using a mixture of CF4, C4F8 and O2 gas. The total 

etching process time was 4 minutes. The etching parameters were summarized in table 

3.1. 
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Table 3.1: Parameters for the silica and SOS substrate etching.  

Sample Mask Substrate Gas 

(total pressure 

4 mTorr) 

Coil/Platen 

power 

Process time 

P-S 

 

 

Polymer Silica CF4 

(flow 20 sccm) 

C4F8 

(flow 20 sccm) 

1250W/200W 4’ 

C-S Chromium Silica CF4 

(flow 20 sccm) 

C4F8 

(flow 20 sccm) 

1250W/200W 4’ 

C-S-O Chromium Silica CF4 

(flow 20 sccm) 

C4F8 

(flow 20 sccm) 

O2 

(flow 4 sccm) 

1250W/200W 4’ 

C-SOS-O Chromium SiO2/Si CF4 

(flow 20 sccm) 

C4F8 

(flow 20 sccm) 

O2 

(flow rate 4 

sccm)) 

1250W/200W 4’ 

 

After the etching the residuals of the masks were removed. 

The channel morphology was analyzed by atomic force microscopy (AFM), and high 

resolution scanning electron microscopy, a JEM JEOL 6500F instrument equipped with a 

Field Emission Gun (SEM-FEG) was used in the secondary electron detection mode. 

The nominal image resolution of the instrument is 1.5 nm at 15 kV and 5 nm at 1 kV. 

In the second phase oxyfluoride silicate glasses were deposited onto the patterned channels 

using the same experimental conditions of the silicate thin films described in the previous 

chapter (see table 2.5). The morphology of the channel waveguides were investigate by 

SEM analysis (SEM-FEG, LEO Gemini 1530).   



 

3.4.2 Results 

Channel characterization

The total etch depth was measure by AFM and a value of  ~1.3 µm was found.

The channel morphology was investigated by means of SEM analysis. 

The sample etched using the photoresist mask presented two important drawbacks: fi

of all after the etching process the photoresist film was firmly adherent on the glass 

substrate, and it can not be removed using acetone or the commercial stripping solution, 

moreover some residual due to re

polymerization were found on the bottom and on the sidewalls of the channels. In figure 

3.8 the SEM micrographs of the samples exhibiting residual polymer after the etching 

are shown. 

 

Fig 3.8: SEM micrographs of the channel obtained by using a polymer mask during the etching process
A higher magnification view of the same channel 
  

A similar behavior was found using the chromium mask, but in this case the residual 

mask was removed by baking the sample in the chromium removal solution at 50 °C. 

Moreover to reduce polymerization during the etching procedure, O

the process. Very good results were obtained, as demonstrated by the SEM images 

reported in figure 3.9. 

AFM analysis performed on the silica sample showed that a very low roughness 

(average roughness ~1.5 nm) was achieved on the channel bottom.
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Channel characterization 

The total etch depth was measure by AFM and a value of  ~1.3 µm was found.

The channel morphology was investigated by means of SEM analysis. 

The sample etched using the photoresist mask presented two important drawbacks: fi

of all after the etching process the photoresist film was firmly adherent on the glass 

substrate, and it can not be removed using acetone or the commercial stripping solution, 

moreover some residual due to re-deposition of the etching products or to 

lymerization were found on the bottom and on the sidewalls of the channels. In figure 

3.8 the SEM micrographs of the samples exhibiting residual polymer after the etching 

SEM micrographs of the channel obtained by using a polymer mask during the etching process
view of the same channel b). 

A similar behavior was found using the chromium mask, but in this case the residual 

mask was removed by baking the sample in the chromium removal solution at 50 °C. 

Moreover to reduce polymerization during the etching procedure, O

cess. Very good results were obtained, as demonstrated by the SEM images 

AFM analysis performed on the silica sample showed that a very low roughness 

(average roughness ~1.5 nm) was achieved on the channel bottom. 
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The total etch depth was measure by AFM and a value of  ~1.3 µm was found. 

The channel morphology was investigated by means of SEM analysis.  

The sample etched using the photoresist mask presented two important drawbacks: first 

of all after the etching process the photoresist film was firmly adherent on the glass 

substrate, and it can not be removed using acetone or the commercial stripping solution, 

deposition of the etching products or to 

lymerization were found on the bottom and on the sidewalls of the channels. In figure 

3.8 the SEM micrographs of the samples exhibiting residual polymer after the etching 

SEM micrographs of the channel obtained by using a polymer mask during the etching process a).  

A similar behavior was found using the chromium mask, but in this case the residual 

mask was removed by baking the sample in the chromium removal solution at 50 °C. 

Moreover to reduce polymerization during the etching procedure, O2 was added during 

cess. Very good results were obtained, as demonstrated by the SEM images 

AFM analysis performed on the silica sample showed that a very low roughness 



 

Fig 3.9: SEM micrographs of the channel obtaine

sidewalls is shown. 

 

Morphology characterization of the waveguide         

Silicate glass waveguides were deposited inside the channel by PLD. 

important aspect of the inverse method 

quality films directly on

that  the  deposited  thin  

in particular the vertical profile of the sidewalls, as evidenced in Fig 3.10. 

The structure of the deposited layer is granular as in the case of the thin films deposited 

on flat substrates. As example in Fig 3.11a top view of a waveguide dep

same condition of the S200 (substrate temperature 200°C, background oxygen pressure 

5 Pa) sample is reported.  The vertical profile of the sidewalls is evident.

Depositions were performed also on SiO

in this case too. Fig 3.12 shows a sample deposited on a SOS substrate. 
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SEM micrographs of the channel obtained in the sample C-S-O. In b) a closer view of the 

Morphology characterization of the waveguide          

Silicate glass waveguides were deposited inside the channel by PLD. 

the inverse method is the possibility to deposit

directly onto non-planar substrates.  In fact  the SEM images 

 films  follow exactly  the  geometries  of  the 

in particular the vertical profile of the sidewalls, as evidenced in Fig 3.10. 

The structure of the deposited layer is granular as in the case of the thin films deposited 

on flat substrates. As example in Fig 3.11a top view of a waveguide dep

same condition of the S200 (substrate temperature 200°C, background oxygen pressure 

5 Pa) sample is reported.  The vertical profile of the sidewalls is evident.

Depositions were performed also on SiO2/Si substrates, and good results were obta

in this case too. Fig 3.12 shows a sample deposited on a SOS substrate. 

2D Oxyfluoride Silicate Waveguides 

In b) a closer view of the channel 

Silicate glass waveguides were deposited inside the channel by PLD. The most 

deposit by PLD good 

the SEM images  demonstrate  

the  silica  channels and 

in particular the vertical profile of the sidewalls, as evidenced in Fig 3.10.  

The structure of the deposited layer is granular as in the case of the thin films deposited 

on flat substrates. As example in Fig 3.11a top view of a waveguide deposited in the 

same condition of the S200 (substrate temperature 200°C, background oxygen pressure 

5 Pa) sample is reported.  The vertical profile of the sidewalls is evident. 

/Si substrates, and good results were obtained  

in this case too. Fig 3.12 shows a sample deposited on a SOS substrate.  



 

Fig 3.10: SEM micrograph 
surface are due to the sample preparation for the SEM analysis.
 

Fig 3.11: Top view of a waveguide deposited at a substrate temperature of 200°C.
image it is possible to see the bottom of the channel waveguide. 
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 of the waveguide deposited on the C-S-O sample. The defects on the film 
surface are due to the sample preparation for the SEM analysis. 

Top view of a waveguide deposited at a substrate temperature of 200°C. 
image it is possible to see the bottom of the channel waveguide.  

2D Oxyfluoride Silicate Waveguides 

 
The defects on the film 

 
 On the right side of the 



 

Fig 3.12: Top view of a waveguide deposited on a SOS substrate.

  

3.4.3 Discussion 

The inverse method is quite promising for the realization of 2D waveguide. The main 

advantage of the inverse method is that the optimization of the etching procedure and of 

the thin film deposition can be  made independently.  

Concerning the realization of the channels in silica substrates, the etching procedure 

gave very good results. A chromium mask was used to define the pattern on the 

substrate. The polymer mask in fact after the etching was hardly removed: this behavior 

was found also by Metwalli et al. [

reactions caused by the ion bombardment or by the applied electric

noting that while Metwalli succeeded to remove the hardened photoresist by means of a 

low pressure (50 mTorr) and low rf power (200 W) O

in the case presented in this thesis, the photoresist 

plasma. This was probably due to the nature of the etching apparatus, which was 
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Top view of a waveguide deposited on a SOS substrate.  

The inverse method is quite promising for the realization of 2D waveguide. The main 

advantage of the inverse method is that the optimization of the etching procedure and of 

the thin film deposition can be  made independently.   

alization of the channels in silica substrates, the etching procedure 

gave very good results. A chromium mask was used to define the pattern on the 

substrate. The polymer mask in fact after the etching was hardly removed: this behavior 

twalli et al. [140], and can be presumably ascribed to interface 

reactions caused by the ion bombardment or by the applied electric

noting that while Metwalli succeeded to remove the hardened photoresist by means of a 

orr) and low rf power (200 W) O2 plasma after the etching process, 

in the case presented in this thesis, the photoresist could not be removed using the O

plasma. This was probably due to the nature of the etching apparatus, which was 

2D Oxyfluoride Silicate Waveguides 

 

The inverse method is quite promising for the realization of 2D waveguide. The main 

advantage of the inverse method is that the optimization of the etching procedure and of 

alization of the channels in silica substrates, the etching procedure 

gave very good results. A chromium mask was used to define the pattern on the 

substrate. The polymer mask in fact after the etching was hardly removed: this behavior 

], and can be presumably ascribed to interface 

reactions caused by the ion bombardment or by the applied electric-field. It is worth 

noting that while Metwalli succeeded to remove the hardened photoresist by means of a 

plasma after the etching process, 

removed using the O2 

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

plasma.  

In the experiment performed using a pure fluorocarbon plasma, residual polymer were 

found on the bottom and on the sidewalls of the channel. The presence of the residual 

polymer was essentially due to redeposition of the etching products.  

The redeposition effect  was significantly affected by the amounts of particles sputtered 

from the bottom, which can be mainly related to the bottom etch rate [142], which was 

very high in the experiment performed in this thesis (~300nm/min). Moreover the 

amount of particles sputtered from the bottom is determined by various factors such as 

the energy and flux of ions incident on the bottom, the thickness of the polymer film 

formed on the bottom surface, and the thickness of the SiOxFy layer present at the 

interface between the fluorocarbon-polymer film and the SiO2 layer [143].  

Min et al. demonstrated that the redeposition is higher for CF4 with respect to C4F8 

plasma [144] since in the case of CF4 plasma, F radicals contribute to the etching of the 

bottom while CF2 radicals contribute to the deposition of a fluorocarbon polymer film on 

the bottom surface, eventually retarding the reaction between F and the bottom.  

Moreover the redeposition of bottom-emitted particles on the sidewall surface directly 

affected the formation of a sidewall polymer film. 

As result the sidewalls became very rough after etching as can be observed by SEM 

images in figure 3.8. This result was demonstrated for  CF4 plasma and it was attributed 

to the particles redeposited from the bottom that initiated surface polymerization, 

leading to the formation of a rough fluorocarbon film on the sidewall surface [145].   

The addition of O2 at the fluorocarbon plasma improved the quality of the etching, and 

very good results were obtained. In fact when using O2 in the plasma, the amount of 

sputtered particles decreases. Moreover as the O2 concentration increased, the 

concentration of CF2 radicals, a polymer precursor, decreased and O radicals 

simultaneously consumed the fluorocarbon polymer formed on the bottom and, as a 

result, the redeposition effect by the polymer fragments decreased [145]. 

Concerning the second step of the proposed “inverse method”, the deposition of the 

waveguides inside the channel provided very interesting results especially when 

compared with the results obtained by the “standard method”. In fact by using the 
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standard method a 200°C substrate temperature was strictly necessary to make 

mechanically stable films and to obtain good quality rib waveguides, on the contrary 

in this new approach no invasive process  interested  the  thin  films  and  good  results  

were  obtained  keeping  the  substrate  at room temperature too (see figure 3.12). The 

most important aspect of our experiment was the possibility to deposit by PLD good 

quality films directly onto non-planar substrates.  In fact  we  demonstrated  that  the  

deposited  thin  films  followed exactly  the  geometries  of  the  silica  channels  and  

maintained  the  vertical  profile  of  the channel  sidewalls.  This  is  a  key  aspect  to  

realize  laterally  confinement in guiding  structures since it allows to reduce the losses 

due to the spreading of the radiation out of the guiding channel. 

Another key feature of this new method was due to the consideration that only the 

substrate undergoes the etching process and the preparation of the waveguide facets 

became less problematic since it can  be performed before the deposition of the thin 

films. This aspect probably can reduce the insertion losses when testing the guiding 

properties of the structures. 

Unfortunately the guiding properties of the waveguide were not characterized as the 

maximum film thickness was ~1.3 µm, and fibers with a core dimension comparable to 

this value (in order to have good mode matching between the fiber and the waveguide 

and to obtain low insertion losses) were not available. Nevertheless since the guiding 

layer was simply deposited on the patterned substrate it is reasonable to consider the 

properties of the rectangular waveguide as good as the guiding properties of the planar 

thin films.   

Finally, the preliminary results obtained on the SiO2/Si wafer make this approach to 

realize 2D waveguides very attractive since it allows to easily achieve the integration of 

the waveguide in a optical circuit.  
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After the realization of 2D active waveguides, it is straightforward to study and realize 

more complex guiding structures (with respect to the simple channel waveguide) in 

order to develop new devices or to fully integrated the erbium doped waveguide in an 

integrated circuit.    

To actually realize an integrated EDWA, in fact, it is necessary to launch inside the 

waveguide both the signal to be amplified  (at 1550 nm) and the pump (at 980 nm or 

1480 nm depending of the used pumping scheme). The signal-pump coupling in the 

amplifier, can be successfully realized by a Y-junction coupler, in which the pump and 

signal power propagating in two input arms of the Y are multiplexed in the output arm 

of the junction. 

A careful design of the junction geometry is required, in order to optimize both the 

signal and pump propagation as a function of the waveguide parameters.  

In this thesis a Y coupler was designed starting from the results of the previous chapters.  
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In this chapter, the numerical method, based on the Finite-Difference Beam Propagation  

Method, employed to simulate the wave propagation in the guiding structure will be 

described and the results of the simulation will be presented. 

4.1 Methods for Optical Waveguide Analysis    

Many types of methods for the analysis of optical components exist, which can be 

classified into Analytical, Numerical and Semi-Analytical methods. Unfortunately 

analytical methods can be employed only in a limited number of problems concerning 

simple slab planar devices. When the analysis concerns complex 3D structures, 

analytical methods are inapplicable. Consequently, a lot of effort has been focused on 

Numerical and approximate Semi-Analytical methods.  

Rigorous numerical methods, such as the Finite Difference (FD)[146,147] or Finite 

Element (FE)[148] methods  can be successfully employed for optical components 

analysis. However numerical methods often require memory size and long 

computational time. Consequently, in certain situations, it is extremely difficult to apply 

numerical methods, especially when large and/or complex waveguide structure is 

considered. In these cases, a Semi-Analytical method, such as the Effective Index (EI) 

method [149], Spectral Index (SI) method [150], or Free Space Radiation Mode (FSRM) 

method [151] may be chosen, depending on the geometry, to solve the electromagnetic 

problem. Semi-analytical methods are useful to reduce the computational complexity of 

the numerical code, in fact semi-analytical methods use appropriate approximations, 

which can result in fast applications suitable for design purposes, with the additional 

advantages of much lower requirements in CPU time and memory size. These methods 

sometimes provide results comparable with those of numerical methods, and can be 

useful tools along with other methods. However, since semi-analytical methods involve 

some approximations, in complex waveguide structures the accuracy of the results can 

be reduced: in these cases numerical methods must be employed. 

Two main numerical methods should be considered for the analysis of optical 

waveguides, the Finite-Difference Time-Domain method (FDTD) and the Beam 

Propagation Method (BPM) . 
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This section has not the aim to represent a full comprehensive description neither of the 

two methods nor of their implementation since several texts can be found on this topic. 

For an exhaustive description about the methods for the analysis of optical waveguides 

see for example [130]. In the following  a brief description of the two methods will be 

provided pointing out their main advantages and drawbacks.      

4.1.1 Finite-Difference Time-Domain method (FDTD) 

The FDTD method was developed by Yee [152] and directly solves the time-dependent 

Maxwell’s equations for the electric (E) and magnetic (H) fields: 

+@. �  − ,U
,=      

+@F =  − ,V
,= + W   

V = 
.     

X = μZ    

where D is the displacement field, J is the current density, B is the magnetic flux density 

(often called the magnetic field). The quantities ε = ε0εr  and µ= µ0µr define the 

electromagnetic properties of the medium, and are the dielectric constant and the 

magnetic permeability of the medium respectively: ε0 = 8.854x10−12 F/m is the dielectric 

constant of vacuum and µ0 = 4πx10−7 H/m  the magnetic permeability of vacuum. εr and 

µr are the relative permittivity and permeability of the material. µr=1 when non-magnetic 

materials are considered. 

FDTD methods divide space and time into a finite rectangular grid. As the FDTD is an 

explicit scheme, the time step in the calculation is defined by the spatial discretization 

width: if the grid resolution doubles, the number of time steps doubles as well. 

The main disadvantage of the FDTD method is that the amount of required 

computational memory is enormous especially for 3D structures. In fact it requires that 

the entire computational domain be gridded, and the grid spatial discretization must be 

sufficiently fine to resolve all the features of the waveguide structure. 
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A strength of the time-domain method is the ability to obtain the entire frequency 

spectrum of responses (or eigenfrequencies) in a single simulation, by Fourier-

transforming the response to a short input pulse. 

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

4.1.2 Beam Propagation method (BPM) 

BPM was developed for the analysis of non-uniform structures slowly varying in one 

direction. Various kinds of BPMs were exploited such as the Fast Fourier Transform  

BPM [154], the Finite Element BPM [155] and the Finite Difference BPM [156].  

In particular in this thesis the FD-BPM was employed, since it is very powerful and has 

been widely applied to design and to optimizes optical waveguides.  

FD-BPMs sample both the structure and the electromagnetic field: sampling procedure 

is commonly performed at regular spatial intervals. In FD-BPM the calculation is 

performed as follows: starting from the know values of the electromagnetic field in a set 

of points (initial condition), the field at the following step is calculated. Obviously the 

knowledge of the waveguide structure at all sampled points is required. This process is 

repeated for each new set of calculated field points, and so the simulation “propagates” 

along the waveguide structure. 

Among the developed FD-BPMs, the scheme implemented by Chung and Dagli [155] 

represent the state of art from the viewpoints of accuracy, numerical efficiency and 

stability. The last aspect is very useful since it allows to use the method in actual design, 

moreover it allows propagation steps relatively large respect to other numerical methods, 

reducing the computational time.  

A relevant problem in numerical simulation is represented by the boundary condition. In 

fact in actual design a limited analysis window has to be considered, therefore the effects 

of the reflection at the boundaries should be taken in consideration. The radiated waves, 

after the reflection, return to the guiding area, where they interact with the propagating  

fields. This interaction perturbs the propagating fields and greatly affects the calculation 

accuracy. Hadley developed the Transparent Boundary Conditions (TBC) which 

efficiently suppress the reflection [157]. TBC were based on the assumption that the 

radiation fields have a complex exponential behaviour near the boundary. The fields 
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outside the sample area were predicted using this assumption, making the boundary 

transparent and allowing the energy to leave the computational domain.  

It must be mentioned that the FD-BPM can be easily integrated with computer-aided 

design (CAD) software, which can allow the use of the numerical methods with minimal 

mathematical knowledge. A good commercial example of this is the BeamProp by RSoft 

Design Group, Inc. [158]. 

4.2 Design of a Y-junction  

The analysis of the propagation of  a Y-junction was performed by a FD-BPM numerical 

code, implemented in C++ language by the Electromagnetic Field Group of the 

Dipartimento di Elettronica ed Elettrotecnica of the Politecnico di Bari.  

 

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

Some aspects must be highlighted before to present the results of the simulation:  

� since the proposed “inverse method” to realize guiding structures, appeared very 

promising from a technological point of view and gave attractive results as 

evidenced in the previous chapter, the structure of the waveguide was chosen in 

order to reproduce the typical geometry obtained by the inverse method, i.e. the 

waveguide core deposited inside the silica channel (Fig. 4.1b); 

� since oxyfluoride silicate waveguides exhibited better structural and optical 

properties with respect to tellurite waveguides, the simulation was performed 

using, for the guiding region, the refractive index of the oxyfluoride silicate 

glasses. In particular, the refractive index of the film deposited at room 

temperature as presented in Chapter 2 was employed; 

� in order to satisfy the need for integration, the simulation was performed using a 

SiO2/Si substrate, with a silica thickness of 9 µm. 
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Fig. 4.1: Y-junction structure: a) x
waveguide. 
 

Table 4.1 summarizes the main parameters which were employed in the simulation

geometric dimensions of the waveguide

were evaluated from a first rapid calculation in order to obtain a single mode waveguide 

at the signal wavelength. 

To perform the simulation a Gaussian beam center

launched, and TBC were imposed

BPM method only one wavelength at the time can be launched, therefore the simulation 

was perform for each branch separately.

In the BPM scheme one fundamental parameter is represented by the step size along the 

propagation direction (z axis)

at one point from the values of the fields at the previous step. Therefore the step size 

must be small enough to assure an adequate accuracy in the calculation and to allow a 

satisfactory sampling of the 

computational time increases. In the simulation the step size was set to 
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junction structure: a) x-z section (top view)of the Y geometry, b) cross section of the 

the main parameters which were employed in the simulation

geometric dimensions of the waveguide cross section, namely w and h (see Fig. 4.1 b)), 

were evaluated from a first rapid calculation in order to obtain a single mode waveguide 

at the signal wavelength.  

To perform the simulation a Gaussian beam centered with the signal/pump branch  was 

launched, and TBC were imposed at thee boundary of the computational domain

BPM method only one wavelength at the time can be launched, therefore the simulation 

was perform for each branch separately. 

me one fundamental parameter is represented by the step size along the 

(z axis), since the numerical code calculates the propagating fields 

at one point from the values of the fields at the previous step. Therefore the step size 

must be small enough to assure an adequate accuracy in the calculation and to allow a 

of the waveguide geometry. Obviously decreasing the step size the 

computational time increases. In the simulation the step size was set to 

junction: towards an integrated optical amplifier  

 
, b) cross section of the 

the main parameters which were employed in the simulation. The 

, namely w and h (see Fig. 4.1 b)), 

were evaluated from a first rapid calculation in order to obtain a single mode waveguide 

ed with the signal/pump branch  was 

at thee boundary of the computational domain. In 

BPM method only one wavelength at the time can be launched, therefore the simulation 

me one fundamental parameter is represented by the step size along the 

calculates the propagating fields 

at one point from the values of the fields at the previous step. Therefore the step size 

must be small enough to assure an adequate accuracy in the calculation and to allow a 

y. Obviously decreasing the step size the 

computational time increases. In the simulation the step size was set to λ/10 (where λ is 
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the wavelength of the propagating signal), since it represents a reasonable compromise 

between the two requirements.        

 

Table 4.1: Main parameters employed in the simulation of  the Y-junction.  In last column is specified if 
the parameter was maintained fix during the simulation or was employed as a simulating variable.  
Parameter Value Variable  

Signal wavelength 1550 nm no 

Pump wavelength 980 nm no 

Waveguide refractive index  1,588@ 980 nm 

1,582@1550 nm  

no  

Waveguide width (w) 3 µm no 

Waveguide depth  (h) 3 µm no 

SiO2 refractive index 1,439@ 980 nm 

1,430@1550 nm  

no 

SiO2 thickness (h1) 9 µm no 

Input waveguide Length  
(L in) 

400 µm no 

Output waveguide Length  
(L out) 

600 µm no 

Coupling length (L) / yes 

Distance of the signal branch 
from the Y axis (a1) 

/ yes 

Distance of the pump branch 
from the Y axis  (a2) 

/ yes 

 

4.2.2 Numerical Results 

To estimate the properties of the Y-junction, the transmittance [ �
 \]^

 _`
 along the 

waveguide branches was evaluated, where  Pin and Pout represent respectively the power 

launched at the input waveguide and the power at the waveguide output. 

In Fig 4.2 η is reported as function of the distance of the branch from the Y-junction axis 

for different coupling length values, L. In particular fig. 4.2a reports the numerical 

results obtained by varying a1 (the distance between the signal branch and the Y-junction 

axis) and fig. 4.2b depicts the results pertaining to a2 (the distance between the pump 

branch and the z axis). In order to study the dependence of the transmittance from the 

transversal dimensions of the waveguide, further simulations were performed fixing the 
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coupling length (L) at 9 mm  and considering two different waveguide widths: w=3 µm 

and w=4 µm. The results obtained are shown in Fig 4.3, where η as function of  a1 

(signal branch)  (Fig. 4.3a) and a2 (pump branch)  (Fig. 4.3b) is reported.   

 

 
Fig 4.2: Transmittance values η, as function of the distance a1 between the coupler axis and the signal 
branch (a) and the distance a2 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 η, as function of the distance a1 between the coupler axis and the signal 
branch (a) and the distance a2 between the coupler axis and the pump branch (b).The simulations were 
performed for two different waveguide widths (3 µm and 4 µm) 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 (a1 and a2 for signal and pump branch 

respectively).  

From figure 4.2a it is possible to observe that the maximum signal transmittance η=75%, 

was obtained for a coupling length L= 9 mm and a branch distance a1=43µm. 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 µm and w=4 µm 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 µm, 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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a) b) 

Fig 4.4: Intensity e.m. field pattern along the a) pump (λp=980 nm) and b) the signal branch (λs=1550 
nm). Coupling length, L= 9 mm, waveguide width, w=4 µm, waveguide depth h= 3 µm, distance between 
the coupler axis and the signal and pump branches a1= a1 = 50µm 
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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 SiO2/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 



Future works and Conclusion  

97 
 

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 EDWAs, 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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