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Abstract 

Tellurite glass is well known for its excellent optical properties in the application of 

optical fiber and planar waveguide devices, particularly for optical amplifiers. This 

thesis is focused on the design, fabrication and characterisation of tellurite glass in 

both bulk and thin films (glass, glass and polymer thin films) used as optical 

materials. It consists of four major parts, including the fabrication and 

characterisation of rare earth doped tungsten lanthanum modified tellurite (TWL) 

glasses, TWL glass thin films, glass and polymer composite thin films as well as the 

fabrication of channel waveguide structures on the surface of thin films.  

 

One of the main objectives of this research is to engineer rare earth doped glass and 

polymer composite thin films using pulsed laser deposition (PLD). Thin films are the 

main form of the prototype for planar devices. Two dissimilar materials with 

comparable refractive indices have been deposited alternatively to obtain a periodic 

layer by layer structures using PLD.  These two materials, namely, phosphate 

modified tellurite (PT) glass and siloxane polymer (PDMS), are both excellent 

optical materials with low propagation loss at the optical communication window. 

One of the merits of PT-polymer composite is that it could combine the advantages 

of the good characteristics of both PT glass and siloxane polymer as optical materials. 

The success of this fabrication opens a door to engineering composite thin films 

using a simple and low cost technique with a precise control.  

 

The second objective of this research is to fabricate rare earth doped tungsten and 

lanthanum modified tellurite (TWL) glass thin films on polymer coated silica to 

produce another kind of glass-polymer composite.  The TWL glass has a 

significantly different refractive index to siloxane polymer. It is not suitable for 

fabricating multilayer thin films. Here, dual layer composite thin films were 

produced by depositing rare earth doped TWL glass onto polymer coated silica 

substrate using PLD.  

 

Furthermore, to optimize the composition of rare earth doped TWL glass and the 

deposition parameters of the fabrication of TWL glass thin films, a series of rare 
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earth doped TWL glasses and series of TWL glass thin films on silica were produced 

and characterized in detail.  

 

Finally, to study the feasibility of making optical devices on these thin films, reactive 

ion etching (RIE) and fs laser micromaching techniques were utilized to a create 

ridge waveguide which is the primary structure of optical amplifiers.  The SEM 

images of the ridge waveguide and depths of the waveguides were studied.  In 

addition, the mode profile and propagation loss of the ridge waveguide obtained 

using fs laser micromachining were investigated.  
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Chapter 1 Introduction 

1.1 Overview 

The replacement of electrical communication systems by optical fiber 

communication systems in long-haul networks boosted the data rates of the 

communication systems significantly. However, the electrical components, such as 

the backplanes and interconnects in the servers, routers and computing systems in 

local or metro networks, still cause serious difficulties to obtain data rates higher 

than 10 Gb/s due to the shortcomings i.e. electromagnetic interference size density, 

power and heat dissipation at high operating frequencies. The optical links can 

overcome the disadvantages and improve the bandwidth of the products [1, 2]. 

Therefore, all optical interconnects and circuits in the servers, routers and computing 

systems are desirable. 

 

Generally, planar waveguide optical amplifiers in the optical interconnects and 

optical circuits are used to amplify the strength of signal to a satisfied intensity, for 

example, compensating the coupling losses, waveguide losses or the power division 

in the optical splitters[3]. Optical amplifiers have many applications in optical 

communication system. To meet the need for all these applications, different 

requirements include high gain and output power, low noise, broad band and high 

reliability in addition to the low cost and compactness are needed[4].  

 

Currently, the main challenge of the optical amplifiers is to fabricate an amplifier 

with very high gain and small size while operating at a low pump power [5]. The 

maximum gain of the amplifiers that may be achieved depends on the concentration 

and the pumping efficiency of the active components in the host material, while the 

pump power required is based on the optical loss and any other attenuations of the 

host material. Therefore, to engineer an amplifier with quality approaching these 

requirements, the host materials and active components should be chosen carefully.  

 

As a result of the limitation of the geometries of the planar waveguide optical 

amplifiers, high rare earth concentrations are required to achieve a high gain. 

Therefore, host materials that are used to engineer planar waveguide optical 
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amplifiers should be able to dope with high rare earth concentration without 

clustering (larger than 5000 ppm). In addition, broad bandwidth and relatively high 

flatness of the emission spectra are also necessary to obtain a high quality planar 

optical amplifier [6].  

 

Vast amounts of research on materials for planar optical amplifiers has been done 

previously,  for example, Er3+ doped alumina glasses with compositions of Al2O3, 

Na2O, La2O3, and P2O5 were utilised to fabricate a strip-waveguide amplifier, and a 

net gain of 4.1 dB/cm at 1535 nm are attained with a 1480 nm diode laser at the 

power of 23 mW [5]. Hottari et al. [7] demonstrated an erbium doped silica-based 

planar waveguide amplifier with a length of 23 cm using sol-gel technique, the 

highest net gain obtained is 9.8 dB at the wavelength of 1533 nm when pumped by a 

980 nm Ti:Al2O3 laser with pump power of 99 mW. Liu and his colleagues [8] 

reported an erbium doped phospohate glass waveguide amplifier fabricated using 

focused proton beam writing. An optical gain of 1.7 dB/cm at the wavelength of 

1534 nm using the amplifier were achieved when pumped by a 975 nm laser diode at 

power of 100 mW. 

 

In spite of the advances that have been achieved, there is still a long way for the 

planar waveguide amplifiers to approach the performance of the optical fiber 

amplifiers.  

1.2 Materials for planar optical amplifiers 

As mentioned in the previous section, the host material plays a key role in 

determining the quality of the optical waveguide amplifiers. Hence, the research on 

the materials used for the planar optical amplifiers needs to be paid more attention to 

meet the requirements of high performance amplifiers. 

 

Common rare earth doped host materials include crystals [9],  semiconductors[10], 

glasses[11], and polymers[12].  Among the materials, glass is compatible with the 

existing fiber-optic systems, and also has the advantage of high transparence [13]. 

Polymer as a cost effective and easy to process material can be integrated with 

printed circuit boards (PCB) and also is compatible with the traditional polymer 
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optical fibers [2]. Thanks to these attractive advantages, glass and polymer are 

considered as attractive materials for optical devices, i.e. amplifiers. 

 

Although polymer is a brilliant candidate for the fabrication of a passive device, it is 

not promising to make active devices due to the rare earth ions clustering problem. 

Much research has been focused on how to reduce the concentration quenching of 

rare earth ions in the polymers. Wong et al. [14] demonstrated an erbium doped 

polymer planar waveguide fabricated using electron beam direct writing. To 

compensate the quenching problem of Er3+ ions and improve the quantum efficiency, 

they codoped Yb3+ ions. The waveguide of 1.8 cm they obtained exhibited an optical 

gain of 13 dB at 1550 nm when pumped using 980 nm laser diode at power 110 mW. 

Slooff and coworkers [12] encapasulated Er3+ ions into an organic ligand which can 

offer enough coordination sites to bind Er3+ ions, and then dispersed the resulting 

complex in a polymer film.  The calculated net gain of the waveguide they fabricated 

was as high as 1.7 dB/cm at pump power 1.4 mW. They also fabricated an amplifier 

using silica colloid doped polymer, in which Er3+ ions were implanted into silica 

colloid to increase the doping concentration. The calculated net gain for this 

amplifier was 12 dB for a 15 cm long silica colloid polymer waveguide.The polymer 

waveguide reported above has a short emission lifetime in an order of μs. Therefore, 

further research needs to be performed to achieve polymer waveguides with high net 

gain and long fluorescence lifetime.  

 

Based on the advantages of both materials, glass and polymer composites as a novel 

material combine the advantages of glass and polymer. They are believed to be an 

excellent choice for optical device fabrication, and have the potential to meet the 

stringent requirements of the present short distance communication and computing 

systems.  In addition, the adjustable refractive index of glass and polymer makes it 

possible to design a refractive index matching glass and polymer composite which 

has a relatively low Rayleigh scattering [15].  

 

Furthermore, the properties of glass and polymer composites may be fabricated using 

various ratios between the glass and polymer, which may further expand the 

application of this kind of composite material [16].  Consequently, glass and polymer 
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composite can satisfy the application of optical materials in a wide range with 

extended functionality and integrated capability at a reasonable expense[17], and 

may have a promising future in application of the interconnects and computing 

system. 

1.3 Objectives and scope of the thesis 

1.3.1 Objectives  

This thesis is based on the RCUK Basic Technology Project, which aims to 

demonstrate integrated optical devices and circuits using epitaxially grown inorganic 

semiconductor, polymer and glass-based materials for components engineering. This 

project was carried out by the Leeds materials group collaborated with four other 

universities, namely, the Universities of Cambridge, Sheffield, St Andrews and 

Heriot-Watt University.   The research reported in this thesis is focused on the 

preparation of tellurite glass and polymer composite thin films using pulsed laser 

deposition (PLD), and the fabrication of planar channel waveguides using suitable 

waveguide writing techniques on the thin film obtained. 

 

Precisely, there are four major parts of the research work in this thesis: a), prepare 

high quality bulk tellurite glasses and investigate their properties, b), optimized the 

fabrication parameters of tellurite glass thin film and characterize the thin films 

obtained at optimal conditions, c), fabricate glass and polymer composite thin films 

and fully characterise their properties, d), write ridge or stripe waveguides on the 

high quality thin films to study their suitability for engineering optical amplifiers.  

1.3.2 Scope of the thesis 

This thesis is organised as follows: 

 

Chapter 1 gives an introduction of the research work in this thesis, which includes 

the background, objectives and materials that are used for optical amplifier, 

especially glass and polymer in this thesis are discussed.  

 

Chapter 2 presents the planar optical amplifiers (including the history and 

development, advantages and disadvantages, and working principle of amplifiers) 
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and details of the materials used in this thesis. Rare earth ions in the glasses which 

consist of the atomic physics of the rare earth ions, radiative and nonradiative 

transitions are also discussed. The techniques used for the fabrication of thin films 

and waveguides are reviewed in detail. 

 

Chapter 3 demonstrates the process of bulk glass designing and melting, the 

instruments used for glass characterisation and their working principles. The results 

of thermal, structural and optical properties of the bulk glass are also discussed in 

this chapter.  

 

Chapters 4 and 5 discuss the PLD experiments and the corresponding results which 

include the optimized process of thin film deposition, the discussions and results of 

the thin film properties, namely, the topographic and optical properties.  

 

Chapter 6 describes the experimental optimization processes of two waveguide 

engineering techniques: reactive ion etching (RIE) and femtosecond (fs) laser 

micromachining. The obtained waveguides written on both telllurite glass thin films 

and composite thin films are demonstrated. 

 

Chapter 7 summarises the conclusions of each chapter and proposes the work plan 

for the future including the improvement of the quality of the thin films and further 

study of the ridge waveguides. 
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Chapter 2 Literature review 

Planar waveguide optical amplifier is one of the main components in the integrated 

optical circuits for all on chip systems. The research on this topic involves host 

materials, fabrication techniques of thin films and waveguides etc. The purpose of 

this chapter is to study the waveguide optical amplifiers, atomic physics and optical 

properties of the rare earth ions in the glasses, the materials and techniques used for 

thin film and waveguide fabrication in detail.  Among these techniques, PLD used 

for thin film deposition (section 2.4), while waveguide fabrication techniques RIE 

and laser micromachining (section 2.5) which were employed in this study were 

discussed in particular.  

2.1 Waveguide optical amplifiers  

After the introduction of the first erbium doped fiber amplifiers (EDFA) optical fibre 

amplifiers in 1987[18], a rapid development has continued even since, replacing the 

electronic repeaters. EDFAs are now commercially available and widely used in the 

long haul transmission system. However, it is difficult to integrate the fibre amplifier 

with other components in the application of local communication system due to the 

limitation of its geometric structure which makes the EDFA packaging highly 

expensive and restricts its further application.  Planar waveguide amplifiers are 

usually fabricated on a planar substrate and therefore easy to integrate with other 

components. As a result, the researches on fabrication and application of planar 

waveguide amplifiers have attracted more and more attention recently.  

2.1.1 History and development 

In 1969, Miller proposed the concept of integrated optics[19]. Since then, research 

on waveguide multifunctional devices on chip has intensified for designing 

amplifiers because of their promising application in the optical communication 

system.  

 

In 1972, Yajima and his colleagues[20] demonstrated the first Nd3+ doped glass thin 

film waveguide which could be used as an amplifier at 1060 nm, and they measured 

the amplification properties in which the light power amplitude increased 28% 
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(equal to an optical gain of 0.36 dB/cm). This experiment encouraged people to do 

more research to increase the gain and reduce the loss through modifying the glass 

host and doping with different rare earth ions.  However, in early 1970s when optical 

communication was not fully developed, the most sought after wavelength for the 

optical communication was the 1310-1320 nm. In this wavelength region, the silica 

fibre has zero dispersion at wavelength near 1317 nm. Since all the communication 

system was optimized for signal transmission in the range of 1310-1320 nm for 

terrestrial operation, the Nd3+ doped waveguide amplifier operating at 1325 nm was 

not acceptable because the peak of bandwidth in Nd3+ doped silicate host was 

outside the 1310-1320 nm window. The gain of Nd3+ doped amplifier at 1325 nm 

reduced because the 1060 nm amplified spontaneous emission (ASE) is five times 

stronger than the gain at 1325 nm. The research on waveguide optical amplifier has 

no breakthrough till the research group from Southampton invented the EDFAs in 

1987[18]. In 1991, Kitagawa et al.[21] from Japan demonstrated the first erbium 

doped waveguide optical devices and showed the emission spectra of erbium around 

1550 nm and described the potential application as a laser or an amplifier. The same 

group [22] and researchers Shmulovick and his colleagues [23] from AT&T Bell 

laboratory demonstrated the erbium doped silicate glass waveguide amplifiers on 

silicon in 1992, independently. In these papers, they reported a waveguide amplifier 

with a total gain of 21 dB using a 2.4 cm long thin film at a pump power of 120 mW. 

Although the gain obtained was not comparable with the fibre devices, it showed a 

promising future of realizing the ultra-short length integrated amplifiers on silicon. A 

year after, the same research group from Japan showed the erbium doped silica-

based glass waveguide optical amplifier using the 980 nm pump laser diode for the 

first time [7], and in the same year, they demonstrated the phosphate modified 

silicate glass waveguide amplifiers which were prepared from the thin films 

deposited using plasma enhanced chemical vapor deposition (PECVD) technique. 

The waveguide was fabricated using RIE [24].With this amplifier, they demonstrated 

a maximum net gain of 5 dB and  gain coefficient of about 0.67 dB/cm using 980 nm 

laser diode pump. 

 

The multiple steps involved in the fabrication process of a waveguide optical 

amplifier are shown in Figure 2-1. It is evident that the quality of waveguide optical 
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amplifier not only depends on the techniques of thin film and waveguide fabrication, 

but also based on the host materials used. Different materials have been studied for 

waveguide optical amplifies, including semiconductor materials [25], glass materials 

[24, 26-29] nanocrystalline [30, 31] and polymer materials [32] etc. In addition, 

some new thin film fabrication techniques, namely sol-gel [33, 34], molecular beam 

epitaxy MBE [35], and PLD [36] have been used for different materials. Several 

techniques for waveguide fabrication will be discussed in detail later in this chapter.  

 

From the point of view of gain per unit length, the dielectric waveguide amplifier is 

still in its immature state in comparison with a semiconductor optical amplifier. In 

this respect, the very first step in cost reduction for broadband network is to 

engineering a dielectric optical amplifier with a gain of few dBcm-1.  

2.1.2 Advantages and disadvantages 

Compared to the fiber optical amplifiers, the following features are the main 

advantages for waveguide optical amplifiers [9].  

1. More compact size  

2. Much more suitable to integrate with other devices 

3. Lower cost 

4. Better reliability  

5. Better mechanical and thermal stability 

However, the waveguide optical amplifiers have a complex fabrication process as 

shown in Figure 2-1, and therefore, it is hard to control the quality of the amplifier 

which further makes it difficult to engineer a planar optical amplifier with a low loss 

and high gain at  low cost.  

 
Figure 2-1 The process of waveguide fabrication[37],  (1) substrate, (2) coatng cladding layer,(3) core layer 
on cladding material with a mask layer protection, (4) after exposure to the UV light, (5) after etching, (5) 

coating top cladding layer 
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 2.1.3 Working principles and applications of optical amplifiers 

There is a number of energy states included in the 4fN configuration in the rare earth 

ions. The lowest energy state is called ground state, while any other higher energy 

states are called excited states. With the help of the energy from other devices, 

electrons in the higher energy levels can be more than the electrons in the ground 

state. This phenomenon is known as population inversion which is the precondition 

for lasing.  

 

Electrons in the higher energy level can release the energy and transition from the 

excited states to the ground states automatically. This process is called spontaneous 

emission which can happen whenever there are electrons at the excited levels. If 

there is an outside photon with energy hυ triggering a resonance with the excited 

atoms (an incident light beam interact with the medium), the electrons at the excited 

states will leave this state and transition to the ground states with another photon 

with the same energy hυ emitted. This process is known as stimulated emission 

which is schematically shown in Figure 2-2. The working principle of optical 

amplifiers is based on the theory of the stimulated emission process happened to the 

electrons in the rare earth ions when they are excited within the 4f energy states.  

When the light signals come through a medium with electrons in the population 

inversion state, the electrons at the excited level will release photons in forms of 

light with the same wavelength of the passing signal.  The input signal has no 

changes in this process, and the total signal is increased as shown in Figure 2-3.  

 
Figure 2-2 The stimulated emission process of the rare earth ions. Dashed line represent process that will 

happen, solid line means process that really happen, empty dot is the position that ions stayed before 
emission, black filled dot is the excited ions 
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Figure 2-3 The schematic of the amplification of light signal 

Design of optical amplifers is based on its expected functions and corresponding 

requirements. Three main types of optical amplifiers are preamplifiers, power 

amplifiers and line amplifiers. The preamplifier is used to amplify signals when the 

source signal is too low to be processed in the next step. It usually is installed before 

the receiver or inside an instrument such as musical instrument or microphones. 

Therefore, the noise performance of a preamplifier is very critical [38]. The power 

amplifier is usually used to amplify the source signals, for example, to increase the 

power of source signal from 2 mW to the fiber power range 100-200 mW.  As a 

result, the gain of the power amplifier is very important while the noise figure is not 

critical.  The line amplifier is usually used in the long haul transmission system 

which plays the same role as the repeater. This type of amplifier requires much 

tougher performance requirements including higher gain and low noise figure.  

Hence, many factors need to be considered in the designing process, such as 

polarization mode dispersion, chromatic dispersion and noise[38]. Optical amplifier 

works based on pump (eg. laser diode), while laser amplifies the signal based on the 

stimulated emission process.  

2.2 Rare earth ions in glasses 

Rare earth (RE) trivalent ions have a unique characteristic due to the 4f electrons. In 

this section, the atomic physics of the RE ions, radiative transition, nonradiative 

transition, and Judd-Ofelt parameters will be discussed in detail.  

2.2.1 Atomic physics of rare earth ions 

Rare earth ions are classified into two groups, lanthanides and actinides. The former 

is characterized by the filling of 4f shell which starts from cerium (Ce atomic 

number Z=58) and ends with lutetium (Lu, Z=71). The latter which fills 5f shell lies 
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from thorium (Z=90) to Lawrencium (Z=103) [38]. Only the first group is 

considered here because the rare earth ions in this group have a wide-range of optical 

spectrum and many laser transitions happen. The most common form of rare earth 

ions is the trivalent state (Ln)3+ and a neutral lanthanide element has an atomic form 

of [Xe] 4fN6s2 or [Xe] 4fN-15d16s2, in which [Xe]  represents the xenon core. The 

ionization of lanthanide elements is to remove two loose electrons in shell 6s and 

then either a 4f or 5d electron. The electrons in 4f shell can only be excited inside 4f 

states due to the shields of the electron shells 5s and 5p. Therefore, the energy levels 

are insensitive to the host and have only a small host-induced energy splitting. This 

results in narrow or sharp lines for the optical transitions between 4f states and a 

high efficiency emission, which is different from other optical ions (transition metals) 

that have broad and strong emission and absorption bands due to the influence of the 

host materials [39].  

 

As the 4f electrons only interact weakly with the electrons in other ions, the 

Hamiltonian operator H which describes the wavefunctions of the 4f electrons 

including atomic interactions of the free ions and the interaction of electrons with the 

crystal field can be written as follows for an individual rare earth ion: 

 H = Hୟ୲୭୫୧ୡ + Hୡ୤ (2.1) 

where Hatomic is the free ion Hamiltonian in central field which includes the kinetic 

energy and the Coulomb interaction of the nucleus with electrons in 4f state as well 

as the mutual Coulomb repulsion and spin orbit interactions of the 4f electrons. The 

first two terms which are spherically symmetrical will not induce degeneracy of the 

energy level, while the third and fourth terms can cause spread of 4f electron energy 

level. Hcf is the crystal-field Hamiltonian. In this scheme, the configurations of the 

atomic electrons of the rare earth ions are considered as a set of one-electron orbital 

since the shielding shell are inert with regard to the optical excitation [38].  

 

The 4fN energy level is split into many sublevels due to the atomic interaction 

between the electrons. And a further splitting of the energy level can happen when 

the rare earth ions are placed in a crystal field environment.  The splitting of the 

energy level is drawn in Figure 2-4[38].  
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Figure 2-4 Schematic of the energy splitting of 4fN electrons under the perturbation of atomic interaction 

and crystal field environment [38] 

In multi-electron atoms, the states of an electron in the orbitals can be described 

using four quantum numbers, n, l, ml, ms, which is principle quantum number, orbital 

quantum number, magnetic quantum number and spin quantum number, respectively. 

There are many schemes for explaining the multi-electron atoms, and for rare earth 

ions, it usually employs the Russell Saunders Coupling Scheme (L-S coupling). In 

this scheme, the 4f configuration can be written as 2S+1LJ, in which L is the total 

orbital angular momentum, S is the total spin angular momentum of all electrons in 

the system, and J is the total angular momentum [39].   

2.2.2 Radiative transitions 

The optical spectral lines are yielded by the transitions between 4fN electrons in 

different energy levels.  The positions of these levels depend on a combination of the 

Coulomb interactions among electrons, spin-orbital coupling and crystal electric 

field. The electronic interactions are responsible for degenerating the energy level 

and yielding terms 2S+1L which have a separation of 104 cm-1 in magnitude. At the 

same time, the spin orbital couplings can degenerate the energy level into J states 

which have a splitting distance of 103 cm-1. However, the J degeneracy of the free 

ions can finally be removed by the crystal electric field, and yields splitting energy 

levels with a magnitude of few hundred cm-1, which is known as the Stark splitting. 
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The radiative transitions can take place from one Stark component {ܮ, ܵ,  to another {ܬ

Stark component{ܮ′, ܵ′,    .[40]{′ܬ

 

The energy difference between the two states in radiative transition is emitted in the 

form of photons.  The dynamic interaction of Hamiltonian terms is time-dependent 

and usually treated using perturbation theory, for example the influence of crystal 

field can be treated as perturbations. The interaction between electron charge and 

electric field, and interaction between electron spin and magnetic field can yield 

radiative transitions including absorption and emission of photons.   

 

The intensity of the transition including electric dipole and magnetic dipole 

transition can be expressed using oscillator strength f for each a {ܮ, ܵ, {ܬ  → b 

,′ܮ} ܵ′,  process.  The experimental oscillator strength can be calculated using the {′ܬ

integrated absorption cross section of the transitions between different multiple states 
2S+1LJ as shown below [41]: 

 
௘݂௫௣(௔→௕) =

଴݉ܿଶߝ4

ܰ݁ଶ̅ߣଶ න (ߣ)ߙ  (2.2) ߣ݀

where ߝ଴ is the permittivity of free space, c is the light velocity(2.998*108m/s), N is 

the rare earth ion concentration (ion/m3), e (1.609x10-19C ) and m (9.11x10-31kg) are 

the charge and mass of electron, α(λ) is the absorption coefficient (
ି௟௡ቀூ

ூబൗ ቁ

ௗ
) at a 

wavelength of λ and d is the thickness of the sample, average wavelength ̅ߣ =

∫ (ߣ)ߙߣ / ∫   .(ߣ)ߙ

 

In 1962, Judd and Ofelt [42, 43] proposed a theory to calculate the intensity of the 

radiative transitions independently, known as Judd-Ofelt theory. This theory can be 

used to calculate the oscillator strength of the transitions, the radiative transition rate, 

and radiative lifetime [38, 40, 41], etc. The theoretical oscillator strength of the 

transition from state a {ܮ, ܵ, ,′ܮ} to state b {ܬ ܵ′,  :can be written as follows {′ܬ

 
௖݂௔௟(௔→௕) =

ଶ݉ܿߨ8
3ℎ(2ܬ௔ + ଶ݁ଶ݊ߣ(1 (߯௘ௗܵ௘ௗ + ߯௠ௗܵ௠ௗ) (2.3) 

where Sed and Smd are line strength of the electric dipole and magnetic dipole 

transitions, respectively, which are defined as  
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 ܵ௘ௗ = ݁ଶ ෍ ௧ߗ
௧ୀଶ,ସ,଺

ห〈ܽฮ�ܷ(௧)ฮ�ܾ〉��หଶ
 (2.4) 

 

 
ܵ௠ௗ = (

݁ℎ
ܮ‖ܽ〉|ଶ(ܿ݉ߨ4 + 2ܵ‖ܾ〉|ଶ (2.5) 

where χed=n(n2+2)2/9 and χmd=n3 are the correction terms of the local field which 

stand for the increase of the electric field around the rare earth ions due to the 

polarizability of the host medium, J is the total angular quantum number for this 

transition, n is the refractive index of the host medium at the average wavelength, h 

is the Plank constant, the reduced matrix ห〈ܽฮ�ܷ(௧)ฮ�ܾ〉��หଶ
 was tabulated by Weber [44] 

and |〈ܽ‖ܮ +  .ଶ can be calculated using the equation offered by Carnall [45]|〈ܾ‖ݏ2

Ω2, Ω4, Ω6 are known as the Judd-Ofelt intensity parameters. The magnetic dipole 

strength is zero when the transition is satisfied with the selection rule: ∆J=±1, ∆S=0, 

∆L=0, ∆l=0), otherwise it is non-zero and can be calculated using equation 2.5.  

Combining fexp=fcal, and equations 2.3, 2.4 and 2.5, Judd-Ofelt parameters Ω2, Ω4, Ω6 

can then be obtained by fitting the combined equation. The J-O parameters for 

various Er3+ doped glasses are listed in Table 2-1. 
Table 2-1 The intensity parameters of Ωt for different glass hosts 

 
For glasses, the calculated Judd-Ofelt parameters are average values from a variety 

of sites for rare earth ions in different environments. The Judd-Ofelt parameters are 

correlated with the site environment and the amount of covalent bonding. Among 

these parameters, value of Ω2 depends on the degree of the covalence of the host 

material which means it is small for ionic host material, e.g. fluoride glasses as 

Glass Compositions (mol%) Ω2 
(10-20 cm2) 

Ω4 
(10-20 cm2) 

Ω6 
(10-20 cm2) 

TWL[46] 70TeO2–20WO3–10La2O3-1.0 wt% 
Er2O3-5.0 wt%Yb2O3 

7.93 2.18 0.97 

Tellurite[47] 70TeO2-2.5BaO-7.5SrO-20Nb2O5-
1.0wt%Er3+ 6.07 1.71 0.77 

Phosphate[48] 10Na2O- 50 PbCl2 - 40P2O5 -
1.0wt%Er3+ 4.11 0.47 1.16 

Germanate[49] 55GeO2-25(BaO+ZnO+K2O)-15PbO-
5PbF2-1Er2O3 

5.15 1.36 0.59 

Fluoride 
glass[50] 

20ZnF2-20SrF2-2NaF-16BaF2-6GaF3-
35InF 3-1ErF3 

2.17 2.31 0.89 

silicate[51] 5Na2O–20Sb2O3–35B2O3–39SiO2–
1Er2O3 

4.22 1.85 1.62 

Bithmuth[52] 60Bi2O3– 35B2O3–5Na2O-1wt%Er2O3 3.86 1.52 1.17 
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shown in Table 2-1, while is large for covalent host materials, such as silicate glasses. 

The accuracy of the Judd-Ofelt theory is in the range of 15-25%[39] and largely 

depends on the number of transitions considered for the reduced tensor matrix 

analysis. Usually a large number of optical transitions, e.g. in Er-ions, can reduce the 

error and vice-versa.  This theory is useful to estimate the strength of the unreachable 

transitions The validity of the intensity parameters can be evaluated using a deviation 

parameter: root-mean-square (r.m.s.) which is given by [41]: 

 
.ݎ ݉. .ݏ = ቈ

∑( ௖݂௔௟ − ௠݂௘ௗ )ଶ

்ܰ௥௔௡ − ௉ܰ௔௥௔௠
቉

ଵ/ଶ

 (2.6) 

where NTran is the number of the transitions used in the calculation, NParam is the 

number of the parameters, here the value is 3.  

 

Once the intensity parameters are determined, they can be used to calculate the 

individual radiative transition rate, its lifetime, the branching ratio and quantum 

efficiency for any transitions [41]. The radiative transition rate for transitions 

b{ܮ′, ܵ′, ,ܮ}to state a (b is excited state) {′ܬ ܵ,  :can be expressed as follows {ܬ

 
௕→௔ܣ =

ଷߨ16

3ℎߝ଴(2ܬ௕
ᇱ + ଷߣ(1 (߯௘ௗܵ௘ௗ + ߯௠ௗܵ௠ௗ) (2.7) 

The radiative lifetime τra can be given by 

 1
߬௥௔

= ෍ ௕→௔ܣ
௔

 (2.8) 

The branching ratio β can be expressed as 

 
ߚ =

௕→௔ܣ
∑ ௕→௔௔ܣ

 (2.9) 

 

The branching ratio is an important parameter for the performance of the device at a 

specific transition and it influences the threshold of the laser and the efficiency of the 

amplifier.  

 

The quantum efficiency η is given by: 

ߟ  = ߚ
߬௘௫௣

߬௥௔
  (2.10) 

 

where τexp is the measured lifetime. 
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2.2.3 Nonradiative transition 

Apart from radiative transition which are caused by the interaction with the 

electromagnetic field (absorption or emission of photons), rare earth ions can also 

experience transition due to the interaction with vibration of the host material 

(absorption and emission of phonons). The process of rare earth ions relaxing to a 

lower electronic state by emitting multiple phonons is known as a nonradiative 

transition. The probability of the nonradiative transition depends on the number of 

phonons needed to bridge the energy gap[39, 41].  When the energy gap can be 

bridged by one or two phonons, the nonradiative transition rate can be fast. On the 

other hand, if the energy gap is large, the transition probability is reduced 

significantly. The ratio between radiative and nonradiation transiton rate determines 

the efficiency of the fluorescence. Therefore, nonradiative transitions are undesirable 

for the application of the amplifier.  

 

A nonradiative process may involve multiphonon relaxation and ion-ion interaction. 

The theory of multiphonon relaxation process for rare earth ions was first proposed 

by Kiel[53] and then further developed by Reisberg and his colleagues[54] for 

crystals.  There are three predictions in this theory, the exponential dependence of 

multiphonon relaxation rate on energy gap, the predominant contribution of the 

highest phonon energy of the host material and dependence of the multiphonon 

decay on the temperature.  This theory is complex and needs to be explained by 

perturbation theory. As the nonradiation transition is correlated with the energy gap 

and number of phonons needed to bridge the gap, maximum phonon energy plays a 

key role in this nonradiative process. The multiphonon relaxation theory has been 

successfully used for crystal materials and also proved to be useful for glasses [55]. 

 

The rate of multiphonon relaxation which depends on host materials is independent 

of the nature of the electronic states can be written as [39]: 

 ௠ܹ௣ = (ܶ)݊)ܤ + 1)௣exp (−ܧ∆ߙ) (2.11) 

where n(T) is the Bose-Einstein occupation number for the effective phonon mode 

and p is the phonon numbers required to bridge the energy gap which can be given 

by 
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 ݊(ܶ) =
1

(ܶ݇/ħ߱)݌ݔ݁ − 1 (2.12) 

 

 
݌ =

ܧ∆
ħ߱ (2.13) 

where ħ is the reduced Plank constant, k is the Boltzman constant, ω is the phonon 

angular frequency, ∆E is the energy gap between two electronic states. The 

parameter α = -ln(γ)/ ħ߱ is correlated with the coupling constant with interaction γ.  

Parameters B, ħ߱ or p and α are usually used as the empirical terms to describe the 

nonradiative decay in practice. They strongly depend on the host material but are 

independent on rare earth ions in the same host medium.  Their values can be 

obtained by fitting equation 2.11 and the nonradiative decay rate obtained 

experimentally for variety of transitions.  

 

The total transition rate for rare earth ions in a state is the sum of the radiative 

transition rate Aa→b and the nonradiative transition rate Wnr including the 

nonradiative decay yielded by multiphonon process Wmp and ion-ion interaction 

Wion-ion. Therefore, the total transition rate can be given by: 

ܣ  = ௔→௕ܣ + ௡ܹ௥ = ௔→௕ܣ + ௠ܹ௣ + ௜ܹ௢௡ି௜௢௡ (2.14) 

As it is known that devices with low RE ion concentrations have relatively high 

efficiency than those with higher RE ions density. This is because the ion-ion 

interactions can reduce the quantum efficiency via increasing the probability of the 

nonradiative transitions in the devices. Even in the devices with low RE ion 

concentration, ion-ion interaction still can happen when the local rare earth ion 

concentration is comparatively high. Therefore, ion-ion interaction is not desirable 

for devices like amplifiers or lasers, while it is helpful in some other applications, e.g. 

infrared pumped visible lasers. Energy transfer is the main manifestation of ion-ion 

interaction, which can occur between the same rare earth ions or different rare earth 

ions, such as the energy transition between Yb3+→Er3+ [41].  

 

If reactions occur between two electrons, one of the electrons will be excited to a 

higher level, and the other will come down to the ground state, and this process is 

known as upconversion. Upconversion is the main source of concentration 

quenching. Therefore, any increase in the concentration of the rare earth ions can 
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reduce the quantum efficiency [38]. The process of upconversion is shown in Figure 

2-5 (a), in which two rare earth ions are pumped to a metastable energy state, and 

then one of the ions passes its energy to another and promotes it to an even higher 

energy state. At the same time, it cascades down to the ground state.   

 

There are many mechanisms that can cause the upconversion phenomenon, one of 

which is the energy transfer. In this process, two photons in excited level could 

interact with each other with one of the photons promoted to a higher energy level 

and the other one cascaded down to the ground level through energy transfer. If the 

energy changes of these two photons are the same, then there will be no energy 

absorption or loss, and this process is known as the resonant energy transfer. Energy 

transfer can also happen even if the energy changes of these two excited ions are 

different which is defined as the nonresonant energy transfer. This transfer needs the 

assistance of the photons or phonons to complete [38]. Energy transfer between the 

same types of rare earth ions is known as cross-relaxtion process.  Cross relaxation is 

a process where an excited ion passes part of its energy to a nearby ion, but it relaxes 

to a lower energy level at the same time, and then decays to the ground state 

nonradiatively. There is energy loss in this process [38]. The cross relaxation process 

is shown in Figure 2-5 (b).  

 

Concentration quenching is an effect that the quantum efficiency of rare earth ions is 

reduced due to an increase in RE ion concentration.  Both upconversion and cross-

relaxation can give rise to concentration quenching which is detrimental to the 

performance of devices.  In waveguide devices, the concentration of rare earth ions 

needs to be high for large gain. In this case, it is necessary to reduce the 

concentration quenching effect by choosing a glass host of high rare earth solubility.  

 

For Er3+ doped glasses, the concentration quenching mainly comes from the 

upconversion and impurity quenching. The energy transfer has a small influence in 

this case, and can be ignored during the analysis. When there are more than one RE 

ions doped in the glass, the energy transfer phenomena will become significant. The 

dominant impurity quenching in the Er3+ doped glasses is the OH- quenching which 

brings about severe reduction to the quantum efficiency of the devices. Therefore, it 
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is important to control the OH- concentration in the glass to fulfill the requirements 

of the high performance devices [40].  

 

 
(a)  

 

 
(b)  

Figure 2-5 The schematic of (a) up-conversion and (b) cross relaxation processes. Dashed line represent 
process that will happen, solid line means process that really happen, empty dot is the position that ions 

stayed before energy transfer, black filled dot is the excited ions 

2.3 Tellurite glass and tellurite glass thin film  

Tellurite glass has attracted much attention in the research community thanks to its 

high refractive index and RE ions solubility [56, 57].  The excellent optical 

properties of tellurite glasses and their applications in the optical communication 

system have been demonstrated extensively [56, 58-60] for tellurite glass fiber [61] 

and optical amplifiers [62], etc. In this section, the tellurite bulk glass and thin films 

for planar waveguides are reviewed.  

 2.3.1 Tellurite glass 

According to Pauling’s  theory, only the elements with electronegativity values in 

the range of 1.7-2.1 on the Pauling scale could be regarded as excellent glass 

former[63, 64]. This pattern is observed in silicon (1.8), phosphorus (2.1), and boron 

(2.0) which form silicate, phosphate and borate glasses, respectively. Based on this 

statement, tellurium which has electronegativity value of 2.1 can be used as glass 
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former. However, pure tellurium oxide glasses had not been successful using the 

traditional melting process for a long time. During 1956-1957, Barady [65] 

combined TeO2 and Li2O together to fabricate a tellurite glass.  He reported X-ray 

analysis in the article, and found that the tellurium oxide glass had a local structure 

similar to that of TeO2 crystal.  Following this work, he presented the structure of 

tellurium oxide glass in some detail in later work, and concluded that the main 

building block in the crystal was preserved when transformed into a glass. As a 

result, the pure tellurium oxide glass has a similar unit group like that of the TeO2 

crystal. The authors also found that adding more than 10% modifiers like Na2O or 

Li2O are necessary to avoid crystallisation when fabricating tellurium oxide glass 

using a general glass making process. However, it is easy to make a pure SiO2 glass. 

This can be explained from the difference of the transformation scheme. There is a 

simple distortion of the corner tetrahedral Si-O-Si angle in the formation process of 

SiO2 glass from SiO2 crystal, while in the formation of TeO2 glass, there are 

breakdown of the corner sharing which will require additional O- ions to balance the 

coordination[66].  

 

Koen’s research group [67] fabricated the first erbium doped tellurite glass and 

discovered that the erbium ions in this glass could affect the magnitude and speed of 

photochromic effects, and a small amount of Yb2O3 doping can enhance the 

absorption peak around 980nm.Wang et al. [56] studied the spectroscopic properties 

of TeO2-ZnO-R2O glasses doped with various RE ions (Pr3+,Nd3+,Er3+,Tm3+) and 

their suitabilities of fabricating fibers.  They also reported that tellurite glass exhibits 

many advantages: (a) comparatively wide transmission range, (b) good thermal 

stability and corrosion resistance, (c) nonlinear refractive indices. Mori et 

al.[29]studied the fluorescence spectra of tellurite glass fiber and calculated the 

emission cross-section.  Their results illustrated that this glass has potential 

applications in fiber lasers and amplifiers if the propagation loss can be reduced to a 

suitable range. Le Neindre[68] investigated the optical and thermal properties of 

tellurite glass with various Na2O/Li2O, Na2O/K2O and K2O/Li2O ratios and 

calculated the Judd-Ofelt parameters of these glasses which can be used to calculate 

the transition rate, radiative transition lifetime and branching ratios. The results 
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showed that this kind of glass has a potential for using as a broadband amplifiers 

around 1.5µm.  

 

Dimitriev and his colleagues [69-74] studied the phase diagrams of the formation of 

glasses using tellurium oxide mixed with other metal compounds systematically, 

including the equilibria in the binary mixtures TeO2-PbO, TeO2-Ag2O and TeO2-

GeO2, in addition to ternary glass systems of TeO2–CuO-V2O5 ,TeO2–Na2O-V2O5 

and TeO2–Ag2O-V2O5. Besides the phase diagram investigation, this group also has 

investigated the structure of various tellurite glasses, for example the structure of 

glasses TeO2–V2O5 [75], TeO2–MoO3[76]and TeO2–WO3 (TW) [77]. They 

postulated that there are deformed TeO4 trigonal bypyramids (tbps) in the tellurium 

oxide glass.  When adding WO3 inside the glasses, the WO4 polyhedra will substitute 

part of the TeO4 groups, and form Te-O-W bonds consequently. With the increase of 

WO3 content, WO6 groups are formed and TeO4 tbps and WO4 polyhedra will be 

reduced subsequently. Kozhukharov [78] proposed a structural model of this TW 

glasses, and assumed that there are TeO4 tbps, WO4 tetrahedra, and WO6 octahedra 

in the TW glasses.  

 

However, Sekiya and his colleagues [79] disagreed with the above discussed models, 

he pointed out that the TeO4 tbps is difficult to be substituted by WO4 due to the lone 

electron pair in the sp3d hybrid orbitals. Therefore, they doubted the existence of 

WO4 tetrahedra in the TW glass because it is not stable to have two W=O bonds. 

Based on the crystal chemistry, they believed that W6+ with W=O bonds is in six 

coordination instead of four, and WO6 shares the corner with TeO3+1 polyhedra by 

forming Te-O-W linkages.  Till now, this argument still remains sustained.  

 

All the above studies on the tellurite glass structure were based on the structure of 

crystal.  In 2006, Sokolov[80] studied the structure of TW glass and made a 

structural model based on the vibrational properties of the glass. The calculated 

configuration of TeO4, TeO3 and WO6 are shown in Figure 2-6 and Figure 2-7. 

 

In 1999, Blanchandin and his colleagues [81]verified the formation range of TeO2–

WO3 system, and the phase equilibrium diagram of this system is shown in Figure 
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2-8.The limits of the formation range of glasses depends on the melting temperature 

and quenching conditions. From this phase equilibrium diagram, it is clear that the 

high quality TeO2–WO3 glass could be obtained when the concentration of WO3 is in 

the range of 10 mol% to 30 mol% under the traditional preparation conditions.  

There is no phase equilibrium diagram of TWL glass system available till now. 

However, the glass forming region of TeO2–WO3-K2O system proposed by Kosuge 

could be used as a reference [82]. The phase equilibrium diagram of TeO2–WO3-

K2O glass system is shown in Figure 2-9. It can be seen that the glass formation 

region is 20-90 mol %) for TeO2, 0-70mol % for WO3 and 0-60 mol % for K2O.  
 

Adding WO3 to the tellurium oxide glass can improve its thermal and optical 

properties. It has been proved by many researchers that adding heavy metal oxides 

such as WO3 and La2O3 can increase the glass transition temperature and reduce the 

thermal damage at high optical intensities[46, 83-85]. Furthermore, when WO3 is 

added as a network modifier, it can connect with TeO4 in the TW or TWL glasses 

transferring part of TeO4 unit groups to TeO3 groups and creates more sites for 

dopants.  As a result, adding WO3 can broaden emission spectrum of Er3+ ions[85]. 

Large percentage of La2O3 addition in the modified glass also is advantageous to 

dope high concentration of rare-earth ions, erbium ions in this work. Er3+ doped 

tellurite glasses have wide applications in lasers and amplifiers operating in the 

wavelength range of 1530 -1620 nm. The absorption of Er3+ ions around 980nm is 

weaker compared with the absorption of Yb3+. Therefore the addition of Yb2O3 to 

glass could enhance the pumping efficiency of 980 nm laser diodes(LD) through the 

energy transfer (ET) from Yb3+ to Er3+ [86]. Furthermore, the Ce3+ ions could 

improve the internal gain and pump inversion efficiency through shortening the 980 

nm fluorescence lifetimes[87].  
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Figure 2-6 The calculated configuration of the groups related to TeO2 in tellurite glass. Large circles are 
Te atoms, small circle are O atoms.(a) fourfold coordinated Te atom, TeO4 in tellurite glass, enclosed in 

the dash line is the TeO4 structural unit. (b) Threefold coordinated Te atom, O=TeO2, in tellurite glass, On 
is nonbridging oxygen, Ob is bridging oxygen between O=TeO2 and TeO4 units, enclosed in the dash line is 

the O=TeO2 structural unit[80]. 
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Figure 2-7 The calculated configuration of groups related to WO3 in tellurite glass, large circles are Te 

atom, middle circles are W atmos, small circles are O atoms. (a) The single sixfold coordinated W atom, 
O=WO5, in tunstate-tellurite glass, On is nonbridging oxygen, Ob is bridging oxygen between O=WO5 and 
TeO4 units, enclosed in the dash line is the O=WO5 structural unit;  (b) The paired sixfold coordinated W 

atom, 2(O=WO5), in tunstate-tellurite glass, On is nonbridging oxygen, Ob is bridging oxygen between 
2(O=WO5) and TeO4 units, enclosed in the dash line is the 2(O=WO5 )structural units [80] 
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Figure 2-8 The equilibrium phase diagram for the TeO2–WO3  system[81], red dotted line represents the 
phase transition with temperature when the concentration of WO3 is 17mol% 

 
Figure 2-9 The glass-forming region of TeO2–WO3-K2O system [82]. ( ) glass 

( )partially crystallized, (  )crystallize. 

Tungsten modified tellurite glass has been studied extensively. Feng et al.[83] 

investigated TeO2-WO3 glasses doped with Yb3+ and then studied the thermal 

properties, the absorption and emission cross-section of TeO2-WO3-La2O3 glasses. 

Their results showed that these glasses have good glass forming ability and the 

absorption and emission data indicated a potential for Yb3+ doped material as a 1.02 

µm laser source. Churbanov et al. [61] fabricated TeO2-WO3 and TeO2-WO3-La2O3 
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glasses in 2005, and the results indicated that these kind of glasses have potential 

applications of fiber laser. However as far as the present work is concerned, the 

glasses co-doped simultaneously with the three rare-earth oxides (Er2O3, Yb2O3, 

CeO2) to modify their optical properties have not previously been reported. 

2.3.2 Tellurite glass thin films 

Compared to crystalline materials, glassy materials have numorous merits, such as 

low price,  easy production in large quantities and the quality can be modified easily 

by adding other modifiers[88]. Moreover, tellurium oxide-based thin films have 

dominant advantages among the glass materials: optical non-linearity,high 

transparence,broad fluorescence bandwidth,comparatively high fluorescence decay 

lifetime and also high thermal and chemical stability. The comparason of thermal 

and optical properties of erbium doped glass with different host materials are listed 

in Table 2-2. Based on the above mentioned advantages, tellurite glass also has a 

promising potential for applications in integrated optical devices.  
Table 2-2 Spectroscopic properties of Er3+ doped glass in different hosts  

Glass compositions 
(mol%) 

FWHM 
(nm) 

Emission 
cross 
section 
(x10-21cm2) 

Lifetime 
4I13/2  
(ms) 

Refractive 
index 

Tg(oC) CTE 
(x10-6/oC) 

72TeO2-17WO3-
10.5La2O3-0.5 Er2O3  73 6.5 5.3 2.10 436 13 

80TeO2 -10ZnO -
10Na2O-1wt%Er2O3[85] 65 8 5.0 2.00 290 0.55 

70.7SiO2-1.5Al2O3-
12.0Cao-1.5Li2O-
10.5Na2O-3.9K2O-
0.005Er2O3[89] 

45 5.5  10.0 1.45 1200 12-15 

60Bi2O3–35B2O3–5Na2O–
0.5Er2O3[52] 73 7.0  1.90 1.95 435 6 

64P2O5-12Al2O3-
3.5(Er2O3+La2O3)-
20.5BaO 
[90] 

37 6.4 8.0 1.54 365 9-25 

Tellurite glass thin films were produced using different fabrication techniques in the 

past. For example, Nayak et al.[88] fabricated the tellurium oxide glass thin films 

using radio frequency (RF) reactive sputtering, and the thin films obtained exhibited 

a large band gap and a high refractive index value (2.042-2.052) with low dispersion 

over a wavelength range of 500-2000 nm. Thus, it is appropriate for application in 

optical waveguides. Intyushin and coworkers [91] prepared erbium doped tungsten-
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tellurium oxide glass thin films by radio-frequency magnetron sputtering deposition 

method. They measured the optical properties and PL of the resultant thin film, and 

also calculated the Judd-Ofelt parameters. Their papers provided rich information on 

tungsten-tellurium oxide glass thin films which can be used to compare with the thin 

films obtained by PLD. Lecomte et al.[92] prepared the TeO2 thin films by sol-gel 

methods. 

 

Generally, tellurite glass thin films were prepared using many different techniques as 

discussed above, while fabrication of tellurite glass thin films using PLD approach is 

rare although thin films produced using the PLD technique is quite common, 

especially for ZnO thin films [93-96]. Wang et al.[97]investigated the optical 

properties of ZnO modified tellurite thin film fabricated by PLD and MBE, and their 

results showed that with the incorporation of high oxygen pressure, the thin film 

exhibits increased transparence and more TeOx amorphous formation. Martino et 

al.[98] deposited erbium doped TeO2-ZnO-Na2O thin films and obtained high quality 

thin films. Even though PLD has the advantages of simplicity, excellent composite 

preservation, and high deposition speed, it is a complex process. There are no 

optimal deposition conditions for all the materials are reported so far. As a result, the 

research on thin film fabrication using PLD has a large room to develop.  

2.4 Polymer and polymer-glass composite thin films  

Compared to conventional inorganic materials, polymers can be processed easily 

with adjustable properties[99]. In addition, the polymer thin films may be fabricated 

using various techniques, namely, dip coating, spinning coating, film casting  and 

printing, etc, which are low cost and less complex techniques. Furthermore, 

polymers have a high transparence and low propagation loss which are crucial 

optical properties for devices. As results of these merits, polymer materials have 

been used to fabricate a variety of optical devices, such as splitters, couplers, filters, 

modulators, and amplifiers. The advantages of the polymer waveguides include 

compatibility with the board-level electronic packaging,  lower  production cost, 

easy fabrication of complex structures,  compatibility with silicon (Si) and gallium 

arsenide (GaAs) fabrication technologies, good dielectric properties as well as the 

good mechanical and chemical stabilities[100]. Therefore, the optical polymers are 
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considered as attractive materials in the field of optical engineering due to the above 

mentioned advantages. 

 2.4.1 Optical polymer materials  

There are many kinds of polymers with different applications according to their 

mechanical, physical and chemical properties.  Among these polymer materials, one 

group which exhibits high resistance properties, low propagation loss and many 

other excellent optical properties is known as optical polymer and can be used to 

fabricate optical devices. Generally, the optical polymer materials can be divided 

into several groups, namely, acrylates, siloxanes, polyimides, polycarbonates and 

olefins [101].  
 

In the early history of optical polymer research, acrylates were a popular choice for 

most of the optical material research groups as the candidate of polymer materials 

for optical devices application. In the late 1960s, DuPont demonstrated the first step 

index (SI) polymer optical fibers (POF) and from then the research of the POF 

became prevalent for several decades [102]. Another crucial polymer used as the 

core of the fiber is polymethylmethacrylate (PMMA). As a result of the strong C-H 

absorption and Rayleigh scattering, the minimum loss of PMMA fiber is as high as 

100dB/km.  The only way to reduce the loss of the PMMA material is to replace the 

hydrogen by heavier atoms, like fluorine [102].  Besides the loss property, the other 

two key factors of the polymer materials for POF system are to have excellent 

thermal stability and long-term reliability [103]. Therefore, the research on the 

optical polymer materials was focused on the improvement of their optical, thermal 

and resistant properties. Koike and coworkers [103] prepared a perfluorinated 

polymer-based POF and their results showed that attenuation of perfluorinated 

polymer (45dB/km@ 1.3µm) improved significantly compared to that of PMMA 

material (≥100dB/km).  An alternative polymer material with better stability is 

polycarbonate with glass transition temperature as high as 150 oC compared to that 

of PMMA 105 oC [104]. 

 

Among these polymers, siloxane polymer as a new developing optical material is a 

special category which can be seen as a hybrid of inorganic and organic materials. 

Siloxane polymer exhibits excellent thermal stability, chemical resistance, adjustable 
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refractive index and mechanical properties in addition to relatively low optical loss 

and high transparence [1, 105]. The main properties for different polymers are 

compared in Table 2-3. 

 

Moreover, the optical mechanical and electrical properties of siloxane polymer may 

also be tailored according to the specific application. Based on this knowledge, it 

became easier to choose suitable siloxane polymer for different applications. For 

example, if the siloxane polymer is used in bio-optic application like creating contact 

lens, a diphenyl funtionalized siloxane polymer with refractive index between 1.43 

and 1.46 is required.  Brunchi [106] investigated the properties of some 

polysiloxanes, and concluded that the refractive index could be adjusted by changing 

the ratio of molar refraction to molar volume, and the transmittance of the silxoane 

polymer is also possible to be modified by changing the end groups.  
Table 2-3 The thermal and optical properties of various polymers 

Polymers loss dB/cm Refractive 
index 

Transmittance Operating 
temperature(oC) 

CTE 
(x10-6) 

Siloxane 
polymer[105] 

≤0.01@850 
nm 

1.4-1.5@633 
nm 

85%@248 nm 
60 µm thick 150 300 

PMMA[107, 108] 0.2@1060 
nm 1.49@633 nm 78%@250-500 

nm 85 200-
300 

Polycarbonate[109] 0.2@633 
nm 

≈1.60@1550 
nm 

99%@350-
1500 nm 
3 µm thick 

120 70 

Fluorinated 
polyimide[110] 

0.1@1550 
nm 

1.52@1330  
nm 

≈97%@1300 
and 1550 nm ≤300 80 

 

The use of siloxane polymer for optical applications has been demonstrated 

extensively in the literature. Brown [111]fabricated siloxane polymer planar optical 

waveguide using spinning coating technique, and studied the optical properties of the 

thin films. Watanabe [112] presented a directional coupler, an arrayed waveguide 

(AWG) multi/demultiplexer and a thermooptic switch using siloxane polymer 

material. Ingham and coworkers [113] proposed a multichannel waveguide using 

siloxane polymer material by directly spin coating on PCB substrate and the 

waveguide obtained exhibits a low loss of 0.03-0.05 dB/cm at 850 nm. Dangel et al. 

[114] illustrated optical waveguides, namely, transmitter and receivers using 

silxoane polymer by laser writing technique for the application of optical 
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interconnect linkage. Bamiedakis and his colleagues [1] demonstrated siloxane 

polymer channel waveguides which  loss was 0.04 dB/cm.  All the waveguides 

discussed above are used as passive devices due to the shortage of active elements.  

 

To engineer active waveguide devices, siloxane polymers with active components 

are required. Basically, there are two kinds of active components, the organic dyes 

and rare earth ions. Diré et al. [115] prepared a dye doped siloxane polymer using 

sol-gel technique and obtained strong emission spectrum from this material. Silxoane 

polymer doped with a variety of rare earth ions using sol-gel technique has been 

demonstrated [116, 117], and the optical properties of the rare earth doped siloxane 

polymer were investigated as well. These materials with dye or rare earth ions could 

be used to make active optical device. However, organic dyes are susceptable to 

photobleach and have a high quenching rate resulting in a low radiation lifetime in 

an order of nanosecond [118] compared to that for RE ions of microsecond [12].  

Therefore, the researchers prefer to use the RE ions as the active elements instead of 

organic dyes. However, due to their different chemical and structural properties, it is 

difficult to dope high concentrations of Er-ions in the polymer without concentration 

quenching which yields a short radiative lifetime of less than 1 ms for the 4I13/2
 to 

4I15/2  transition [117].  

 

Therefore, one of the main motivations in this work is to fabricate polymer 

composite thin films to overcome the problem of radiation quenching caused by 

clustering in the RE doped polymers. As a part of the overall investigation, the thesis 

also investigated the techniques for the formation of glass-polymer composite.  

2.4.2 Glass and polymer composite thin films  

Organic and inorganic hybrid materials have been prepared extensively using one of 

the prevalent methods, sol-gel technique, in which the monomer solvents were 

diffused into the pores of the inorganic materials and then polymerized. This kind of 

composite material has been engineered for the applications of lasing, optical power 

limiters, optical switches and optical storages.  

 

Glass and polymer, as two crucial materials for the optical devices, nowadays have 

been applied comprehensively to manufacture a range of optical devices due to their 
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excellent thermal, mechanical and optical properties as mentioned in Chapter 1, 

section 1.2. Different glasses have been developed for active and passive optical 

devices, like amplifiers [11], lasers [29]  and switches [119]. On the other hand, 

polymers as an optical material possess many advantages over traditional materials, 

like glasses, or semiconductors, and hence they are good candidates for passive 

optical devices application. However, its ability for engineering active devices is 

restricted due to their immiscibility with rare earth salt precursors [120] as 

mentioned in the above section.  

 

There is no single optical material which is capable of meeting all the necessary 

requirements for optical properties in a complex optical circuit. As summarized in 

Table 2-2 and Table 2-3, the excellent optical and thermal properties of glass and 

polymer prompted people to try to make glass and polymer composites to combine 

their advantages and minimize their limitations.  However, the mismatch of the 

thermal expansion and refractive index between glass and polymer used can cause 

cracking and delamination of the composite. Therefore, it is important to choose 

glass and polymer with similar properties to reduce the dispsersion loss. 

 

Glass-polymer composites have been engineered to meet the requirement of the 

novel materials in many areas as summarized in Table 2-4. O’Brien and coworkers 

[121] prepared glass and polymer composite for military application by infiltrating 

nanoporous glass with methyl methacrylate (MMA) and then polymerized the 

monomers in situ.  The obtained composite is transparent, lightweight with excellent 

optical and mechanical properties. Glass-polymer composite has been fabricated to 

overcome the brittleness and low conductivity of the glass [122]. Furthermore, 

polymer and glass composites has been  used as scaffolds materials  to make bone 

grafts for sake of their improved mechanical properties and compatibility with other 

human tissues[123].  Iba and his colleagues [124] demonstrated a glass and polymer 

composite which has improved mechanical properties (increased tensile strength and 

Young’s modulus) and comparable transmittance (as high as 50%) by filling the 

glass fiber into the epoxy matrix.  
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As mentioned previously, the fabrication of hybrid organic-inorganic siloxane 

polymer composites is based on the sol-gel technique [125, 126]. The quality of 

composite materials obtained using this technique is diminished by the O-H (3400 

cm-1) or C-H (2950 cm-1) quenching due to their energy resonance with the transition 
4I13/2→4I15/2 (6500 cm-1) in rare earth ions [12]. Herein, we utilized a novel technique 

(PLD) to engineer composite thin films which could solve this problem properly. 

PLD is a fast and efficient technique to prepare thin films suitable for various 

compositions and has a precise control over the thickness of the layers. Furthermore, 

this technique could be used to make multilayer thin films using more than two 

target materials. Part of our work in this dissertation is to make a dual layer glass and 

polymer thin film which was prepared using PLD by depositing the glass onto the 

polymer substrate.  This polymer substrate was prepared by directly spinning coating 

onto silica substrates [127]. Another way is to deposit both glass and polymer 

materials commutatively and produce multilayer composite thin films used as optical 

materials, which is a new concept.  

 

If the multilayer composite thin film has a structure of two materials, deposited 

alternately in spatially periodic layers with thicknesses of each layer on a scale of 1-

10 nm, this composite thin film can be treated as a superlattice [128]. Since the first 

report on a superlattice structure of dissimilar crystalline materials Nb and Cu in 

1980[129], there have been innumerable examples of such structures with reference 

to the control of the electronic properties of crystalline semiconductor materials.  

The advent of MBE has enabled the lattice-matched superlattice structures of GaAs 

and AlAs for making AlGaAs devices [130, 131]. Other types of superlattices 

investigated in the past include amorphous silicon [132], polymer only [133], and 

superconductors[134].  Pulsed laser deposition is one of the most important 

techniques used for growing superlattices of crystalline materials [135].   This 

approach can be extended to several applications involving the growth of composite 

materials of polymer and carbon [136], graphene and silica [137] as well as glass and 

polymer [121, 138]. In this thesis, a superlattice structure of phosphate modified 

tellurite glass (PT) glass and siloxane polymer composite thin film was prepared 

using PLD technique. It is worth mentioning that the incorporation of RE ions with 

active optical functionality is reported for the first time in a glass-polymer 
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superlattice structure, which is especially important for engineering a structurally 

stable and compatible glass-poly(dimethylsiloxane) (PDMS) amplifying medium. 

Also, in a polymer waveguide, continuous pumping at IR wavelengths increases the 

photo-sensitivity which can be minimized in a superlattice structure of Er-ion doped 

glasses and undoped PDMS, for example.  
Table 2-4 The application of glass and polymer composites in varioius areas 

Glass and polymer 
composition 

Fabrication 
technique 

Improved properties Application area 

Porous silicate glass and 
PMMA[121] 

Infiltration and 
curing  

Strength, lightweight 
and transmittance Military application 

Lithium-boronated glass and 
polyethethylene [122] Mixed and cured Conductivity and 

flexibility Electrolyte application 

PLAGA and BG[123] solvent-casting Biocompatibility and 
strength  Medical aplication 

Silicate glass and epoxy[124] Filled and cured Tensile strength and 
Young’s modulus Engineering application 

Note: PLAGA:  Polylactide-co-glycolide 50:50 co-polymer; BG: 45S5 bioactive glass 

2.5 Techniques for thin film fabrication  

Thin film deposition techniques are widely used in the manufacture of electronics, 

optics, packaging and other fields. They can be divided into three groups, namely, 

chemical vapor deposition (CVD), chemical reaction and physical vapor deposition 

(PVD). CVD is a process in which the volatile compounds are vaporized and the 

vapor is decomposed or reacted with a gas or other vapours to produce nonvolatile 

products [139].  Sol-gel thin film deposition belongs to a chemical reaction. PVD is a 

thermal evaporation, which includes fabrication techniques such as MBE, sputtering 

deposition and pulsed laser deposition (PLD). All these deposition techniques will be 

discussed in this section. 

2.5.1 Chemical vapor deposition  

Chemical vapor deposition (CVD) is a reaction process between one or more 

gaseous species on a substrate and one of the products is solid which can reach and 

condense on the substrate to form a thin film. There are several steps in this process 

[140]:  

1. transfer the reaction species to the surface of the substrate 

2. the reaction species adsorps or chemisorps on the surface of the 

substrate 
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3. species react with each other. In this process, the substrate can be 

used as a catalyst 

4. gaseous byproducts desorb from the substrate and the solid products 

are condensed on the substrate; and 

5. remove byproducts away from the substrate 

 

A CVD system consists of a reactive chamber, thermal heating or plasma energy 

source, gas carrier and source materials [141]. The schematic setup is shown in 

Figure 2-10. 

 
Figure 2-10 The schematic setup of chemical vapor deposition [142] 

The CVD process offers advantages to produce excellent uniform thin films around 

whole substrates which might be difficult to achieve using PVD deposition 

techniques. In addition, the risk of contamination is reduced due to the presence of 

favaourable chemical specimens, e.g. the presence of chlorine and oxygen gas 

mixture can reduce the contamination when fabricated silica thin film using SiCl4. 

Furthermore, it has a high deposition rate and a low vacuum level requirement in this 

process. The disadvantages for CVD are that the precursors are generally highly 

toxic and some of the byproducts are hazardous. Moreover, there are some 

limitations for the substrates due to their high deposition temperature [143].  

 

CVD system can be modified according to the requirement of the thin film 

fabrication based on the main CVD techniques and be classified into different groups. 

Depending on the pressures used, the CVD may be divided into low pressure CVD 

(LPCVD)[144]  and ultra-high vacuum CVD (UHV CVD)[145]. According to the 

precursor used, there are metalorganic CVD (MOCVD)[146]. Based on the energy 

source, there are plasma enhanced CVD (PECVD) which was used extensively [24, 
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147] and microwave plasma CVD [148]. There are some other CVD methods which 

are not used widely, like catalytic CVD (CCVD)[149] and atomic layer CVD[150]. 

The different CVD classifications are listed in Table 2-5.  

 

In terms of applications, CVD is a versatile deposition technique which could be 

used to prepare nano-tube and nano-fibers [151], semiconductor thin films [152], 

diamond thin films [153] and light emitting diodes [154].  
Table 2-5 The different group of CVD depends on different classification basis 

Types of CVD Clalssification  based 
on Materials Others 

LPCVD[144] 
pressures 

diamond and cubic 
boron nitride, Superhard materials 

UHV CVD [145] Silicon Epitaxial channel 
technology 

MOCVD[146] Precursor Mg-doped p-InGaN high-quality Mg-doped 
III-nitrides 

PECVD[24, 147] 
energy 

Carbon nanotubes Well aligned 
microwave plasma 
CVD[148] Carbon nanotips High aspect ratio 

carbon nanotips 

2.5.2 Sol-gel coatings  

Sol-gel coating is a method using metal compounds in alcoholic solutions to make 

thin films through hydroxylation and polycondensation at the temperature of about 

500 oC[155]. Together with sol-gel material preparation, the process of sol-gel 

coating is carried out via dip coating and spin coating processes. These processes are 

used to coat on different shape substrates, for instance, the dipping process is used 

for rod, tube, pipe or fiber coating, while spinning coating is used for plane disk. 

Among these processes, dip coating process, with the schematic setup shown in 

Figure 2-11[155], is used more extensively in the sol-gel coating applications. In sol-

gel process, a complex reaction between the compounds, and different processes for 

specific thin film materials have their own mechanical principles [156].  

 



36 

 

 
Figure 2-11 The schematic setup of the dip sol-gel coating process[155]. Processes (a) drawing, (b) 

chemical reaction, (c) baking. 

The sol-gel technique which is still immature offers a low cost thin film fabrication 

method. In addition, the samples obtained using sol-gel have a high purity and 

chemical homogeneity. Furthermore, the sol-gel process allows atomic scale mixing 

with an opportunity to control the microstructure. Although the sol-gel was derived 

from materials in a gel state, its application was extended significantly for 

applications in engineering optics, protective and porous films in addition to optical 

coatings [157]. 

2.5.3 Spin coating 

Spin coating is a simple and widely used thin film fabrication technique. It is a 

process in which the liquid material is dropped onto a rotating disk and then 

spreaded into a uniform film under the centrifugal force. The resulting thin film is 

condensed on the substrate with the help of baking and evaporation to release the 

volatile matters. It usually includes three steps [158]:   

1. drop solution onto substrate which is fixed by the vacuum.  

2. wait until the solution spreads around the surface of the substrate uniformly 

and in this process, the air bubbles could be removed as well; and 
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3. turn on the spinner and the trunk with substrate will rotate with the set speed, 

and then transfer the substrate with films to the hotplate to vaporize the 

versatile solvent and the solid uniform thin films obtained. 

 These steps are shown schematically in Figure 2-12.  

 

The thicknesses of the thin films obtained relate to rotation speed, viscosity and 

density of the solution, and the spinning duration. Precisely, it is proportional to the 

viscosity and density of the solution and inversely proportional to the rotation speed 

and spinning duration. This indicates when the viscosity and density of the liquid 

increase, the thicknesses of the thin films increase accordingly, while when the 

rotation speed and spinning duration rise, the thicknesses of the films reduce in 

contrast.  

 

The spinning coating technique was widely used on the microelectronic industry for 

the photoresist coating on the silicon, like S1813, PMMA, and SU8.  Nowadays, this 

method also is used to prepare the sample before etching to make channel waveguide 

in the RIE which will discussed in detail in Chapter 6. 

 

 
(1)                                                   (2)                                                  (3)   

Figure 2-12 The schematic process of the spin coating process [158]. Step 1, put substrate on the chuck, 
turn on the vacuum, and put solution on the substrate, step 2, leave for a while to obtain a smooth liquid 

surface, step 3, turn on the machine, rotate the substrate to get thin film 

2.5.4 Thermal evaporation 

Thermal evaporation is a method to vaporize materials in a vacuum chamber using 

heat energy. Michael Faraday was the first person who employed this technique 

using  metal wires as the target in vacuum in his experiments[141].  
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Two primary evaporation sources for this technique are resistance and electron beam 

heating. The setup of this technique is shown schematically in Figure 2-13.  The 

equipment for this technique include a vacuum chamber and source material holder 

or container. The holders, containers are generally wire coils and boats made of 

refractory materials such as tungsten (W), molybdenum (Mo), tantalum (Ta) with or 

without ceramic coatings. Another container form is crucible which is usually made 

of quartz, or alumina, or boron-nitride [139]. These holders or containers and the 

source materials are shown in Figure 2-14.  When there is electric current passing 

through the source material holder, the heat produced by the resistance can melt and 

evaporate the source material. Finally, the vaporized material condenses on the 

substrate to form a thin film, subsequently.  

 
Figure 2-13 The thermal evaporation process: ES: evaporation source; S: substrate; H: heater; EB: 

electron beam [139]. 

Thermal evaporation has advantages of simplicity and low cost of implementation. 

However, the rate of deposition cannot be changed very rapidly and the temperature 

is limited in this technique because both the entire source material and container 

should be heated to the same temperature. Furthermore, it is difficult to eliminate 

contamination [141].  There is an alternative evaporation technique, namely electron 

beam evaporation which may be used for controlling the deposition rate easily and 

also could reduce the contamination and obtain highly-purity thin films.  

 

Nowadays, thermal evaporation is still being used because of its convenience and 

low expense. Its applications include fabrication of nanostructures [159], sensors 

[160, 161], nanostructural functional oxide thin films applied in electronic, optical 

and optoelectronic nanodevices [162].  
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Figure 2-14 Various thermal evaporation sources. a: the crucible source with external tungsten soil heater; 
b to e: coil heater used for evaporation of metal wires, a dimple tungsten boat used for shot or powders, a 

chromium rod and a specialized source for evaporation of SiO2; f:the tungsten  boat used for metal shot or 
powder[141]. 

2.5.5 Molecular beam epitaxy  

MBE is a technique widely used for precise and controlled growth of single crystal 

thin film of semiconductor materials. This technique uses a beam of atoms or 

molecules in an ultra-high vacuum as the source of energy to deposit target materials 

onto the surface of the substrates.  Epitaxial means the crystalline structure of films 

obtained is ordered with respect to that of the substrates, on which film is grown 

[130].  

 

In fact, the invention of MBE was motivated by the requirement of the surface-vapor 

interaction research. It was a coincidence that the researchers found this technique 

could be used to grow very perfect and controlled crystalline structures by means of 

depositing the materials with single atom layers [130]. In 1969, Cho 

[163]demonstrated the first GaAs crystalline thin films grown using MBE techniques, 

and his results showed that MBE could grow atomically, flat and well arranged 

layers. These results opened a door of using MBE to produce thin films with various 

materials. 

 

MBE has much more stringent requirements than any other deposition techniques. 

As a result of the difficulty of maintaining an ultra-high vacuum and a strictly 
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cleanliness requirement for the monolayer growth, MBE system is designed with 

separate chambers for individual experiments, namely, substrate preparation, actual 

growth and film analysis. The separated chamber, internal surfaces of which are 

polished to minimize the adsorption of moisture and gas by the chamber walls are 

made of stainless alloys[141]. The side cutaway view of the MBE system is shown 

in Figure 2-15.  

 

To meet the high cleanliness requirement of the MBE grown environment, the 

substrates should be cleaned very carefully before use. First of all, the substrates 

need to be degreased and then chemically etched to eliminate the contamination on 

their surfaces. Afterwards, the surface of the substrates should be protected by a 

passivation layer of oxide to inhibit the reaction between the substrates and the 

atomospheric gases [141]. The strict requirements of the ultra-high vacuum and 

cleanliness make this technique higher expense compared to other deposition 

techniques. 

 
Figure 2-15 The schematic setup of a MBE system [130]. 

MBE is a slow material growth process with extremely precise dimension control. It 

can control both the composition and dopants on an atomic scale which is almost 

unfeasible using any other thin film fabrication techniques.  In addition to the 
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aforementioned advantage of this technique, its growth process has a comparatively 

simple growth mechanism and is possible to be analysed in situ before, during and 

after the growth processes. This feature, which saves the time of optimizing the 

growing parameters, was proved to be invaluable for comprehending and modifying 

the deposition process [164].  

 

Thanks to all the advantages above mentioned, MBE is used extensively for high-

quality crystalline thin film deposition and nanostructural devices engineering. For 

instance, it was used for growing semiconductor thin films [165], superconducting 

thin films [166], photodiodes [167], optoelectronic diodes [168], and laser diodes 

[169]. All in all, MBE is a suitable and excellent choice for the engineer of 

crystalline thin film and devices with precise nanostructure. 

2.5.6 Sputter deposition 

Different from any other PVD techniques, such as thermal evaporation and MBE, 

sputtering deposition is a process of bombardment instead of thermal evaporation. 

Sputtering deposition was developed in order to deposit refractory materials which 

have very high melting temperatures and are difficult to deposit using traditional 

thermal evaporation. It is a physical vapor process in which the target material is 

removed by the bombardment of the positive ions emitted from the rare gas 

discharge [141]. The removal happens via the momentum transfer between ejected 

atoms with surface atoms caused by a series of collisions [170].  The sputtering 

process is shown schematically in Figure 2-16. 

 
Figure 2-16 Diagram of sputtering process  represent sputtered atoms[139],   represent incident ions. 

Due to the ion implant phenomenon, there are some gas ions in the deposited films. 

According to the power supply, sputtering deposition is divided into three categories, 

direct current (DC) diode sputtering, radio-frequency (RF) sputtering and magnetron 

sputtering.  
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A DC sputtering system consists of a cathode with target material and an anode with 

substrate, both of which are placed in a vacuum chamber. Basically, inert gas such as 

argon is filled in the chamber. When the discharged gas ions are incident on the 

target surface, high accelerated ion-ion bombardment occurs, and the target material 

is deposited onto the substrate. When the chamber is filled with reactive gases, 

namely oxygen or nitrogen, chemical reaction happens and produces compound thin 

films with proper metal targets. This sputtering process is known as reactive 

sputtering [139]. 

 

DC sputtering is a basic sputtering model which is usually used for the conductor 

materials. However, with respect to the deposition of insulator material, the 

sputtering glow discharge cannot be maintained because of the formation of the 

surface charge from positive ions on the front side of the insulator material. As a 

result, magnetron sputtering was developed to sort this problem out [139]. 

 

Basically, a sputtering system includes a vacuum chamber, sputtering source, 

vacuum sensor, substrate holder and a pumping system. The schematic setup of the 

equipment is shown in Figure 2-17. 

 
Figure 2-17 The schematic setup of the sputtering system [141] 
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Sputtering deposition has become one of the most versatile thin film fabrication 

techniques till now. It is especially useful when large area thin films are required. As 

a result of such a physical deposition process, refractory materials, i.e. W, Ta and 

Mo thin films may be prepared easily at much lower temperature than their melting 

point. Therefore, most of the refractory material thin films were obtained utilizing 

this technique [141]. In addition, this technique also can be used for superconductor 

and alloy materials [171, 172]. 

 2.5.7 Pulsed laser ablation 

As a thin film fabrication technique, PLD employs either a nano or fs laser as the 

energy source to ablate the target material and produce thin films. Primary sputtering 

mechanism includes collisional, thermal, electronic and exfoliational sputtering as 

well as a condensation process. In a PLD process, all the four ablation mechanisms 

are involved , however, the main mechanism is believed to be thermal sputtering in 

all nano second pulsed laser ablation process[173].   

 

The PLD technique was first demonstrated by Smith and Turner in 1965[174], 

however the development of this technology remained at a standstill until the first 

major breakthrough made in the 1970s when the electronic Q-switch was developed 

which delivered short pulses with very high peak power density.  This  impressive 

progress broadened the area of deposition available materials using PLD. 

Nevertheless, it was the second breakthrough which initiated the rapid growth of 

PLD by successfully growing the high Tc superconducting thin films in 1987, 

boosted PLD development and accelerated it to become a popular technique for thin 

films fabrication [173].  

 

From 1987 to the present, PLD has experienced a rapid development and massive 

related literature have been published. However, thin film deposition using PLD is 

such a complex process that there are many factors affecting the quality of the thin 

films obtained. As a result, the application of PLD is still relatively restricted. 

 

There are three main factors which make the application of PLD quite difficult: 

firstly, the surface of the thin film may have a high roughness because of some 

particles produce Secondly, it is presently difficult to make a large area thin film 
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using PLD which restricts the application of this method to research laboratories. 

Finally, due to the limited knowledge on the process dynamics, it is impossible to 

sort out optimal conditions for all the materials, even for the unary materials and 

their binary variants.  

     

The PLD process can be splitted into three steps: 1) high power laser beam is 

incident on a target; 2) the target is ablated into a gas phase to form a plasma plume 

which includes electrons, atoms, ions and particles; 3) the plasma plume reaches a 

substrate and the material is deposited onto the substrate which is near and vertically 

above the target. The schematic setup of the PLD system is shown in Figure 2-18. 

 
Figure 2-18 The schematic setup of PLD system 

From the description of the PLD process, it is obvious that the crucial factors which 

influence the quality of the thin films are the laser fluence, wavelength, pulse 

repetition rate as well as the substrate temperature, oxygen pressure,  and  the 

distance between the target and the substrate.  

 

Laser fluence and wavelength are two of the most important factors affecting the size 

and density of the particulates formed on the thin film[173] and also the deposition 

rate. Laser fluence is related to the laser power and spot size. With an increase in 

fluence, the size of the particle will increase. For example, Kokai et al.[175]found 

that both the size and shape of the particles on their boron carbonide thin films are 

affected by the variation of laser energy. It was also found that the atomic ratios and 

bonding states also correlated with the laser fluence. Another group found that 

shorter wavelength lasers could produce better thin films than longer wavelength 
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lasers[93]. Take semiconductor thin films as an example, the nanocrystallite 

dimension of the thin films was increased with an increase of wavelength[176]. 

 

The substrate temperature choice tends to be as low as possible to minimize the 

problem associated with thermal mismatch. Typically, the substrate temperature 

should be lower than the melting point of the material .With an increase in the 

substrate temperature, the film surface roughness tends to be higher. Suchea et 

al.[177]found that the surface roughness of their ZnO thin films increased with the 

rise in substrate temperature. Zhao et al.[178] also investigated the influence of 

substrate temperature on their ZnO films, and they not only found that the surface 

roughness increased with the increase in substrate temperature, but also found it was 

easier to have defects at higher substrate temperatures.  

 

Oxygen pressure has a decisive effect on the fundamental properties of the oxide 

glass thin films produced by PLD, such as the composition, bonding and chemical 

structures[179]. Therefore, oxygen pressure plays a key role on the properties of the 

obtained thin film. For example, when the oxygen pressure increases, the 

transmittance and crystalline orientation of the ZnO thin film can be improved while 

the surface roughness increases as well[180, 181].  In addition, oxygen pressure can 

also influence the deposition rate by changing  the  shape of the plasma plume[182].  

 

The distance between target and substrate affects the thickness and uniformity of the 

films. For a given deposition time, the shorter the distance, the thicker the film 

becomes. On the other hand, if the distance is too large, the deposition flux of 

ablated material in the plume that reaches the substrate will decrease dramatically. 

Furthermore, if the distance is increased beyond 5.5 cm, the number of the larger 

particulates will rise accordingly. However, if the distance changes within a 

maximum range of 5.5cm, the size of the particulates appears to show no obvious 

differences [183]. 

 

The pulse repetition rate affects the amount and dimension of the particulates on the 

thin film. While the deposition rate is kept constant,  thicker films could be obtained  

at higher repetition rate. In addition, with an increase in the repetition rate, the size of 
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the particulates on the thin film surface goes up gradually. Take the thin film 

deposition of diamond as an example, the reported crystallite diameter tended to 

increase slowly when the repetition rate rises, i.e. the crystallite diameter was in the 

range of 100-200 nm when the repetition rate was 5 Hz, while the repetition rate 

increased to 50Hz, the crystallite diameter rised to 1 µm[184]. 

 

There are many other parameters which affect the quality of the thin films, such as 

roughness of the target surface,  the target and substrate rotation rate, the stability of 

the laser plume, and the atomosphere in the chamber. Roughness of the target 

surface is possible to decrease by optical surface finishing for minimizing the 

splashing and,  consequently,  the size and quantity of the particulates on the films 

can be decreased[173]. 

 

Looking at the development over the last 20 years, PLD nowadays has become a 

unique, thin film fabrication technique which is much simpler than MBE and shows 

more opportunities than sputtering for obtaining high film quality and better 

composition control.  Even though, PLD has the feature of target sthoichiometry, 

however, there are two main drawbacks of PLD.  One of them is the stoichiometric 

uneven ablation leading to a nonuniformity diversity of material in the plume. The 

other is the difficulty of preparing large area uniform films. The latter could be 

solved easily by rotating the substrates and the target. Many efforts have been made 

to reduce nonuniform ablation, e.g. to filter out mechanically the large particles, or to 

control the plume and polishing target surface. Poor beam quality could produce 

nonstoichiometric films and some droplets as well [173].  

 

In summary, PLD can be employed for a range of applications[27, 185], for example, 

waveguide fabrication and carbon nano-tube production. Although PLD technique 

has so many applications, one of the shortcomings of this method  is film 

nonuniformity which means that there is much more work required to fully 

understand the mechanism in detail to produce a variety of thin films with different 

materials successfully.  
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2.6Techniques for waveguide fabrication  

There are a variety of techniques to “write” microstructures such as the channel 

waveguide on a planar substrate. For the light sensitive materials, photolithography 

is thought as one of the best choices to pattern on the thin film. While for the light 

insensitive material, etching techniques including wet etching and dry etching are 

usually the good options. This section is focused on an overview of the patterning 

technologies. 

2.6.1 Photolithography  

Photolithography is a patterning technique which uses UV light as the “energy 

source” to write waveguide onto the photosensitive material (known as photoresist) 

with the help of a developer.  There are two types of photoresists, namely, positive 

photoresist and negative photoresist. The positive photoresist means that the 

solubility of the material in developer becomes higher after exposure to light.  

Conversely, the negative photoresist has a lower solubility in the developer after 

exposure to light [186].The schematic of the photoresist behaviour is shown in 

Figure 2-19.     

 
Figure 2-19 The schematic of the photoresist behaviour[186] 

There are several steps to pattern the materials which are listed below.  

1. spinning coating: the resist is spun coated on a cleaned substrate. 

2. baking: after spin coating, the substrate is baked for 1-2 min to solidify 

the resist.  

3. exposure: after baking, the substrate is exposed to the UV light (usually 

in the range of 200 nm to 350 nm) with the protection of the mask. 
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4. developing: after exposure, the sample is dipped into developer to 

remove part of the materials, and patterns obtained.  

 

The above steps may be used to make microstructures on the photo sensitive 

materials.  However, for the light insensitive materials, the etching needs to be 

carried out to obtain the pattern. The energy sources of the etching may be plasma, 

electron beam, or chemical solution.  

2.6.2 Wet etching 

Wet etching is a primitive technique of microstructural fabrication on the planar 

samples with low cost. It is based on the chemical reaction using etchants, for 

instance, hydrogen fluoride (HF) solution for the metal oxide, potassium hydroxide 

(KOH) for metal.  

 

Before the etching processes, the sample needs to be patterned using 

photolithography technique to protect the areas not suppose to be etched. Once the 

expected structures obtained, the sample is immersed into the etchant solution for a 

proper period, and the material in the area without resist protection will be removed 

while the material in the resist protective area left intact. In such a way, the patterns 

are transferred to the substrate. After etching, the residual resist is removed to obtain 

the channel waveguide structure on a substrate. 

 

Traditional wet etching is an isotropic process which means that the material is 

etched in both vertical and lateral direction as shown in Figure 2-20. As a result, wet 

etching is not reliable for high resolution pattern transfer. On the other hand, 

anisotropic etching process is possible when etching depth is small. The schematic 

process of anisotropic etching is shown in Figure 2-20 as well. Besides, etchants 

should have a high selectivity. Take silicon as an example, the etchant should etch 

the silicon much faster than etch the resist. There are three solutions for silicon 

etching, potassium hydroxide (KOH), ethylenediamine pyrocatechol (EDP) and 

trimethyl ammonium hydroxide (TMAH). KOH has the highest etching rate for 

silicon among the three of them, but KOH can etch oxide material fast as well. EDP 

has a higher selectivity and a limited anisotropic but unfortunately the products are 
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toxic. TMAH has a reasonable etching rate and a high selectivity which is considered 

as the most suitable etchant for silicon [187]. 

 
Figure 2-20 The schematic process of anisotropic wet etching: (a) isotropic, (b) partially anisotropic and (c) 

completely anisotropic[187]. 

According to the mechanism, wet etching is divided into electrochemical etching and 

chemical etching. Wet etching includes an anodic, electroless and a 

photoelectrochemical (PEC), while chemical etching includes conventional etching 

in aqueous etchants and selective etching [188].  

 

Wet etching is a simple method compared to other etching techniques. Furthermore, 

it is a highly selective etching method which may help reduce the damage of the 

sample subsurface. Wet etching can be used not only for semiconductor patterning, 

but also for defect characterisation, polarity and polytype identification by means of 

observing photoluminescence (PL) spectra , TEM and SEM images[188, 189].   

2.6.3 Embossing 

Embossing was first used to fabricate waveguides by Ulrich in 1972 [190]. In his 

paper, the fabrication process of this technique as shown in Figure 2-21 was 

explained in detail. First of all, a simple die, e.g. a glass fiber die, needs to be 

prepared. The glass fiber is put onto the PMMA film, and then a microscope glass 

slide is put on the glass fiber. At the same time, another glass slide is put under 

PMMA. This sandwich structure is taken into the embossing press carefully. During 

the embossing press, a force of around 140 N is exerted on the sample. After that, the 

sample is heated to above 100 oC in 1 min, and then cooled down to 50 oC in 3 mins.  

Taking the sample out after all these processes are finished, the fiber is removed 
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from the PMMA, and there will be a groove on the PMMA sheet as shown in Figure 

2-21 (c). This groove is filled with liquid polymer with refractive index higher than 

substrate to form the waveguide structure [190].   

 
Figure 2-21 The schematic process of fabricating a waveguide using the embossing technique[190].  (a) a 
glass fiber used as an embossing die;  (b) embossing the groove; (c) the embossed groove ready for filling; 

(d) a filled groove forming the final waveguide structure. 

It is clear that embossing is suitable for soft materials like polymers. However, it is 

very hard to be used for inorganic materials.  In 1983, Lukosz [191] demonstrated a 

method of engineering waveguides with inorganic materials using embossing 

techniques. The principle of this experiment is to make an organometallic film using 

sol-gel first, and then emboss the deformable gel thin films at room temperature (RT) 

as shown in Figure 2-22. The sample is baked at a high temperature, and then the 

film transferred to an inorganic material with the obtained structure conserved. 

 

Embossing is also a simple and low cost way to make microstructures on a thin film. 

However, it is limited to be used for a few materials, like polymer or inorganic 

materials which could be produced through organometalic precursors [192, 193].  

This disadvantage restricts this technique to be used widely.  
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Figure 2-22 Schematic of the embossing process at room temperature[191]. (a), schematic embossing 

apparatus, Dip coated film F on substrate S is pressed against the blazed master grating M, (b) embossing 
grating:  γ, blaze angle, Λ, grating period 

2.6.4 Electron beam direct writing 

Electron beam direct writing, as the name suggests, is to use the energy of an 

electron beam to write high resolution microstructures on thin films or bulk samples 

without the help of a mask. The electrons are accelerated at a high voltage and 

focused by electrostatic and magnetostatic lenses. In this way, the diameter of the 

electron beam is limited to a reasonable size and will not diffract because the 

wavelength of the electron is an order of angstrom level. The size of the beam is 

influenced by the uniformity of the electrostatic and magnetostatic lenses. The shape 

of the electron beam is various, for example, point beam, Gaussian beam or rectangle 

beam etc. [194]. The schematic setup of the electron beam writing system is shown 

in Figure 2-23. 

 

The process of electron beam direct writing is similar to that of photolithography. It 

may be used for the fabrication of microstructures like channel waveguides in bulk 

samples through modifying the materials to change their refractive index or writing 

microstructures on a thin layer through changing the solubility of the materials in the 

developer.  

 

Electron beam direct writing is widely used in the electronic industry, optical devices, 

and biology, microphotonics and quantum devices [195]. Due to its working 

principle, this technique is only suitable for electron sensitive materials or materials 
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with electron sensitive prototype, for instance, organic materials, semiconductor or 

glasses [196-198]. 

.  
Figure 2-23 Schematic setup of the electron beam writing system [194]. 

2.6.4 Reactive ion etching  

RIE is one of the most widely used techniques for microstructure fabrication. Unlike 

other microstructural fabrication techniques, RIE process involves both physical and 

chemical mechanisms to remove material with ion bombardment and chemical 

reaction[199]. Ionization of the etching gas molecules and sputtering away the 

material from the surface of the sample are physical processes while transferring 

material into a versatile compound is a chemical processes [187]. 

 

Basically, RIE is carried out in a vacuum chamber with two parallel plates, one of 

which is connected with the ground and the other is connected with an electrode 

[200]. The electrons move much faster than the ions, and an electric field can be 

produced subsequently. As a result, the electrode is negatively charged and 

consequently positive ions are produced to hit the materials and form ion 

bombardment [187, 201]. 
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There are several steps in the RIE process [201]: 

1. activate the gases into particles including radicals, positive and negative ions, 

electrons, and neutrals. DC bias is produced to accelerate these ions.  

2. active ions hit the material being etched with an extremely fast speed. During 

this process, some of the materials are bombarded away, and some “active 

sites” are produced which are useful for the next step. 

3. active ions are adsorbed on the surface of the material to be etched 

4. the adsorbed ions react with the surface to etch the material and 

5. the volatile products in the reaction process desorb from the surface of the 

materials being etched and are pumped away through the vacuum system.  

A schematic of the RIE system is shown in Figure 2-24. 

 

RIE is a complex process including physical ion bombardment and chemical reaction. 

The phenomena involved in the RIE process are shown schematically in Figure 2-25. 

It can be seen from this figure that there are four basic kinds of reactions between the 

ions and the surface of the materials. Process (a) in the figure is showing a pure 

physical process of removing materials. In this process, the non-volatile products are 

removed and some “active sites” are obtained which are useful for the chemical 

reaction process.  Process (b) is a pure chemical reaction process in which the 

reactive ions react with etching material directly and the volatile products are 

removed by the flowing gas. Process (c) is a chemical reaction process as well 

however, there is no materials removed in this process. It produces some radicals 

which adsorbs on the surface of the material subsequently for process (d) in which 

the radicals react with material to be etched to produce volatile products. These 

volatile products will be flowed away by the vacuum system [187].  

 

During the RIE process, chemical reaction processes are selective which means it 

can remove one type of material without affecting other types of materials at the 

same time. Physical bombardment is an anisotropic process indicating that it 

removes the material from the depth direction while leaving the same materials on 

the lateral direction [202]. As a combined process of these two mechanisms, it is 

necessary to optimize the parameters, namely, the reaction gas flow rate, pressure in 
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the chamber, and etching gas species to obtain high selective and anisotropic etching 

results.  

 
Figure 2-24 Schematic of RIE working system[201] 

 
Figure 2-25 The phenomena in the reactive ions etching process[200]: (a), ion bombardment; (b) pure  

chemical reaction; (c)  chemical reaction; (d) chemical process 

 

In the RIE process, ion bombardment is not dominant while chemical reaction is the 

main source of the etching. Most RIE processes use halogen ions to produce the 

plasma due to their excellent reaction with most of the inorganic materials. Among 

these halogen ions (F, Cl, Br, I), F was used more often due to its ability of yielding 

volatile products at RT temperature when reacted with most inorganic materials 

[187].  
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RIE was initially developed for etching materials in the silicon industry, and this is 

still the main application of this technique. However, the application of RIE has been 

extended to many other materials, for example, ceramics [203], semiconductor [204] 

and glass [205]. The gases used and their corresponding etched materials are listed in 

Table 2-6. 
Table 2-6 Etching materials and the etched gases used [187]. 

 
Thanks to its high selectivity and anisotropic, the resulting structure fabricated using 

RIE has a smooth surface and vertical sidewall. As a result, this technique is used 

widely to make microelectronic devices [206], optoelectronic devices [207] and 

various semiconductors. 

2.6.5 Laser micromachining 

Laser micromachining is a technique of fabricating micro/nano structures on the 

surface of the materials directly using laser beam without the help of a mask. This 

technique is quite similar to the ion beam direct writing, which has the advantages of 

maskless writing of microstructures, chemistry reaction in low temperature, and 

good selectivity. However, there are still many differences between these two 

techniques. First of all, they have different energetic particles. In the case of beam 

direct writing, the energetic particles are electrons, protons and ions, while for laser 

direct writing, the energetic particles are photons. Secondly, the fundamental 

principle of the interaction of the photon with materials in the laser micromachining 

is different from that of the beam direct writing. The physical bombardment is 

necessary in the beam direct writing process, but laser micromachining could finish 

the writing using only a photochemical reaction [208].  The schematic setup of the 

laser micromachining is shown in Figure 2-26.  
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Figure 2-26 The schematic setup of the laser direct writing system [209]. 

According to the pulse duration, lasers can be divided into five groups: microsecond 

laser (pulse duration: 10-6 s), nanosecond laser (pulse duration: 10-9 s), picoseconds 

laser (pulse duration: 10-12 s), fs laser (pulse duration: 10-15 s), and attosecond laser 

(pulse duration: 10-18 s). Among these lasers, attosecond laser is not commercially 

available, and therefore, our discussion is focused on the first four classifications.  

The nano second lasers are widely used to pattern polymers and high quality patterns 

have been demonstrated [210-212]. However, regarding to the dielectric materials 

such as glass and ceramics etc., it is not practical to be used due to the absorption of 

the UV laser (nano second laser) and formation of cracks during the micromachining 

process[213, 214] .   

 

When using lasers with pulse duration of longer than a few tens of picoseconds, it is 

easy to cause melting and boiling of the dielectric materials as the thermal heat will 

be transferred to the remaining bulk materials before the pulses expired. This 

phenomenon is known as thermal shock which could bring about cracks and damage 

to the patterned structures. fs laser has a much shorter pulse duration, thus the heat 

has no opportunity to conduct into the bulk materials [214]. For this reason, a fs laser 

can be employed to engineer micro/nano structures with a precise control of the 

processing and can manage some writing work which cannot complete using 

nanosecond lasers.  

 

The micromachining of the bulk metal has been a tough job using nanosecond laser 

because of the effect of the melting around the writing area which reduces the 

precision of the micromachining.  Thanks to the short pulses of the fs laser, the 

melting problem was overcome and high quality nano structures can be 
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achieved[215]. The comparison of the micromachining results on the metal using 

nanosecond laser and fs laser is shown in Figure 2-27. 

                    
Figure 2-27 The comparison of the micromachining result on the metal (a) using nanosecond laser (b) 

using fs laser[215].  

Furthermore, a fs laser has a specific application in fabricating a waveguide structure 

inside a bulk glass. There are many other applications in which a fs laser is superior 

over the nanosecond laser, for example, the machining of a diamond, laser 

smoothing, and mask repairing application [216].  As a result, fs laser has become 

one of the most crucial types of lasers used for the micromachining of various 

materials nowadays.  

 

There are three types of fs laser systems categorized according to the range of the 

repetition rate: the amplified Ti:Sapphire system which repetition rate ranges from 

1kHz to 200 kHz, long-cavity Ti: Sapphire oscillators which work in the repetition 

rate of 4-25MHz, and the last one, Yb-based lasers which have only one  repetition 

rate at around 1 MHz.  The amplified Ti:Sapphire system was used widely due to the 

broad availability  in research laboratories.  It works in the low-frequency region in 

which materials modification is induced by single pulses. Although this system can 

be used to engineer various materials, it has some disadvantages like making small 

changes of material refractive index and complex setup. Laser oscillators which 

work in a long frequency region with cumulative effects have a high repetition rate 

allowing faster and more efficient fabrication. Therefore, they are more convenient 

and economic. However, the limited intensity range restricts the application of this 

system. Compared to the first two lasers, the Yb-based laser system shows better 

results with a high fabrication speed and good waveguide quality.  In addition, this 

system can be set up with a low price but it exhibits high writing efficiency which 

makes it attractive for the industrial application [217-221].  

 

(a) (b) 
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As discussed above, a fs laser can fabricate waveguides inside bulk materials by 

focusing the laser energy inside the transparent material, and the energy of the laser 

is combined in the focal volume thanks to the nonlinear absorption. When the laser 

intensity is high enough, the structure of the materials will change permanently and 

the refractive index changed consequently [217]. The mechanism of the refractive 

index change is not fully understood till now, and several possible mechanisms have 

been assumed, namely, melting material is resolidified which causes the change in 

the density of the materials [218], colour center formation [222], direct 

photostructural change due to, for example, chemical bond reorganization in the 

glass matrix[223], and photochemical modification in the polymers[224].  

 

Laser refractive index modification and microablation on the surface of the sample 

are two main applications of the fs laser micromachining. The former is to change 

the lattice structure inside the sample and form microstructures through the changes 

of the refractive index. The latter however, is to remove materials on the top of the 

sample to form nanostructure by means of ion bombardment and chemical reaction.   

 

The threshold energy which is the minimum pulse energy E that the nonlinear is 

absorption required to drive the electrons is a critical parameter in the fs laser 

micromachining. When the pulse energy E is close to the energy threshold, the 

energy could be confined in the focal volume causing a localized change of the 

refractive index. This is the main application of the fs laser. With the increase of the 

pulse energy, the affected area and the average plasma energy rise at the same. When 

the plasma energy is large enough, voids can be formed because of the Coulomb 

repulsion caused by the reducing of the ion shielding [225]. This is the basic 

principle of the fs laser microablation.  

 

Fs laser microablation was developed in the 1990s later than the development of fs 

laser refractive index micromachining. In 1997, Glezer [226] investigated micro-

explosions using the fs laser impinging which exploited a novel method of material 

ablation using fs laser on the surface of the sample. Beinhorn et al. [227] in 1999, 

demonstrated the microablation experimental results using a fs UV laser, in which 

they fabricated submicron gratings on the surface of Ta2O5 thin films using a fs KrF-
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laser system. Microgratings on SiO2 prepared using fs laser ablation has also been 

demonstrated in 2001[228]. Fs laser microblation is still in its developing period. 

Meyaji et al. [229] studied the origin of the periodicity of the microstructure on the 

thin films, and they explained that the periodic structure may be produced due to the 

excitation of the surface plasmon polaritons in the surface layer.  

 

Laser micromachining which is also called laser direct writing is widely used to 

fabricate micron or submicron structures in biotechnologies, microelectronics, 

optical communication, MEMS and medical application. The materials 

micromachined like metals, ceramics, and polymers etc. have been demonstrated 

successfully[230].  

2.7 Summary 

An overview of the waveguide optical amplifiers, RE ions in the glasses, materials 

used in this thesis, and techniques for thin film and waveguide structure fabrication 

were given in this chapter. In particular, the development of tellurite glass and 

siloxane polymer, thin film fabrication technique PLD, and waveguide patterning 

techniques RIE and fs laser micromaching that are used in this thesis were discussed 

in detail.  
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Chapter 3 Fabrication and characterisation of tellurite 

glass 

The study of TeO2-WO3-La2O3 (TWL) glasses with different dopants has attracted 

much attention of several research groups to explore their thermal and optical 

properties as well as the possibility of fiber drawing of this type of glasses [46, 61, 

231]. However, according to our knowledge, no results have been reported on the 

thin films deposition of TWL glasses so far.  

 

In this chapter, the design and characterisation of TWL glasses codoped with Er3+, 

Yb3+, Ce3+ are presented to investigate their suitability for thin film deposition.  The 

focus is put on the properties of the glasses, namely thermal, optical, and structural 

properties. Various instruments, such as differential thermal analyser (DTA), 

dynamic mechanical analyser (DMA), Fourier transform infared red spectrometer 

(FTIR), ultra-violet-visible-infared spectrometer (UV/VIS/IR), fluorescence 

spectrometer, Raman spectrometer and prism coupler etc were employed to obtain 

the necessary data. The analysed results reported in this chapter help to choose the 

most suitable glass composition as a target for thin film deposition presented in 

Chapter 4.  

3.1 Experimental design for glass melting and fabrication  

3.1.1 Raw materials and compositions of the glasses 

First, a series of TWL glasses were melted using oxide compounds TeO2, WO3, 

La2O3 and rare earth oxides Er2O3, Yb2O3, CeO2 with purity of higher than 99.998% 

and 99.99%, respectively. The compositions and chemicals of the glasses are listed 

in Table 3-1. 

 

Based on the main compositions of 72TeO2-17WO3- (11-x) La2O3 (mol %)-xR2O3, x 

is the total concentration of the rare earth oxides R2O3 doped in the glasses. The 

thermal, optical and structural properties of the resultant glasses were analysed and 

compared to determine a suitable composition for thin film fabrication and 

waveguide engineering.  
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3.1.2 Glass melting process 

Glasses were fabricated using a traditional glass melting and quenching technique, 

and the glass fabrication process is illustrated schematically in Figure 3-1.  First of 

all, the weight of each compound in the batch (total weight 20 g) of the glass were 

measured using a high resolution balance (±0.0001g, Oertling, NA 114). The oxide 

powders with precise weights were transferred to a mortar (top left in Figure 3-2), 

and then were ground for a couple of minutes to obtain a uniform and fine powder 

mixture. This step is critical for the fabrication of high quality glass. After that, the 

mixture was transferred into a crucible which was then put into a muffle glass 

melting furnace at a temperature of 975 oC. During the melting process, dry O2 with 

a flow rate of around 1 ml/min was used to purge away the moisture in the furnace 

and make sure there was no deficiency of O2 in the glass. After 2.5 hrs melting, the 

melt in the crucible was cast into a preheated stainless mould (top right in Figure 3-2) 

immediately, this was maintained in a Pyrotherm annealing chamber (Pyro Therm) 

with temperature 430 oC (close to the Tg of the glass) for more than 2 hrs. During the 

above process, the crucible containing the melt was shaken after 1.5 hrs to remove 

any gas bubbles and obtain a homogeneous mixture.  Subsequently, the mould plus 

melt was put back into the annealing furnace to eliminate internal stress to further 

improve the fracture strength. After further 3 hrs, the temperature of the annealing 

furnace was cooled down to RT at a rate of 0.5 oC/min. The tools used in the glass 

fabrication process are shown in Figure 3-2. 

 

The obtained glasses prepared using 20 g powder have dimensions of 2×3×0.45 cm3 

after using a polishing machine(Buehler, Motopol 2000) with SiC paper (Buehler, 

Grit P1200, P2500, P4000) and the final finish is around 6 µm for the PLD targets. It 

can be seen that the glasses obtained are very transparent as shown at the bottom 

right in Figure 3-2.  

 

 

 

 

 



62 

 

Table 3-1 Description of composition of various tungsten oxide modified tellurite glasses in mole percent 
and the use of crucibles 

 

 
 

Figure 3-1 The Schematic process of glass preparation 

 

 
 

Figure 3-2 The tools used for the glass melting and glass obtained after polishing. 1. Mortar; 2. Glass 
mould; 3. Alumina crucible; 4. Glass after polishing    

Name TeO2/mol% WO3/mol% La2O3/mol% Er2O3/mol% CeO2/mol% Yb2O3/mol% 

purity 99.9995% 99.998% 99.999% 99.99% 99.99% 99.99% 

TWL0 72 17 11 0 0 0 

TWL1 72 17 10.5 0.5 0 0 

TWL2 72 17 8.875 0.125 1 1 

TWL3 72 17 8.75 0.25 1 1 

TWL4 72 17 8.5 0.5 1 1 

TWL5 72 17 9.75 0.25 0 1 

TWL6 72 17 9.75 0.25 1 0 
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3.2 Results of glass characterisations   

The thermal, optical and structural properties of the glasses were characterized using 

various instruments which were detailed in this section. 

3.2.1 Density measurement 

Density is a critical parameter in the study of the material which can be used to 

calculate some important parameters, such as the RE ions concentration in the 

glasses. 

 

All the densities in this work were measured using an Accupyc 1330 pycnometer. 

The main components of the pycnometer include a cell chamber, expansion chamber, 

fill valve, expansion valve and vent valve indicators. The schematic is shown in 

Figure 3-3.  

 

   
Figure 3-3 Schematic of the pycnometer: 1. sample chamber, 2. fill valve indicator, 3. expansion valve 
indicator, 4. expansion chamber, 5. vent valve indicator 

The pycnometer decides the density and volume through calculating the pressure 

change of the helium gas in a calibrated volume.  Before the measurement, the 

pycnometer should be calibrated to make sure that it works well with an error of 

within 0.006. And a precise weight of a sample needs to be imputed before the 

measurements. After that, the system could calculate the density of the sample using 

the weight provided and the volume obtained through the measurement of the helium 

pressure change automatically, and print the results out when the measurement 

finished with a connecting printer. All the densities and molar volumes of the glasses 

are listed in Table 3-2. 
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Table 3-2 Densities of TWL glasses 

3.2.2 Thermal analysis 

Thermal analysis is critical to characterize some important parameters of glass 

thermal properties, such as the glass transformation temperature, crystallisation 

temperature, and thermal stability [232], which are useful to guide the thin film 

fabrication and waveguide engineering.  

 

Differential thermal analysis (DTA) and differential scanning calorimetry (DSC) are 

two of the most common techniques that are used to measure the thermal properties 

of the glasses. Limited by the platinum as cell materials for DSC experiments, the 

thermal properties of tellurite glass discussed herein could only be measured using 

DTA since platinum cells are readily attacked by tellurite glasses. 

3.2.2.1 DTA measurements 

The principle of the DTA technique is easy to understand. Two thermo couples are 

installed in the instrument with beads connected with the sample and inert reference 

crucibles, respectively. When the sample experiences a transformation or melting 

process, its temperature will standstill due to the endothermic process, while the 

temperature of the reference will continue to increase. The temperature difference 

(∆T) between the sample and reference under the same heating process is recorded 

versus the temperature, which is known as the DTA curve. Furthermore, the glass 

transformation temperatures and crystallisation temperatures can be determined 

using the curves.  

 

Basically, the following parameters are used to characterise the thermal properties of 

the glasses, namely, glass transformation temperature Tg correlated with the stiffness 

of the glass structure, the onset crystallisation temperature Tx representing the 

starting point of the glass crystallisation, and the temperature difference ∆T between 

Tx and Tg related to the stability of the glasses. Two other important parameters are 

the peak temperature of the glass crystallisation Tp and the onset melting temperature 

Samples TWL0 TWL1 TWL2 TWL3 TWL4 TWL5 TWL6 

Density  

(±0.006 g/cm3) 
5.995 5.984 6.024 6.047 6.031 6.056 5.727 
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Tm. Among these phase transformations, the glass transfornation and melting are 

endothermic processes because the glass needs to absorb heat to break networks in 

the glasses, while the crystallisation is an exothermic process in which glass emits 

heat to rearrange and bond structural units in the glass.  

 

In this work, a Perkin Elmer DTA 7 was utilized to perform the DTA measurements. 

As shown in Figure 3-4, this system consists of a sample holder, reference holder, 

two thermo couples and a purge tube. The left thermo couple is used to heat the 

sample, while the right one is for the reference. The sample cup is put into the 

sample holder on the top of the thermocouple. The purge tube behind the 

thermocouple is used to provide gas to keep the sample dry and also promote the 

thermal equilibrium.  

 

The measurements were carried out at a heating rate of 10 oC/min starting from 100 
oC to 1000 oC. The obtained data are listed in Table 3-3. The DTA curves of the 

chosen representative candidates TWL1, TWL4 and TWL6 are shown in Figure 3-5a, 

3-4b and 3-4c, respectively.  

  
Figure 3-4 Setup of the DTA instrument. 1, purge tube, 2 and 3 are thermocouples for sample (left) and 

reference (right), respectively, and 4, protection tube 

In Figure 3-5 (a), the glass phase transition processes were divided into different 

parts. Part a-b shows a slope change in the baseline indicating the heat change 

caused by the transformation from solid state to the glassy state. Following the a-b 

1 

2 

4 

3 

Controling unit 
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region, the part b-c shows the raised baseline yielded by the fluctuation of the 

instrument.  Part c-d implies a part crystallisation process which is finished in part d-

e. These two crystallisation processes are exothermic process during which the 

sample of glass releases heat. The starting point of the process c-d is the onset 

crystallisation temperature Tx, while the peak temperatures are known as the peak 

crystallisation temperature Tp1 and Tp2. On the other hand, part e-f is an endothermic 

process in which crystallized glass is melted completely, followed by part f-g caused 

by the instrument. The peak temperature of the melting process is defined as the 

melting temperature Tm.   

 

In Figure 3-5 (b), the first phase transition known as the glass transformation is also 

an endothermic process. It is then followed by an exothermic process which is the 

glass crystallisation process. It is the same as the analysis of glass TWL1, the start 

temperature in this process is the onset crystallisation temperature, while the peak 

temperature is the peak crystallisation temperature. It is obvious that there are two 

melting endothermic peaks Tm1 and Tm2 in this triply doped glass which might be 

contributed to the melting processes of different crystalline phases in the glass.  

 

It should be noted, however, there is only one endothermic process representing the 

glass transformation process in Figure 3-5 (c), and no obvious crystallisation and 

melting peaks for glasses TWL5 are displayed, which indicates that the glass shows 

excellent stability.  
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Figure 3-5 DTA curves of the TWL1, TWL4, TWL6 in (a),(b),(c), respectively 

 
Table 3-3 List of the thermal properties of glasses, Tg, Tx, and ∆T 

Sample Tg(℃) TX(℃) Tp(℃) Tm1 Tm2(℃) ∆T (℃) 

TWL0 436 586 632 - 703 150 

TWL1 436 615 654 - 706 179 

TWL2 438 517 543 587 691 79 

TWL3 430 493 529 586 684 63 

TWL4 433 509 529 587 684 76 

TWL5 438 - - - - - 

TWL6 436 - - - - - 
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From Table 3-3, it can be seen that the transformation temperatures Tg of all the 

glasses are in the range of 430 ~ 438 oC. In particular, the Tg (436 oC) of glass TWL0 

with the composition of 72TeO2-17WO3-11La2O3 is the same as that of the glass 

with a similar composition 75TeO2-15WO3-10La2O3 reported by Feng[83], and is 

slightly lower than that of the glass with composition 69TeO2-23WO3-8La2O3 (>440  
oC) measured using differential scanning calorimetry (DSC) reported by 

Dorofeev[233]. The differences between Tg of all the alike composition glasses may 

be caused by different thermal histories and measuring techniques used.  When 

doped with rare earth ions, the Tg of the glasses TWL1 to TWL6 has minor changes, 

while Tx and ∆T vary significantly when codoped with different rare earth ions. For 

instance, in the case of Er3+ doped glass TWL1, Tx and ∆T is about 29 oC and 19 oC 

higher compared to the undoped glass TWL0, respectively. While for glasses 

codoped with Er3+, Yb3+ and Ce3+, both Tx and ∆T are at least 70 oC lower than that 

of glass TWL0.  As the decrease of the Tx in triply doped glasses, the glass stability 

factor ∆T reduced consequently, which indicates that Yb3+ and Ce3+ codoping 

increases the crystallized tendency of TWL glasses.  

3.2.2.2 Thermal expansion analysis 

To fabricate a glass thin film on the substrates, glasses having matched thermal 

expansion properties with that of the substrates are necessary to obtain crack free 

thin films. This is why the thermal expansion analysis of the glass is important.  

 

The coefficient of thermal expansion (CTE) which is inversely proportional to the 

stiffness of a sample material reflects the relationship between the changes of 

volume of the glass and that of the temperature. It describes the dimension changes 

corresponding to the temperature changes [232].  When the temperature of the glass 

increases, the bond length between the atoms in the glass increases, and 

consequently the glass expands [234].  Basically, there are three methods to describe 

the thermal expansion of a material: linear thermal expansion, area thermal 

expansion, and volumetric thermal expansion. In this thesis, the linear thermal 

expansion was measured.  

 

The CTE of glass TWL1 was measured using a DMA (Perkin Elmer, DMA7e). 

There are many components in the DMA system and it can be used to perform 
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thermomechanical analysis (TMA) which could measure the dimensional changes of 

the sample as a function of temperature. As shown in Figure 3-6, there were two 

silica discs where the sample with a known geometry (with a thickness of L) was 

sandwiched in between, a static force of 1 mN was utilized to deform the shape of 

the sample at different temperatures, the change of the dimension (∆L) of the sample 

and the temperature (T) are recorded, and used to calculate the CTE values.   
 

ܽ =
ܮ/ܮ∆

∆ܶ  (3.1) 

where ∆L is the change of the sample dimension, L is the thickness of the sample,  

∆T =T2-T1 as show in Figure 3-7. The CTE of the glasses were measured from 30 oC 

to 450 oC at a heating rate of 10 oC/min. 
 
It is clear to see from Figure 3-7 that the CTE of glass increases with the increase in 

temperature. From the beginning at 50 oC to around 180 oC, the CTE of the glass 

TWL1 is calculated to be 12.3x 10-6 oC-1 (12.6 ppm).  While the CTE of this glass in 

the temperature range of 180- 430 oC is calculated to be 14.0x 10-6 oC-1 (14.0 ppm). 

The CTE value of the glass increases suddenly around 430 oC which is 

corresponding to the glass transition temperature, at which the glass will undergoes 

transformation from a hard brittle substance to a plastic material. The obtained Tg 

using DMA measurement is consistent with the glass transformation temperature 

obtained using the DTA measurement. Excluding CTE values around Tg temperature 

region, average CTE value of glass TWL1 is measured to be about 13x 10-6 oC-1 (13 

ppm/K).  

 
Figure 3-6 The schematic of the component in the DMA 7 for the thermal expansion coefficient 

measurement 
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Figure 3-7 Coefficient of thermal expansion curve of the tellurite glass 

3.2.3 Optical properties 

In this section, the optical properties of the TWL glasses are reported. The details of 

the various techniques employed in the experiments are described first, and followed 

by the results and discussions. 

 

3.2.3.1 Experiments 

Absorption spectroscopy 

IR spectroscopy is a commonly used tool to study the absorption properties of the 

glasses. It works based on the fact that the lattice vibrations in the molecules absorb 

specific light that has similar energy as that of the vibration (known as resonance). 

The wavelengths of IR spectra which lie between 2.5 µm (4000 cm-1) to 15.4 µm 

(649 cm-1) known as the fundamental region are generally used to identify the 

bonding groups in the molecules [235].  

 

The intensity of absorbed incident light is directly proportional to the number of the 

molecules in the sample. Accordiing to the Beer-Lambert law [235], the absorbance 

is given by: 

 

ଵ଴݃݋ܮ−  ൬
ܫ
଴ܫ

൰ =  (3.2) ݐ݀ߝ
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where −݃݋ܮଵ଴ ቀ ூ
ூబ

ቁ  is the absorbance,  I/I0 is the transmittance, d is the molar 

concentration of ions,  t is the thickness of the sample. ε is the molar extinction 

coefficient. Moreover, the absorption coefficient of glasses equals to the absorbance 

divided by the thickness of the glasses.  

 
ܽ =

(଴ܫ/ܫ)݊ܮ−
ݐ  (3.3) 

FTIR can also be used to investigate the contamination in the materials, such as free 

OH, or bonded OH. Generally, water contamination comes from the raw material 

used, or absorbs from the air during the melting process. To reduce the water in the 

materials, all the raw materials used in this study are dried properly before melting. 

In addition, the furnace was filled with dry O2 to reduce water absorption during the 

melting process.  

 

The instrument used here is a Brucker Vertex FTIR spectrometer 1725x which 

consists of an IR source, interferometer, sample compartment and a detector. The 

schematic setup of this system is shown in Figure 3-8. All measurements were 

carried out at RT and used air as a reference. 

 

The main component of the FTIR spectrometer is the interferometer as shown in 

Figure 3-9. The IR signal is incident on a beamsplitter which splits light into two 

beams: one of them is reflected to a fixed mirror, and the other beam passes through 

a moving mirror.  These two beams will be reflected back to the beamsplitter and 

produces interferences due to the different path caused by the moving mirror.  The 

interference signal then passes through the sample where it is absorbed at different 

wavelengths by various molecular groups. The signal measured by the detector as a 

function of the optical path difference will be processed using the Fourier Transform 

technique, and then IR spectra are obtained.  
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Figure 3-8 Schematic setup of the FTIR system 

 
 

Figure 3-9 Schematic setup of the interferometer in the IR spectrometer system 

Absorption in the UV/VIS region takes place when the band energy of the electronic 

transition is resonant with the energy of the passing light.  At this condition, some 

photons are absorbed and electrons are promoted from the ground state to excited 

states in the atom, while others are transmitted.  The intensity of the absorbed 

incident light is proportional to the number of photons absorbed[235]. The 

UV/visible spectra also obey the Beer-Lambert law, therefore, the absorption 

coefficient is also calculated using equation (3.3). 

 

In this study, the UV/VIS absorption measurements were carried out using a Perkin-

Elmer UV/VIS/NIR Lambda-19 which includes two lamps (Deuterium lamp for NIR 



73 

 

range and Halogen lamp for VIS range), two monochromators and detectors (one 

photomultiplier tube for UV/VIS and the other lead sulphide cell for IR).   A 

schematic for the Perkin-Elmer UV/VIS/NIR spectrometer is shown in Figure 3-10, 

where monochromators which could split the light into signals with a range of 

wavelengths are the primary components.  The schematic of the monochromator is 

shown in Figure 3-11, a white light beam A is focused on a slit B and then is 

collimated by a mirror C. The collimated light beam will be split into a series of 

lights with different wavelengths using a rotatable grating D. After that, the light 

with different wavelengths is focused on another slit F by a mirror E. The 

wavelength of the light passing through slit F is determined by the angle of the 

rotatable grating D.  

 

After the monochromater, the signal is split into two beams by a beamsplitter as 

shown in Figure 3-10 . One light beam passes through a reference and reaches a 

detector with intensity of I0, while the other beam passes through a sample and 

reaches the detector with intensity of I.  The curve of the UV/VIS spectra can be 

plotted using −݈݃݋ ூ
ூబ

  versus the wavelengths.  In this work, the polished glass 

samples were scanned from 200 nm to 2500 nm with a scanning rate of 60 nm/min to 

obtain absorbance spectra. Air was used as references in all the measurements.  

 
 

Figure 3-10 Schematic setup of the UV/VIS/IR spectrometer  
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Figure 3-11 Schematic of a monochromator. A: light source, B and F: slit, D: rotatable grating, C and E: 

mirrors 

Prism coupler 

The refractive index is the ratio of the speed of light travelling in the vacuum and 

that in the medium as given by:  

 ݊ =  (3.4 ) ݒ/ܿ

where n is the refractive index, c and v are the velocity of propagating light 

travelling in vacuum (2.998x108 m/s) and a medium, respectively. The refractive 

index is an important parameter for optical materials.  

 

Snell studied the relation between the ratio of incident angle, the refraction angle and 

the refractive index of the medium, obtaining the following formula known as 

Snell’s law [236].  

ଵߠ݊݅ݏ 

sin ଶߠ
=

݊ଵ

݊ଶ
=

ଵݒ

ଶݒ
 (3.5) 

where n1,n2 are the refractive indices of medium 1 and 2, and θ1 is the incident angle 

while θ2 is the refractive angle, v1 and v2  are the light travelling speeds in media 1 

and 2 , respectively.   

 

According to Snell’s law, when light is incident on a medium with refractive index 

of n1 from another medium with refractive index of n2 (n1>n2), as shown in Figure 

3-12, there is an angle, where all light signals are reflected at the interface of these 

media (the black light beam in the Figure 3-12). This angle is known as the critical 

angle, and the reflection at this angle is known as total internal reflection.    



75 

 



 
Figure 3-12 The schematic of the total internal reflection. α increases slowly, and when α=θc, all light beam 

is reflected and θc is the critical angle. The angle between black light and normal line is θc 

Refractive indices of materials can be measured using a prism coupler, where a 

coherent light beam is incident onto a prism with comparable high refractive index.  

The sample is placed very close to the base of the prism.  The coupler used in this 

work is a Metricon 2010 prism coupler. A light beam is incident on the prism and 

reaches its base. The incident angle of the light beam could be changed by rotating 

the table where the prism, coupling head, photodetector and sample are mounted. At 

some angle θ (known as the critical angle), the light can reach the sample across an 

air gap between the prism and sample by forming an evanescent field and the light 

coupling into one of the propagating mode in the sample will cause a sudden 

reduction of the light intensity. As a result, there is a significant drop in the intensity 

that the photodetector collected. The intensity of the signal versus the effective 

indices could be obtained consequently [237].  The schematic of the prism coupler is 

shown in Figure 3-13. 
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Figure 3-13 The schematic setup of the prism coupler 

If the sample is film, the thickness of the thin film can then be calculated using the 

following equation once two modes have been obtained [238]. 

 ൬
ߨ2
ߣ ൰ ∗ ݊ cos(ߠଶ) ∗ ܶ + ߮ଵ଴ + ߮ଵଶ =  (3.6) ߨ݉

where λ is the wavelength of the incident light, T is the thickness of the thin film, n 

is the refractive index of the film, ψ10 and ψ12 are the Fresnel phase shifts at the film-

air and film-substrate interfaces, respectively.  

Fluorescence spectroscopy 

As discussed in the last section, absorption of photons can promote the electrons at 

ground state to an excited state. Electrons at the excited state can cascade down to 

the ground state and emit energy. The energy emitted in the form of a photon 

through radiative transition is called fluorescence as shown in Figure 3-14. The 

energy of the emission photons has lower energy than the absorbed photons. 

However, the wavelength of the emission spectra is not depending on the excitation 

wavelength but is determined by the energy difference between the start energy state 

and the final state. For example, if the energy difference between the two energy 

states is E, then the relation between E and the emission wavelength λ is E=hc/λ. 
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Figure 3-14 Energy transition schematic in a fluorescence process, S1 and S2 are excited states 

Fluorescence has extensive applications in various areas, namely, clinical chemistry, 

biochemical industry, life and material science etc. Herein, the discussion focuses on 

the application of fluorescence in the characterisation of RE-ion doped glasses and 

thin films.  
 

Fluorescence spectra were collected using the Edinburgh Fluorospectrometer F900 

which consists of sample compartment, emission monochromator, excitation 

monochromator, InGaAs detector for infrared light and its cooling unit, as well as 

PMT detector for visible light etc. The schematic of this spectrometer is shown in 

Figure 3-15. 

 

First, the sample was placed in the compartment of the system. The light beam with 

wavelength 980 nm produced by a laser diode was focused on the sample as a pump. 

The emission signal was collected by InGaAs detector through a scanning 

spectrometer. Then the computer recorded the signal at each wavelength, and the 

emission intensities were plotted against wavelength in nm to obtain the fluorescence 

spectra. Regarding lifetime measuring, a laser pulse generator was used to activate 

pulsed signals which can be checked by an oscilloscope. The pulsed signal was 

focused on the sample through a chopper. The signal intensity which was recorded 

by a computer was plotted against the decay time. The lifetime was determined by 

fitting the exponential curves using the software F900 in the computer.  For the 

measurement of upconversion spectra, InGaAs detector was used to collect the 

emission signal. 
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Figure 3-15 The schematic of the fluorescence spectrometer 

3.2.3.2 Results and discussion 

FTIR spectroscopy 

As introduced in the last section, IR absorption is produced due to the molecular 

vibration and is a critical factor in determining the transparence region and structure 

of the materials. The IR spectrum consists of fundamental and multiphonon regions 

[40]. The fundamental resonance, which is related to the intense vibration, can be 

used to determine the glass structure, and will be discussed in section 3.2.3.  The 

multiphonon absorption which determines the transparence of the materials at lower 

frequency region is produced when a high energy photon interacts with more than 

one phonon.  

 

The multiphonon absorption at shorter wavelength can be obtained using a 

spectrometer in transmission mode. The IR spectra measurements of TWL glasses 

were carried out using a Brucker Vertex FTIR spectrometer 1725x in the region of 

1750 to 2000 cm-1 (5.0 μm to 5.7μm). The obtained absorption spectra of the TWL 

glasses are shown in Figure 3-16.  IR absorption cutoff edge is defined as the 

wavenumber when absorption is 2 cm-1 [239] and the values of the different glasses 

are listed in Table 3-4.  
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Figure 3-16 IR Cutoff edge of the glasses with different dopants 

Table 3-4 FTIR absorption edge of glasses with different dopants 

 

From Figure 3-16 and Table 3-4, it is obvious that the rare earth dopants has little 

influence on the IR edge absorption which implies the rare earth dopants not change 

the transparent property of the glasses in IR region.  

 

At shorter wavelength, the relation of the absorption of the multiphonon edge tails 

and the frequecies can be given by the following the equation [240]: 

(߱)ߙ  = )݌ݔ݁ܣ
߱ߛ−
߱଴

)   (3.7) 

where A  and  γ are constants, ω0 is the fundamental optical phonon frequency. 

Using this equation, the dependence of absorption on the multiphonon edge tail was 

fitted with the curves shown in Figure 3-17. It is clear that the experimental data and 

the fitting curve are in good agreement. This exponential dependence of absorption 

on frequency was also reported in some ionic crystals, including alkali halides and 

fluorides. McGill believed [241]  that this exponential dependence caused by the 

superpositions of a number of multiphonon processes. These results indicate that 

sample TWL0 TWL1 TWL2 TWL3 TWL4 TWL5 TWL6 
FTIR cutoff edge  
(cm-1) 1818 1829 1852 1830 1817 1845 1822 

FTIR cutoff edge 
 (µm) 5.500 5.467 5.400 5.464 5.503 5.420 5.488 
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these TWL glasses do display an intrinsic multiphonon process in the transparent 

region. 
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Figure 3-17 Dependence of lnα on absorption frequency ν.  Point line is the experiment result, and solid 
line with the same colour is the fitting line.  (To make the figure more clear, curves of glass TWL2 and 

TWL4 which have similar composition as glass TWL3 are hidden.) 

UV/visible spectroscopy 

UV/VIS spectra were used to investigate the transmittance of the thin film and the 

transition of rare earth ions in the glasses or thin films which is useful for the 

waveguide engineering.  

 

The main absorption peaks in the range of 400 nm to 1700 nm of glasses obtained 

using Perkin-Elmer UV/VIS/NIR Lambda-19 are shown in Figure 3-18, where each 

of them corresponds to transition from ground state to different excited state in 

Er3+and Yb3+ ions as shown in the energy level diagram. The absorption peaks at 794 

nm, 650 nm, 540 nm and 520 nm are attributed to the transitions from ground state 
4I15/2 to 4I9/2, 4F9/2, 4S3/2 and 4H11/2 in Er3+ ions, respectively[38]. The absorption at 

around 980 nm results from both Yb3+:2F7/2
2F5/2 and Er3+:4I15/2

4I11/2 transitions. 

However, the glasses TWL2 to TWL4 co-doped with Yb3+ and Er3+ have much 

higher absorption around 980 nm than the glass TWL1 which was not doped with 

Yb3+. This is due to the transition of Yb3+:2F7/2
2F5/2 which occurs between two 

broadband states with absorption band ranges from 870 nm to 1060 nm. Moreover, 

the absorption cross-section of Yb3+:2F7/2
2F5/2 is approximately 10 times larger 

than that of Er3+:4I15/2
4I11/2 [242]. The absorption peak around 1535 nm belongs to 
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the transition of Er3+ ions from 4I15/2 to 4I13/2.  All the electronic transitions discussed 

above are listed in Table 3-5. 
Table 3-5 The electronic transitions from the optical spectra for Er3+, Yb3+ and Ce3+ codoped TWL 
glasses[38] 

Rare earth ions Transitions Absorption Peaks (nm) 

Er3+ 4I15/2→ 2H11/2 520 
4I15/2→4S3/2 540 
4I15/2→4F9/2 650 
4I15/2→4I9/2 794 
4I15/2→4I11/2

 980 
4I15/2→4I13/2

 1535 

Yb3+ 2F7/2
2F5/2

 980 
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Figure 3-18 UV/VIS/NIR absorption coefficient of the glasses from TWL1 to TWL6 , the inset figure is the 

UV/VIS/NIR absorption of the glasses TWL0 

It is known that a smooth exponential tail in the absorption curve is a characteristic 

of amorphous materials or disordered semiconductors.  This tail is named as the 

Urbach edge, and the exponential dependence rule is known as the Urbach rule [243] 

which can be written as: 

 
(߱)ߙ = )݌ݔ݁ܤ

ℏ߱
    (3.8) (ܧ∆

where α is the absorption coefficient, B is a constant, ℏ is the reduced Plank’s 

constant, ω is the frequency,∆ܧ is the width of band tails at the localized states. This 

edge occurrs due to the photon transitions from the valence band (VB) to the 
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conduction band (CB). There are two kinds of transitions at this edge, direct and 

indirect transition. Both transitions involve interaction of electromagnetic wave with 

electrons in the VB, which is then raised up to the CB across the fundamental edge 

or Urbach edge [244].   

 

Figure 3-20 shows the plot of lnα against the photon energy hω. The linear 

relationship indicates that these factors α and һω have an exponential dependence, 

which means the Urbach rule is obeyed.  The inverse slope of the linear part of the 

curve represents the optical energy tail Etail which relates to the amorphous nature of 

the material [245, 246]. The values obtained from these curves for glass TWL0-

TWL6 are listed in Table 3-6.  

 

The Urbach rule was found to be obeyed by numerous amorphous and glassy 

materials at lower ranges of absorption edge. While for absorptions at higher range, 

another relationship as the following form: 

(߱)ߙ  = ൫ℏ߱ܤ − ௢௣௧൯௡ܧ
/ℏ (3.9) 

where B is a constant, Eopt  is the energy gap of the material, n=1/2 and 2 for direct 

and indirect forbidden transitions, respectively. The optical energy gap Eopt of the 

material is the energy difference between the maximum of the valence band and the 

minimum of the conduction band [247].  This value related to the host materials, the 

ionic radius of the rare earth ions etc. In this study, all the glasses have the same host 

materials. Eopt can be calculated from the intersect of the slope of the (αhω)1/2 against  

hω. If a straight line cannot be achieved, then the representation of  (αhω)1/3 against 

hω  can be used[244]. The dependence of (αhω)1/2 on photon energy hω is plotted in 

Figure 3-21, and the values of Eopt obtained from these curves are reported in Table 

3-6. From the square of the correlation coefficient R2 (R2 =1, is perfect fitting), it is 

obvious that all the cuves are fitted well even though not perfectly. This result 

indicates that all glasses TWL0-TWL6 have a direct band gap. 

 

From Figure 3-21 and Table 3-6, the optical energy gaps of undoped glass TWL0 

and Er3+ doped glass TWL1 are very close to each other, while glasses codoped with 

Yb3+ have a slightly higher optical energy gap. On the other hand, glasses TWL2-

TWL4, and TWL6 codoped with Ce3+ have relatively lower energy gaps. This 
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indicates that Ce3+ could reduce the energy gap while Yb3+ codoping can make it 

raised.  The change of the optical energy gaps of the glasses is believed to be the 

result of the rearrangement of the glass structure [246].  
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Figure 3-19 The short wavelength absorption of glasses TWL0, TWL1, and TWL4-TWL6 

Table 3-6 Calculated energy gap and energy tails of glasses TWL0-TWL6 

Glasses Eopt Correlation 
coefficient R2 

Etail Correlation 
coefficient R2 

TWL0 2.969 1.0000 2.863 0.9995 
TWL1 2.946 0.9986 2.860 0.9992 
TWL2 2.339 0.9989 2.189 0.9989 
TWL3 2.369 0.9988 2.224 0.9997 
TWL4 2.350 0.9989 2.181 0.9992 
TWL5 3.087 0.9987 2.967 0.9996 
TWL6 2.401 0.9990 2.319 0.9996 

Note: the fitting is perfect when the correlation coefficient R2=1. 
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Figure 3-20 Dependence of lnα on photon energy hω for rare earth doped tellurite glasses TWL0-TWL6. 
Solid lines are the fitting curves 
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Figure 3-21 Dependence of (αhω)1/2 on photon energy hω for rare earth doped tellurite glasses TWL0-
TWL6. Solid lines are the fitting curves 

Refractive indices 

The refractive indices of the glasses were measured at different wavelengths using 

the prism coupler. The obtained values are listed in Table 3-7. The refractive index 

dispersion which is the variation of the refractive index with changes of wavelength 

can be given by the two-pole Sellmeier equations [248]: 

 nଶ(λ) = A + B/(1 − C/ λଶ) + D/( 1 − E/ λଶ) (3.10) 

where n(λ) represents the refractive index at the wavelength of λ with unit µm, and 

A,B,C,D,E are the constant parameters which can be obtained by fitting  the 

experimental refractive index data with the above equation. Among these parameters, 

A and B represents the contribution of the higher-energy and lower-energy band 

gaps of electronic absorption to the refractive index, D  stands for the decrease of the 

refractive index due to lattice absorption. E, which is not very critical, is usually 

determined using the IR transition cutoff edge. For the glasses in this thesis, for 

which IR transition cutoff edge is about 5.5 µm, and E is a square of 11, twice the IR 

transition region 5.5 µm (ܧ = (5.5 × 2)ଶ = 121)[248]. All the parameters were 

obtained by the fitting function in Origin. As shown in the table, most of the 

experimental data were fitted well using this model.  

 

 The Sellmeier parameters can be used to calculate the refractive indices of the glass 

at any wavelength, especially for those beyond the measurable wavelength region. In 

addition, these parameters are correlated with chromatic dispersion which is an 
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important factor for waveguide design and engineering. The values of all the 

Sellmeier parameters of the TWL glasses obtained are listed in Table 3-8. The graph 

regarding the spread of experimental data and fitting curves of TWL glasses are 

depicted in Figure 3-22, from which it can be seen that the refractive indices 

decrease with the increasing of the wavelengths. 
Table 3-7 The refractive indices of the glasses at different wavelengths 

 
Samples 
 

 Refractive index (±0.0004) 

633nm 808nm 1321nm 1476nm 1523nm 1540nm 1550nm 1560nm 

TWL0 2.1022 2.0752 2.0507 2.0485 2.0459 2.0463 2.0465 2.0463 
TWL1 2.0976 2.0720 2.0462 2.0448 2.0436 2.0424 2.0425 2.0421 
TWL2 2.1041 2.0782 2.0528 2.0509 2.0488 2.0490 2.0488 2.0485 
TWL3 
TWL4 

2.1039 2..0783 2.0524 2.0504 2.0486 2.0485 2.0487 2.0485 
2..1036 2.0768 2.0513 2.0501 2.0486 2.0485 2.0485 2.0483 

TWL5 2.0354 - 1.9888 1.9862 1.9847 1.9845 1.9843 1.9842 
TWL6 2.0330 - 1.9889 1.9867 1.9852 1.9854 1.9854 1.9849 

Table 3-8 Sellmeier coefficient of TWL glasses with different rare earth dopants at room temperature  

 
Samples 
 

Sellmeier Coefficients 
n2(λ)=A+B/(1-C/ λ2)+D/( 1-E/ λ2) 

A B C D E 
Correlation 
coefficient 
R2 

TWL0 3.34757 0.82912 0.09175 1.10403 121 0.9990 
TWL1 2.91476 1.24205 0.06643 1.00183 121 0.9985 
TWL2 2.95135 1.23053 0.006743 1.00152 121 0.9992 
TWL3 2.71165 1.4681 0.05834 1.00188 121 0.9992 
TWL4 3.2311 0.95108 0.08231 1.03872 121 0.9982 
TWL5 2.50962 1.41656 0.05388 1.03562 121 0.9997 
TWL6 2.45628 1.47445 0.04905 1.03989 121 0.9992 

Note: when R2=1, the fitting is perfect 
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Figure 3-22 The fitting curve of refractive index of TWL glasses, solid lines are the fitting curves 
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Fluorescence spectroscopy  

The fluorescence around 1535 nm which is due to the transition of 4I13/2→4I15/2 in 

Er3+ ions was measured using a photoluminescence spectrometer excited with the 

980 nm laser diodes at RT. This transition is important since the emission 

wavelength around 1500 nm is corresponding to the high gain and low loss optical 

communication windows. The emission intensities of the transition 4I13/2→4I15/2 for 

the TWL glasses with different rare earth dopants were normalised with respect to 

the peak values around 1535 nm as shown in Figure 3-23.  

 

It can be seen from the figure that the fluorescence bandwidths of the glasses TWL5 

(Er3+ and Yb3+ codoped) and TWL6 (Er3+ and Ce3+ codoped) exhibit comparable 

values with that of glass TWL1 (Er3+ doped only). It is also important to mention 

that when the glass was codoped with Er3+/Yb3+/Ce3+, the bandwidth of the emission 

spectra would increase significantly to 88 nm as shown in Table 3-9. This indicates 

that Yb3+/Ce3+ codoping could enhance the fluorescence of the TWL glass. The same 

effect was also reported in Er3+/Yb3+/Ce3+ codoped fluoride glasses 53ZrF4–19BaF2–

7LaF3–3AlF3–18NaF mol% (ZBLAN) [249]. 

 

The ratio of emission intensities around the shoulder 1490 nm and peak 1535 nm 

I1490/I1530 can be employed to characterise the flat gain properties of the optical 

devices[40]. As shown in Table 3-9, the I1490/I1530 of glass TWL1 (Er3+ doped only) 

and glass TWL5 (Er3+ and Yb3+ codoped) are 0.4 and 0.39, respectively, which are 

close to each other. Regarding glasses TWL6 and TWL4 which are codoped with 

Ce3+ ions, the ratios I1490/I1530 increase to 0.43 and 0.57, respectively, which indicates 

that  Ce3+ codoping in the TWL glasses can increase the ratio I1490/I1530, and Ce3+ and 

Yb3+ codoping can boost this ratio further.  This may be due to the fact that energy 

transfer (ET) processes increase the population of the upper Stark levels of 4I13/2 and 

thus leads to more radiative transitions from state 4I13/2 to the ground state. 

 

As discussed in Chapter 2, section 2.2.2, the fluorescence decay life time which 

relates to the transitions of photons between two different energy levels is inversely 

proportional to the photon decay rate, (i.e. the radiative and non-radiative relaxation 

from the excited) as shown in the following equation: 
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 1
߬ = ܣ + ௡ܹ௥ + ா்ܹ (3.11) 

where A is the total decay rate, Wnr  is the single ion nonradiative rate due to the 

multiphonon energy relaxation, and WET is the effective nonradiative rate due to the 

energy transfer. In the tellurite glass, the nonradiative decay rate for the transition 
4I13/2→4I15/2 can be neglected at RT. The above equation then can be written as: 

 1
߬ = ܣ + ா்ܹ (3.12) 

The lifetime of the glasses at different states are reported in Table 3-10. It is clear 

that the lifetime at 980 nm for glass TWL5 (Yb3+ codoped) is much larger than that 

of glass TWL1 (Er3+ doped only). This is due to much slower relaxation rate of level 
2F7/2 in excited Yb3+ ions compared to that of the level 4I11/2 in Er3+ ions. Moreover, 

the energy transfer from Yb3+ to Er3+ can also reduce the relaxation rate of 4I11/2.  

The lifetime at 980 nm for glass TWL1 (Er3+ doped only) is smaller than that of 

glass TWL6 codoped with Er3+/Ce3+, which might be caused by the energy transfer 

from Er3+ 4I13/2 to Ce3+ 2F7/2 that makes the radiative decay rate  of level 4I11/2 

increase [250].  Furthermore, the combinated effects of energy transfer from Yb3+ to 

Er3+ and from Er3+ to Ce3+  result in a small increase in the lifetime of state 4I11/2 in 

glass TWL4 (Er3+/Yb3+/Ce3+). The lifetimes of state 4I13/2 at 1535 nm shown in Table 

3-10 indicate that Yb3+ and Ce3+codoping can enhance the upconversion emission 

without sacrifying the lifetime of state 4I13/2.   
Table 3-9 The bandwidth and the flat gain of TWL glasses 

Samples Bandwidth of the emission  
at 1535 (nm) Flat gain (I1490/I1530) 

TWL1 73 0.4 

TWL5 75 0.39 

TWL6 80 0.43 

TWL4 88 0.57 
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Figure 3-23 The fluorescence around 1535nm and the bandwidth of the glasses 

 
Table 3-10 The lifetime for glasses at different states 

Sample Lifetime (ms) 

1535nm 980nm 
TWL1 5.35 0.03 
TWL4 5.57 0.17 

TWL5 5.36 0.86 

TWL6 5.71 0.01 

 

Judd-Ofelt parameters 

As dicussed in Chapter 2, section 2.2.2, Judd-Ofelt parameters Ωt are important 

factors for the investigation of local structure of glass and the environment of rare 

earth ions in the glass system. Using the absorption spectra in Figure 3-18 and the 

Er3+ ions concentration (please refer to section 8.2 in Appendix for the calculation 

details) in Table 3-11, Judd-Ofelt parameters Ω2, Ω4, Ω6 of TWL glasses with 

different rare earth ions can be determined from the least-squares fit to the 

experimental oscillator strength and the theoretical strength that calculated using 

equations 2.2 and 2.3. The reduced matrix elements U(λ) used in the calculation and 

the obtained intensity parameters are listed in Table 3-12 and Table 3-13, 

respectively. The reduction of Ω2 indicates the decrease of the covalency between 

Er3+ ions and the oxygen ions. When codoped with other rare earth ions, such as 

Yb3+ and Ce3+, the number of oxygen electrons that are available to coordinate with 
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Er3+ ions reduced, which caused the decrease of the covalency between Er-O oxygen 

bonds [46]. Therefore, Ω2 reduced for glasses codoped with Yb3+ and Ce3+ as shown 

in Table 3-13.  Ω6 is correlated with the rigidity of the glasses, while Ω4 is affected 

by the factors of changing both Ω2 and Ω6 [251, 252]. It can be seen that Ω6 of the 

TWL glasses with different RE dopants are similar to each other, which means the 

RE codoping has little influence on the rigidity of the glass. This result is consistent 

with the thermal analysis.  
Table 3-11  Er3+ ions concentration in the glases calculated using glass density  

Glasses N (1020 cm-3) 
TWL1 1.88 
TWL2 0.47 
TWL3 0.95 
TWL4 1.90 
TWL5 0.95 
TWL6 0.90 

 
Table 3-12 Reduced matrix elements of U(λ) between chosen intermediate coupled states of Er3+ ions [44] 

a (S.L.J) b (S’.L'.J’) U2 U4 U6 
4I15/2 4I13/2 0.0188 0.1176 1.4617 
4I15/2 4I11/2 0.0259 0.0001 0.3994 
4I11/2

 4I13/2 0.021 0.11 1.04 
4I15/2 4I9/2 0 0.1452 0.0064 
4I15/2 4F9/2 0 0.5655 0.4651 
4I15/2  2H11/2 0.7056 0.4109 0.0870 

 
Table 3-13 Calculated Judd-Ofelt parameters for Er3+ in TWL glass system 

glasses Ω2 (10-20 cm2) Ω4(10-20 cm2) Ω6(10-20 cm2) 
TWL1 7.28 1.49 1.98 
TWL2 4.29 1.08 1.92 
TWL3 3.75 0.95 1.65 
TWL4 5.72 1.31 1.76 
TWL5 6.84 1.41 1.45 
TWL6 5.22 1.22 1.49 

The quality of the fitting of Ωt parameters can be estimated by the magnitude of the 

room-mean-square (r.m.s.) deviation given by equation 2.6. The experimental and 

calculated oscillator strength adjusted after least-square fitting as well as the r.m.s of 

the fitting are listed in Table 3-14. It is shown that, all the r.m.s. values are in the 

magnitude of 10-6 with a maximum of 0.65×10-6 which is comparable with the 

reported value for TWL glasses [46]. The radiative transition probability, radiative 

lifetime and quantum efficiency of transition 4I13/2→4I15/2 were calculated with the 
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help of equations 2.7, 2.8 and 2.10 as shown in Table 3-15.  There is only one 

radiative transition of state 4I13/2, therefore, the branch ratio of this state is 1.  

 

When compared the measured lifetime of transition 4I13/2→4I15/2 in Er3+ ions in Table 

3-10 with that of the calculated radiative lifetime of this transition, it is obvious that 

the measured lifetimes are much longer than the calculated lifetime, which result in 

quantum efficiencies higher than 100%. This result is caused by the radiative 

trapping which can lengthen the measured lifetime due to the reabsorption of the 

photons emitted by the spontaneous emission processes. The phenomena of radiative 

trapping have been reported for Yb3+ phosphate glasses [253].   
Table 3-14 The values of the measured experimental oscillator strengths fexp (10-6)and theoretical oscillator 
strengths fcal (10-6)of Er3+ in TWL glass systems 

Excited 
states 

TWL1 TWL2 TWL3 TWL4 TWL5 TWL6 

fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal 

4I13/2 3.04 2.79 2.79 2.78 2.43 2.42 2.66 2.65 2.13 2.14 2.28 2.13 

4I11/2 1.07 1.36 - - - - - - - - 0.26 1.01 

4I9/2 0.50 0.40 0.51 0.30 0.46 0.27 0.59 0.37 0.45 0.37 0.42 0.32 

4F9/2 3.87 3.77 3.18 3.25 2.88 2.96 3.46 3.53 3.11 3.14 2.81 3.27 

2H11/2 17.30 17.31 9.95 9.97 9.37 9.35 13.90 13.91 15.30 15.26 11.90 11.86 

rms (10-6) 0.27 0.22 0.21 0.23 0.09 0.64 

 
Table 3-15 Values of radiative transition probabilities, calculated lifetimes and quantum efficiency of 
transition 4I13/2→4I15/2 in Er3+ ions 

Glasses A Τ (ms) η 
TWL1 410 2.44 2.19 
TWL4 369 2.71 2.06 
TWL5 280 3.57 1.50 
TWL6 280 3.57 1.60 

Upconversion  

As mentioned in section 2.2.3 of Chapter 2, reactions between ions can cause 

upconversion processes. When the local concentration of rare earth ions is high 

enough, the ion-ion interaction is unavoidable. Therefore, upconversion is one of the 

main ion-ion interactive effects of the erbium ions. It is a critical factor in materials 

for erbium doped optical amplifiers, especially erbium doped waveguide amplifiers 

which require a high rare earth ion concentration due to a compact size. As 
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aforementioned in Chapter 2, energy transfer and cross relaxation are two main 

mechanisms that cause upconversion processes, which is also the case for the 

upconversion phenomena in codoped TWL glasses herein. In this section, red and 

green upconversion spectra were investigated.  

 

To analyse the upconversion mechanism in RE codoped TWL glasses properly, the 

energy gaps between different levels in the rare earth ions are listed in Table 3-16. 

The upconversion spectra of the glasses were obtained using the Edinburgh 

Fluorospectrometer F900 with a pumping laser diode of 980 nm.   They are 

normalized with respect to the green up-conversion at 545 nm as shown in Figure 

3-24.  The spectra exhibit three distinct emission bands corresponding to different 

excitation energy levels in the erbium ions. It can also be seen that the green 

upconversion is observed at both 520 nm and 545 nm. Referring to the energy level 

diagram in Figure 3-25, these two green upconversion peaks belongs to the transition 

of 2H11/2→
4I15/2 and 2S3/2→

4I15/2 in Er3+ ions, respectively.  Moreover, the red up-

conversion fluorescence at 655 nm occurs due to the transition of 4F9/2 → 4I15/2 in 

Er3+ ions.  

 

The transitions with small energy gaps have a high probability of energy transfer. 

From Figure 3-25, it can be seen that the erbium ions are excited to state 4F7/2 by two 

energy transfer processes from Yb3+ ions. In this process, one Yb3+ ion at state 2F5/2 

transfers its energy to an Er3+ ion at the ground state, and promotes it to one of the 

excited state. At the same time, Yb3+ ion is cascaded back down to the ground state. 

Following this process, the Er3+ ion at state 4I11/2 is then excited to a higher state 4F7/2 

by the energy transfer from another excited Yb3+ ion. These two energy transfer 

processes are both resonant energy transfer since the energy donor (transition 2F5/2
 →

2F7/2) has the same energy gap as the energy acceptor (transitions 4I15/2→
4I11/2 and 

4I11/2→
4F7/2 in Er3+ ions), as shown in Table 3-16. The other path of 4F7/2 state 

population results from ion interaction between two Er3+ ions via a cross-relaxation 

process. Er3+ ions are promoted to state 4I11/2 directly by the pumping laser, where 

one of the Er3+ ion states gives its energy to another which is then promoted to state 
4F7/2 [254].  This transition (4I11/2→

4F7/2) can also happen by absorbing energy from 

the pumping source. Er3+ ions at state 4F7/2 are cascaded rapidly down to the state 
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2H11/2 and 2S3/2 via nonradiative decay due to the very small energy gap between 

these states. Excited Er3+ ions at states 2H11/2 and 2S3/2 then relax down to the ground 

state producing the green luminescence at 520 nm and 545 nm. In the paths of the 

population of state 4F7/2 in Er3+ ions, the process via energy transfer from Yb3+ ions is 

dominant due to their large absorption cross section at around 980 nm [254], which 

indicates that Yb3+ codoping could enhance the efficiency of the green upconversion 

luminescence.  

 

As mentioned previously, if the energy donor and acceptor have the same energy gap, 

then resonant energy transfer processes can happen. From the values in Table 3-16, it 

is obvious that resonant energy process without any phonon involved is difficult to 

take place for energy transfer processes 2F5/2, 4I13/2 →2F7/2, F9/2 from Yb3+ ions to 

Er3+ ions and 4S3/2, 2F5/2→
4F9/2, 2F7/2 from Er3+ ions to Ce3+ ions. Therefore, phonon-

assistant energy transfer is considered instead for these two processes. The phonon 

energy in TWL glasses is around 920 cm-1 according to the Raman spectra in the 

following section.   From Table 3-16, it can be seen that about two phonons are 

needed to bridge the energy discrepancy between transitions 2F7/2 →2F5/2 in Yb3+ 

ions and transitions 4I13/2→
4F9/2 in Er3+ ions, which is also the case for energy 

transfer of process 4S3/2, 2F5/2→
4F9/2, 2F7/2 from Er3+ ions to Ce3+ ions. These two 

processes increase the population of state 2F7/2 and consequently, Yb3+ and Ce3+ 

codoping can enhance the red upconversion of the glasses.  
Table 3-16 The theory energy gap of various transitions in the rare earth ions of  Er3+, Yb3+,and Ce3+  

Rare earth ions Transitions between energy 
levels 

Energy gap (x103cm-

1) 
Wavelengths  
(nm) 

Er3+ 4I15/2→4I11/2 10.2 980  
4F7/2→4I11/2 10.2 980 
4I13/2→4F9/2 9.66 1035 
4S3/2→4F9/2

 3.37 2967 
4I11/2→4I13/2

 3.71 2695 
2F7/2→2H11/2 1.17 8547 
2H11/2→ 4S3/2

 0.8 12500 
Yb3+ 2F5/2

 →2F7/2
 10.2 980 

Ce3+ 2F7/2 →2F5/2
 2 4546 

Note: energy gap is defined as the energy difference between the initial and final states 
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Figure 3-24 Up-conversion spectra of the glasses doped with different rare earth ions 

 

 

0

4

8

12

16

20
 

 

2F5/2

2F7/2

4F7/22H11/24S3/2

4F9/2

4I9/2
4I11/2

4I13/2

4I15/2

2F5/2

En
er

gy
(X

10
3 cm

-1
)

Yb3+ Er3+ Ce3+

2F7/2

redgreen

 
Figure 3-25 Schematic energy level diagram of Er3+, Yb3+ and Ce3+ ions. The energy transfer processes 

between these ions were also depicted 

Figure 3-24 shows that glasses TWL5 (Yb3+ codoping) and TWL6 (Ce3+ codoping) 

have slightly higher red upconversion intensity at around 650 nm.  For Er3+ /Yb3+ 

/Ce3+ codoped glasses, the red upconversion increases significantly due to the 

influences of both Yb3+ and Ce3+ ions. These results are consistent with the previous 

analysis of the energy transfer proesses between these rare earth ions. 
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3.2.4 Structural analysis 

3.2.4.1 Experiments 

FTIR spectroscopy 

IR spectroscopy is a powerful tool to study structural properties of glasses. The IR 

spectra are plotted using absorbance versus wavenumber ݒ  which could be 

calculated by the following equation:  

 
߭ = ଵିߣ =

1
ܿߨ2 ൬

݇
൰ߤ

ଵ
ଶ
 (3.13) 

where k is the bending or stretching force constant of the bond, c is the speed of light 

and µ is the reduced mass of the molecule,  which is given by: 

ߤ  =
݉ଵ݉ଶ

݉ଵ + ݉ଶ
 (3.14) 

where m1 and m2 represent the atomic masses of the two atoms[246].It can be seen 

from this equation that the wave number of the vibrational modes in these spectra is 

determined by the force constant between the cation-anion bonds and the mass of the 

atoms in the material. 

 

The IR absorption spectra of glasses in this thesis were measured from 400 cm-1 to 

2500 cm-1 with reflected mode utilizing Brucker Vertex FTIR spectrometer 1725x 

that is discussed in detail in section 3.2.3.1. The reference used in these experiments 

was a gold mirror with a perfect smooth surface, and all the measurements were 

carried out in nitrogen filled atmosphere to reduce the influence of the contamination 

in the air.   

Raman spectroscopy 

Raman spectroscopy has proved to be an excellent tool for determining the structural 

features of amorphous materials, e.g. glasses. Similar to the FTIR spectroscopy, 

Raman spectroscopy which is produced by vibrations of the molecules in the 

materials is useful for determining the composition and structure of materials. 

However, FTIR spectroscopy is related to dipole moment changes in the molecules 

while the Raman effects occur due to the polarizability changes [255]. Dipole 

moment is a vector quantity which is used to characterize of a dipole. A dipole is the 

separation of the centre of positive charges and negative charges.  If a vibrational 

bond in a molecule is symmetrical, the dipole moment will stay constant, and there 

will be no FTIR spectra yielded.  However, the polarizability of the molecule which 
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relates to distributions of the electron cloud will change and produces Raman spectra. 

The difference discussed above is the primary difference between FTIR and Raman 

spectroscopy.  

 

There are many other differences between FTIR and Raman spectroscopy. For 

example, covalent bonds could produce stronger Raman spectra while ionic bonds 

produce stronger FTIR spectra; water is a weak Raman scattering material, as a 

result, the Raman spectra is not influenced by the solvent and is an ideal technique to 

analyse the structures of compounds in the solution[255].  

 

Raman Effect is a kind of light scattering produced because of the change of 

polarization in the molecules. There are two types of Raman scattering, Stokes 

scattering and anti-Stokes scattering. When light interacts with medium, both 

absorption and emission processes could happen when the energy of photons 

matching with the differences between energy states of the electrons.  When photons 

are absorbed, the frequency (energy) of scattering light is lower than the incident 

light, and the scattering in this case is defined as Stoke scattering. While for anti-

Stoke scattering, the scattering light has higher frequency than that of original light. 

Besides Raman scattering, there is another type of scattering known as the Rayleigh 

scattering. Raman scattering changes the energy or frequency of photons compared 

to the incident radiation, while Rayleigh scattering keeps these values. The 

schematic of Raman scattering and Rayleigh scattering is shown in Figure 3-26 . 

 

The vibration frequency of molecules can also be calculated using equation (3-13). 

Here, Raman spectra were measured using a Renishaw inVia Raman microscope 

which consists of a laser source, microscope, monochromator, filter, detector and a 

data processing unit. The schematic of the Raman system is shown in Figure 3-27. 

The light beam passes through a monochromator which could split the light into a 

bunch of lights with different wavelength (refer to Figure 3-11). Then the light is 

focused onto the sample with the help of a microscope. The signal scattered from the 

sample is reflected to a filter which removes the Rayleigh scattering. Raman 

scattering that passes through the filter will be collected by the detector. The 
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wavelength and the intensities of the signal are recorded to obtain the Raman spectra 

with the help of the data processing unit.  

 
Figure 3-26 Schematic of light scattering 

One of the severe disadvantages of Raman spectroscopy is the strong disturbance 

from fluorescence, thus the excitation wavelength should be chosen carefully to 

avoid this influence. The excitation wavelength used in the Raman system discussed 

here is 514 nm, where the fluorescence from erbium has a strong influence.  As a 

result, only the undoped glass TWL0 was studied by Raman spectrometer.   

 
 

Figure 3-27 Schematic of Raman spectrometer 

3.2.4.2 Results and discussions 

FTIR 

FTIR reflection mode is used in order to collect the absorption spectra of the glass 

samples with an approximate thickness of 0.4 cm.  Unlike the transmittance spectra, 

the incident light beam does not pass the medium but is reflected directly from the 

surface of the sample which is why it is not affected by the thickness of the sample. 

The reflection spectra can then be converted into absorption spectra using the tool in 

the software.   
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The IR absorption spectroscopy was measured from 400 cm-1 to 2500 cm-1 using 

reflected mode as shown in Figure 3-28. It is clear that there are very strong peaks in 

the range of 400 to 1200 cm-1 which is attributed to the molecular vibration of the 

glass, while three small peaks in high frequency range are due to electron transitions 

of the rare earth in the glass or weak molecular vibration of host materials.  

 

The peak around 504  cm-1 is attributed to the W-O-W linkages between the paired 

sixfold coordinate W atoms in groups [O=WO5]2 while the very small weak shoulder 

at around 733  cm-1 is the contribution of a stretching vibration of Te-O-W  

linkages[80].  A strong peak around 879 cm-1 is attributed to the absorption of W-O-

W linkages in WO6 octahedra. Besides this peak, there is another shoulder at around 

945 cm-1 which is believed to be the contribution of W=O in WO4 or WO6, which is 

still a disputable topic [77, 80, 256].  The absorption peaks at 2151 cm-1 (4649 nm) 

are corresponding to the transition of 4I5/2--4I7/2 in Ce3+ ions [245]. The weak peaks at 

1280 cm-1 and 1887 cm-1 may be attributed to the Te=O overtone vibration in [TeO6] 

groups and O=W overtone vibrations in pair groups of [O=WO5]2[257, 258], 

respectively.  The overtone vibration of group [TeO6] at around 1220 cm-1 has been 

reported by O’Donnell using FTIR spectra [257].  All the assignments of the IR 

absorption peaks are listed in Table 3-17. 
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Figure 3-28 FTIR absorption spectroscopy of the glasses measured using reflection mode 
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Table 3-17 The assignment of the IR absorption peaks measured using reflection modes 

Peak position assignments References 

504 cm-1 W-O-W [80] 

733 cm-1 Te-O-W [80] 

879 cm-1 W-O-W in WO6 [77, 80, 256] 

945 cm-1 W=O [77, 80, 256] 

1280 cm-1 overtone vibrations of group [TeO6]   [257] 

1887 cm-1 O=W overtone vibration in [O=WO5]2 [258] 

2151 cm-1 transition of 4I5/2--4I7/2 in Ce3+ ions [245] 

Raman spectra 

Before the structural analysis of TWL glasses using Raman spectrum, it should be 

noted that addition of modifier RO (R=K, Li, La, Na etc.) into the TeO2-WO3 glasses 

could break the Te-O-Te bonds and form more Te-O-W bonds.   RO will only 

modify the glass properties, but not affect the glass structure. As a result, the TWL 

glass has similar elemental groups with the TeO2-WO3 glass. 

 

The Raman spectrum of glass TWL0 determined using a Renishaw inVia Raman 

microscope with a 514 nm laser diode at the power of 25 mW is shown in Figure 

3-29. Unlike the Raman spectra of crystalline material with sharp absorption peaks, 

Raman spectra of glasses have broad absorption peaks. From Figure 3-29, it is 

evident that the Raman peaks of TWL0 glass are broad which indicates the glass is 

totally amorphous. The spectrum obtained was deconvoluted using symmetric 

Gaussian-type function with the help of Origin 7.5. It can be seen that there are 

peaks at around 279 cm-1, 339 cm-1,449 cm-1,652 cm-1,758 cm-1 and 921 cm-1, which 

are marked as A, B, C, D, E and F, respectively. The contributions of bands A-F are 

assigned according to some references. Band A is due to W-O-W bond vibrations in 

WO6 octahedrons [259, 260]. Band B is attributed to Te-O-W linkages [261]. Band 

C is ascribed to be the contribution of symmetric stretching and bending vibrations 

of Te–O–Te or O–Te–O bonds [256]. Band D represents Te–O–Te bonds between 

two fourfold coordinated Te atoms in TeO4 trigonal bipyramid (tbp) [256]. The 

strength of band E is attributed to stretching vibrations of O=TeO2 trigonal pyramid 

(tp) units [80]. The attribution of band F at 921 cm-1 is assigned to O=W bonds in 
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single six-fold coordinated W atoms in the WO4 or O=WO5 octahedron [80]. 

Through the discussion above, we could conclude that the TWL glasses prepared 

contain TeO4, TeO3 and WO6 or WO4 groups.  All the assignment of the Raman 

peaks and the references are listed in Table 3-18. It is obvious that the structural 

analyzing result of Raman spectra is consistent with that of the FTIR spectra.  
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Figure 3-29 Raman spectra with deconvolution of undoped TWL glasses 

 

Table 3-18 The assignment of the Raman peaks of TWL glasses 

Peak position(cm-1) assignments References 

279  W-O-W bond in WO6 [259, 260] 

339 Te-O-W linkages [261] 

449 Te–O–Te or O–Te–O bonds [256] 

652 Te–O–Te between two TeO4 [256] 

758 stretching vibrations of O=TeO2 [80] 

921 O=W  [80] 
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3.3 Discussion of glasses for thin film fabrication 

3.3.1 The role of Yb3+ and Ce3+ codoping 

From Figure 3-5 and Table 3-3, it is clear that the undoped glass TWL0 and Er3+ 

doped glass TWL1 have better thermal stability than glasses codoped with Yb3+ and 

Ce3+, which might be due to the rare earth ions codoping could increase the 

proportion of non-bridging oxygen and consequently reduce the compactness of the 

glass structure. From Figure 3-28, it is evident that the intensities of peaks around 

504 cm-1 and 879  cm-1 of codoped glasses TWL2 to TWL4 are higher than Er3+ 

doped glass TWL1, which implies that groups WO6 have a higher proportion in Yb3+ 

and Ce3+ codoped glasses than that in the Er3+ doped glasses. As Sokolov proposed 

in his paper[80], one WO6 group in the glass will cause the formation of two TeO3 

groups in the glass structure. Therefore, it can be concluded that the fraction of TeO3 

groups in Yb3+ and Ce3+ codoped glasses are higher than that in the Er3+ doped 

glasses which makes the glass structure much looser as thermal analysis suggested. 

The trend of the refractive index change with Yb3+ and Ce3+ codoping also indicates 

that Yb3+ and Ce3+ codoping makes the glasss structure looser which is also 

consistent with the conclusion drawn from the above discussion.   

 

From the UV absorption curve in Figure 3-18, it can be seen that the TWL glasses 

are transparent from 399 nm to 491 nm in the visible range, and in the IR range 

around 1900 cm-1 (5.26 µm).This indicates TWL glasses are transparent in the range 

of 399 nm to 5.26 µm which is slightly larger than that Dorofeev and his colleagues 

[233] obtained (of 440 nm to 5 µm). On the other hand, Ce3+ codoping in the glasses 

can shift the UV cutoff edge to the longer wavelength which is assumed to be due to 

the interconfiguration transition between 4f and 5d orbitals that increases the ionic 

radius and consequently expands the optical energy gap [250].  

 

The results shown in Figure 3-23 illustrate all the fluorescence spectra of the glasses 

which have very similar linewidth shapes and peak positions. The bandwidths of the 

fluorescence spectra for triply doped glasses are higher than those for doubly or 

singly doped glasses which may result from the influences of the energy transfer 

between the rare earth ions or the different environment around Er3+ ions. 

Upconversion which diminishes the intensity of the emission around 1535 nm is not 
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desirable for lasers and amplifier devices, as it depletes the efficiency of such 

devices. However, it has extensive applications in fields of display, sensors and 

LEDs. Both green (520 nm and 545 nm) and red upconversions are enhanced when 

codoping Er3+, Yb3+ and Ce3+ in glasses due to the energy transfer mechanisms 

between these rare earth ions.  

3.3.2 Structural analysis 

From the study of TeO2 crystals, it is believed that the basic structural units in the 

tellurite crystal can be TeO4 tbps and TeO3 tp. Tellurite glass has a distorted 

structure similar to its crystal, therefore, these two basic structural units are also the 

main units in tellurite glasses.  

   

In the binary glasses, when a network modifier oxide is added, two kinds of 

structural changes are considered[262].  In the first model[262], it is assumed that 

one of the bridging oxygen (BO) in TeO4 tbps is transformed to two non-bridging 

oxygen (NBO) by inserting an oxygen atom from the modifier oxide. This model is 

similar to what happens in silicate glasses.  

 O2-+2[TeO4/2]                          2[O3/2TeO-] (3.16)                                                             

In this model, the addition of the modifier leads to the creation of TeO4 tbps with a 

non-bridging oxygen atom. The molar ratio of TeO3/TeO4 is independent of 

composition of the modifier because there is no TeO3 tp produced [262].  The 

fraction of NBO in this model is:  

 NBO/(BO+NBO)={2[O/Te]-4}/[O/Te] (3.17) 

In the second model[262], the addition of the modifier oxide changes one of the 

TeO4 tbp to TeO3 tp with NBO atoms. In this case, the oxygen atoms have two kinds 

of formation, one is single bonded BO and NBO, the other is double bonded oxygen 

atoms (also a kind of NBO) as shown in the following equilibrium reactions: 

 TeO4/2                         O2/2Te=O   (3.18) 

   =O

O3/2Te-O-                     O1/2TeO-
 

(3.19) 

where TeO4/2 and O2/2Te=O are similar units that can be represented by TeO2, while 

O3/2Te-O- and O2/2Te(=O)O- can be represented as 1//2[Te2O5]2- . The reactions in 

this model can be described as the following equilibriums: 
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O2-+[2(a+b)+c][TeO4/2]                      2a[O3/2TeO-]+2b[O1/2TeO-]+c[O2/2Te=O]

=O

 
(3.20) 

The fraction of NBO is calculated using the following equation: 

 
NBO/(BO+NBO)=

{2[O/Te]-3}[TeO3/TeO4]+2[O/Te]-4

[O/Te]{[TeO3/TeO4]+1}  
(3.21) 

In this equation, two oxygen atoms in unit [-Te(=O)O-] are considered as equivalent 

due to the resonance. The molar ratio of TeO3/TeO4 can be calculated using the 

Raman peak intensity, approximately [262].  

 

For the Raman spectra of TWL glass in this thesis, peaks at 652 cm-1 and 758 cm-1 

represent the vibrations of unit TeO4 and TeO3, respectively, as described in section 

3.2.4.2. Therefore, it is assumed that TeO3/TeO4 can be calculated using I758/I652 

[262]. The presence of peak 758 cm-1 confirms the existence of unit TeO3. As a 

result, model 1 which has no unit of TeO3 produced is not appropriate for the TWL 

glasses here. The results of Raman and FTIR in the above section indicate that both 

TeO4 and TeO3 are the basic units in the TWL glasses discussed in this thesis.  There 

are three types of Te−O bonds:  Te−Olong (>0.20 nm), Te−Omid (0.20 nm) and 

Te−Oshort (<0.20 nm) [79]. The schematic of the two basic structural units is shown 

in Figure 3-30.  

 
Figure 3-30 The schematic of the structural units of TeO4 and TeO3 [79, 80]. Bond lengths in TeO4: 

Te−O1= Te−O4 >0.20 nm, Te−O2 = Te−O3 <0.20 nm; Bond lengths in TeO3 :  Te−O1 and Te−O2 <0.20 nm 
Te−O3=0.20 nm 

When the modifier WO3 is added, the coordination number of unit group of W6+ has 

arguments on whether it exists in the formation of WO4 (coordination is 4) or WO6 

(coordination is 6) in the glasses as discussed in Chapter 2, section 2.3.1. The author 

of this thesis agrees with Sekiya’s statement that the TeO4 tbps is difficult to be 

substituted by WO4 due to the lone electron pair in the sp3d hybrid orbitals. 

Therefore, for the TWL glass in this thesis it is assumed that WO6 is the main 

formation of W6+. The schematic of this structural unit is shown in Figure 3-31. 

Actually, in pure WO3 crystals all the W−O bonds have the same length, while when 
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mixed with other compounds, WO6 octahedron is deformed.  One of the bonds (i.e. 

W−O6) is elongated to connect with other groups and the opposite bond (i.e. W−O1) 

is shortened [78]. Meanwhile, the insertion of WO6 can break the linkages between 

two TeO4 units and change the tellurium atoms to threefold coordinated ones, which 

means two TeO3 units can be formed for each WO6 units insertion [80].  

 

 
 

Figure 3-31 The schematic of structural unit WO6 [78, 80]. Black circle represents W atom, grey circles 
represent oxygen atoms. Bond length W−O1<0.20 nm, W−O2= W−O3==W−O4= W−O5>0.20 nm, 

W−O6 >0.20 nm. 

From the analysis of FTIR spectroscopy, besides the structural units TeO4, TeO3 and 

single WO6, there are also structural units [TeO6] and [O=WO5]2 which represent 

two connected TeO3 and WO6 resonant group, respectively, in the TWL glasses. 

However, pair units [TeO6] and [WO6]2 could only be detected using the reflection 

mode FTIR.  O’Donnell believed that the weak overtone absorptions are the 

combinations of fundamental Raman absorptions and Te-O infrared bands that result 

in IR active modes. It is believed this is the reason why overtone absorptions of 

[TeO6] and [O=WO5]2 groups have not shown in the Raman spectra [257].   

 

The linkages in these structural units include bridging oxygen atoms and threefold 

coordinated oxygen atoms. The former one includes linkages between TeO4 unit and 

its environment: TeI−O−TeI, TeO4 and its environment: TeII−O−TeII, TeO4 and TeO3: 

TeI−O−TeII; WO6 and its environment: W−O−W; and linkages between WO6 and 

TeO4 as well as WO6 and TeO3: TeI−O−W, TeII−O−W.  The threefold coordinated 

oxygen atom connect groups TeO4 TeO3 and WO6 together, therefore, the linkages 

include   and  [80]. 
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Based on the above analysis, the local structure of the TWL glasses can be drawn 

and is shown in Error! Reference source not found.. The bond lengths and bond 

angles in the structure are listed in Table 3-19. 

 
Table 3-19 The bond lengths and angles between the bonds in the glass structure [80] 

Structural unit Bond Bond lengths(nm) Angle degrees 

TeO4 
Te–Oa 0.1914 Oa–Te–Oa 105.2 
Te–Oe 0.2150 Oa–Te–Oe 91.2 
  Oe–Te–Oe 172.9 

TeO3 
Te–On 0.1818 On–Te–Ob 97.3 
Te–Ob 0.2000 Ob–Te–Ob 94.3 
Te’–Ob 2.038 Te–Ob–Te’ 135.3 

Paired TeO3 

Te–On 0.1838 On–Te–Oa 101.6 
Te–Oa 0.2042 On–Te–Ob 101.9 
Te–Ob 0.1921 Oa–Te–Ob 97.2 
Te’–Ob 0.2326 Te–Oa–Te 127.7 
  Te–Ob–Te’ 115.3 

WO6 

W–On 1.735 On–W–Ob 99.4 
W–Ob 0.2025 On–W–Ot 176.2 
W–Ot 0.2321 Ob–W–Ot 80.8 

  Ob–W–Ob 
88.5 
159.4 

  W–Ob–Te 114..8 
145.2 

  W–Ot–Te 113.8 

[O=WO5] 

  0.1735 On–W–Ob 98.1 

W–Ob 0.2059 On–W–Ot 
101.2 
168.4 

W–Ot 0.2330 Ob–W–Ot 
86.2 
153.8 

  Ob–W–Ob 88.4 
  W–Ob–Te 136.4 

  W–Ot–Te 109.1 
128.1 

  W–Ot–W 109.7 
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Figure 3-32 Schematic of local structure of TWL glasses. Blue circles represent Te atoms, grey circles 

represent oxygen atoms, and black circles represent W atoms. 

3.4 Conclusions  

1. Er3+ doped glass TWL1 has a relatively higher stability compared to 

Yb3+/Ce3+ codoped glasses TWL2-TWL4.  

 

2. When codoped with Er3+ and Yb3+, the optical energy gaps of TWL glass are 

reduced compared to Er3+ doped glass TWL1. While codoped with Er3+ and 

Ce3+, the UV cutoff edges shift to longer wavelength and the optical energy 

gaps increase. The change of the optical energy gaps of TWL glasses is 

believed to be due to the rearrangement of the glass structure.  

 

3.  From the analysis of reflection FTIR and Raman spectra, the glasses have 

group units of TeO4, TeO3, single WO6, and pair groups [WO6]2 and [TeO6]. 

The local structures of TWL glass is drawn according to the structure model 

and the analysed results.  

 

4. When doped with different rare earth ions, there is no obvious change in the 

linewidth shape, FWHM, peak position of fluorescence spectra of these 

glasses. 
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5. The Judd-Ofelt parameters were calculated using the absorption specta. The 

results showed that the Yb3+  and Ce3+ codoping can reduce the covalency of 

Er3+ ions which caused the reduction of Ω2.  The long measured lifetime of 

transition 4I13/2→4I15/2 implies the radiative trapping effect in the TWL glass 

system. As a result, the calculated lifetime should be referred as the lifetime 

of the TWL glass. 

 

6. Codoped with Yb3+ and Ce3+ ions into Er3+ doped glasses can enhance the 

upconversion which could reduce the lasing or amplification ability of the 

glasses.  



107 

 

Chapter 4 Fabrication and characterisation of tellurite 

glass thin film on silica substrate 

As discussed in Section 2.1 of Chapter 2, that planar channel waveguides have 

dominant potential advantages over optical fibres. Thin film is a typical planar 

waveguide which consists of a substrate and a thin layer of dielectric material with 

larger refractive index than that of the substrate. The cladding layer is usually air. 

Once thin films are obtained, various devices or nanostructure with different 

geography can be fabricated on.  

 

According to the analysis in Chapter 3, Er3+ doped glass TWL1 has comparatively 

better properties compared with other Yb3+ and Ce3+ codoped glasses made in this 

work. As summarized in Chapter 3, glass TWL1 has better thermal stability and 

lower upconversion efficiency which is a critical quality for this material to be used 

in the application of amplifiers and lasers.  Therefore, the composition of glass 

TWL1 (Er3+ doping concentration: 1wt% or 0.5 mol%) was chosen as the recipe of 

target used for thin film deposition in this chapter.  All targets used herein were 

prepared using alumina crucibles.  

 

This chapter focuses on the fabrication of erbium doped TWL glass films on silica 

substrate. As mentioned in Section 2.5.7 of Chapter 2, the deposition parameters, 

namely, laser energy fluence and laser repetition rate, oxygen pressure, and substrate 

temperature in addition to distance between the substrate and the target have critical 

effects on the quality of the thin film obtained. Therefore, first of all, these 

deposition parameters are optimized based on the composition of glass TWL1. The 

properties of obtaining thin films (with thickness of 1-2 μm) deposited at different 

conditions, especially, at the optimized conditions are investigated in detail using 

various techniques, such as UV, fluorescence spectroscopy, X-ray diffraction (XRD) 

and scanning electron microscopy (SEM) etc. These techniques, for example XRD 

and SEM, and their measurement principles which are not included in Chapter 3, are 

explained in this chapter as well.   
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4.1 SEM and XRD techniques for thin film investigation 

4.1.1 SEM-Energy dispersive X-Ray (SEM-EDX)  

SEM-EDX as an electron microscope fitted with an energy dispersive spectrometer 

can be used as a powerful technique to investigate the topography, composition or 

electrical conductive properties of materials. The topography such as particle 

distribution and size on the top layer of the thin films and the composition of the thin 

films are crucial factors for determining the quality of the thin films. Therefore, 

SEM-EDX was utilized to analyse the topography and composition of the thin films 

in this work.  

 

Compared to the traditional optical microscope, SEM has merits on the study of 

surfaces of solid samples due to the ultra-high resolution that it can achieve. The 

maximum resolution of the microscope is correlated with working wavelengths, 

refractive indices of the surrounding media and distances between lens and sample.  

The optical microscope uses visible light as the energy source which has a relatively 

long wavelength, and the surrounding media is usually air which refractive index is 

restricted to be around 1.  In addition, the distance from lens to the sample is limited 

as well. As results of these limitations, the magnification of the optical microscopy is 

as low as 1000.  

 

Conversely, SEM uses an electron beam which has a much shorter wavelength than 

the visible light (about 0.02 nm) as energy source. The shorter wavelength of the 

electron beam in SEM enables to yield a higher image resolution. As a result, images 

acquired using this technique have satisfied quality even down to the nanometer 

level.  Additionally, SEM has a large depth of field which is why images obtained 

using this technique exhibiting a three dimensional (3D) like appearances [263].  

 

The main components in SEM system are lenses, an electron gun, electron collector, 

visual and photo recording system (view screen) and any other associated electronics. 

The schematic of this system is shown in Figure 4-1.  A high voltage is firstly 

applied on a filament (usually tungsten), and then electrons escape from the filament 

to an anode when the voltage reached the value of threshold voltage. With the help 

of the anode voltage, electrons can form a beam which comes down through the 
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whole column and is incident on the sample under the alignment of lenses. The 

interaction between the incident electrons and the sample can yield various electron 

signals, such as secondary electron and backscattered electron, ions and atoms etc. 

The imaging detector collects the obtained electron signals point by point, converts 

them into intensity changes on a viewing screen, and produces images subsequently. 

There are many factors that correlate with the quality of images that can be achieved, 

specifically, diameter of final electron beam incident on a specimen (resolution), 

electron beam current (contrast between image feature and background),  angle 

between electron beam and specimen (focus area), and  voltage of the electron beam 

(field depth) [263].   

 

As aforementioned, once the electron beam is incident on the sample surface, it will 

interact with the material, and scatter or generate a variety of signals, namely, 

electrons (back scattering electrons, and secondary electrons), ions and atoms in 

addition to X-rays. All the scattering effects can be combined together to produce 3D 

“interaction volume” as shown in Figure 4-2. The depth of the interaction volume is 

related to the voltage of the electron beam utilised and the properties of the sample.  

The X-ray signal is a small fraction among these signals produced due to the higher 

threshold voltage it requires. It is produced when electrons in the inner electron shell 

is excited leaving a hole. The hole in the inner electron shell can be filled by 

electrons in the outer shell subsequently, and X-ray is produced in this process. The 

energy of the X-ray signal is a characteristic of atomic structure and is consistent 

with the energy difference between these two electron shells. As a result, the 

composition of sample can be identified by measuring the intensity of the X-ray 

signal using an energy dispersive spectrometer.  

 

In this work, a field emission gun (FEG) SEM (LEO 1530 FEGSEM) was used to 

measure topography of thin films on silica substrates. Compared to the traditional 

thermionic electron gun which has a low brightness, limited lifetime and large 

energy spread field, FEG is usually a sharp zirconia coated tungsten tip and emit 

electrons by a thermally assisted field emission process. Therefore, it has a much 

higher brightness and better capability of yielding high quality images[263].  
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As all the materials used in this work are dielectric materials, to avoid electron 

charging which reduces the quality of images, all the samples need to be coated by 

materials with good conductivity before the measurements. In this work, bulk glasses 

were coated by gold while thin films were coated by platinum (Pt) of around 10 nm 

thickness.   

 

When taking images of sample surfaces, the voltage of the electron beam was set as 

low as 3 kV to obtain a truthful image of the top surface and the working distance 

was usually set as 3 mm.  During the EDX measurement, the electron beam voltage 

was increased to 20 kV to increase the intensity of the X-ray signal while the 

working distance was set as 8 mm where the X-ray detector is placed.   

 
Figure 4-1 The schematic of the SEM system [264]. 
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Figure 4-2 The schematic of electron interaction volume, depth for secondary electrons: 5-50 nm, 

backscattered electrons: 500-1000 nm, X-ray: 1-2 μm  

4.1.2 XRD 

Crystallisation, which can reduce the transparence of glass thin films, should be 

avoided in the whole thin film fabrication process. In this chapter, XRD, as a 

crystalline structural characterisation technique, was employed to examine whether 

there is crystallisation in the thin film.  

 

In XRD measurements, X-ray radiation is produced by hitting a copper (Cu) target 

with an accelerated electron beam.  As is known, there are many electron orbits 

around the nuclus of an atom as shown in Figure 4-3. It can be seen from the figure 

that the energy of the electron beam can ionize some of the electrons in 1s orbit in 

Cu atoms, and leave a void in this orbit which is filled subsequently by the electrons 

from the outer orbits, namely 2p, 3p, etc.  The energy differences between the 1s 

orbit and the outer orbits are released in a form of X-ray radiation including Kα 

radiation (transition 2p---1s), and Kβ radiation (3p---1s). Among these radiatioins, Kα 

radiation which is much more intense and happens more often than Kβ is used in the 

diffraction experiments. To attain a pure Kα radiation which, Ni foil which can 

absorb Kβ radiation and most of the white radiation is used as a filter [265].   

 

When the X-ray signal that produced in the above process is incident on a sample 

surface with an adjustable angle, the atomic plane in crystals or plane like features in 

amorphous materials can yield scattered X-ray photons. If the X-ray photons 
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produced from adjacent plane is constructively interfere, bright fringes or Bragg 

reflections can be produced. Otherwise, destructive interferece produces.  

 

As shown in Figure 4-3 (b), when the X-ray radiation is incident on the sample with 

an angle of θ, the light 1 and 2 are scattered from two crystalline planes separately 

and it is assumed that the scattered X-ray light 1’ and 2’ are in phase.   

 

Since AB=BC=dsinθ, and BC=nλ, then: 

ߠ݊݅ݏ݀  = 2݊λ (4.1) 

where d is the distance between this two reflection planes and n is the order of the 

reflection, λ is the wavelength of the incident light. As the incident angle changes, 

destructive interference which produces low intensity occurs as well and therefore 

diffraction can be yielded. The above equation is known as Bragg’s Law which can 

be used when the reflected X-rays are in phase. Utilizing this equation, dimension of 

crystalline lattice, which is a characteristic of the crystals, can be calculated to 

identify the crystal when the wavelength of the X-ray is known.  

 

 

        
                                           (a)                                                            (b) 
Figure 4-3 (a) The schematic of the X-ray production. From inner orbit to outer orbit: nuclear, 1s, 2s, sp, 

3p. (b) Schematic for derivation of Bragg’s law 

In this work, samples were scanned using Cu Kα1 X-ray radiation (λ=0.15406 nm), 

and the incident angle is changed from 5° to 95° with a step size of 0.05 °/s.  All the 

XRD measurements were performed with the help of Miss Fangyuan Zhu.  
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4.2 Optimization of the parameters for tellurite glass thin film 

fabricated on silica substrate 

As described in Chapter 2, PLD is a complex technique of thin film fabrication. To 

attain TWL glass thin films with excellent optical properties and smooth surfaces, 

the parameters including laser fluence, O2 pressure, substrate temperature in addition 

to laser wavelength, repetition rate, and distance between substrate and target need to 

be optimized. The wavelength of laser, repetition rate and distance between the 

substrate and targets used, in this work, are 193 nm, 10 Hz and 55 mm, respectively. 

In this section, laser fluence, pressure and temperature are optimized through 

investigation of the transmittance properties of a series of thin films.   

4.2.1 Laser fluence optimization 

In this section, a series of thin films were deposited using different laser fluence 

while all the other parameters were kept constant. The deposition parameters used 

here are listed in Table 4-1. After depositions completed, the substrate temperatures 

were cooled down to RT at a rate of 50 oC/min.  

 

As aforementioned, the transmittance of a thin film is a crucial property for optical 

materials and is used as the first criteria of thin film quality evaluation. All the 

transmittance of thin films obtained using the parameters listed in Table 4-1 are 

shown in Figure 4-4. It can be seen that there are interference fringes in all the 

curves of the transmittance of thin films indicating uniform thin films with excellent 

transparences. Chrisey[173] pointed out that the lower laser energy used during the 

deposition process resulted in smaller particle dimensions.  In addition that a thin 

film was obtained using 1.3 J/cm2 has a relatively higher transparence as shown in 

Figure 4-4. Consequently, this fluence was chosen as a better laser energy.  

 

The transparences of thin films produced herein are satisfied, therefore, other 

properties need to be investigated to further understanding of these thin films. 

Topographies of thin films as the second criteria were examined using an optical 

microscope first, and then SEM.  It is shown that all films in this series have large 

cracks when investigated under the optical microscope. Images of one of the thin 

films measured using SEM are shown in Figure 4-5. 
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SEM images confirm the existence of the large cracks as have been found using the 

optical microscope. However, the areas between these large cracks when 

investigated at higher magnification as shown in Figure 4-5(b) reveal no additional 

small cracks at the 10s of nano meter scale.  Cracks in the films may come from the 

thermal stress between the materials during the cooling down process which is 

possible to improve or remove through changing cooling rate or the CTE mismatch 

between the glass materials (12 ppm) and the substrates (0.5 ppm).  

 
Table 4-1 Deposition parameters for thin film on silica substrate using different laser fluence 

Laser fluence  
(J/cm2) 

O
2
 pressure 

(mTorr) 
Temperature 
(oC) 

Distance 
(mm) 

Frequency 
(Hz) 

Duration 
 (h) 

2.6 165 300 55 10 3 

2.3 165 300 55 10 3 

2.1 165 300 55 10 3 

1.8 165 300 55 10 3 

1.3 165 300 55 10 3 
Note: laser fluence was calculated using the real laser energy (measured using power meter) incident 

on target /area of laser spot on the target.   
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Figure 4-4 The transparences of the thin films on silica substrate prepared using different laser energy 
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(a)                                                             (b) 

Figure 4-5 Images of thin films on silica substrate deposited at 300 oC (a) the images at low magnification 
(b) image of  the area between the cracks at high magnification 

4.2.2 Optimization of the O2 pressure 

As discussed in Section 4.2.1, if the large cracks are caused by the fast cooling down 

rate and the differential stress near large particles, then at least one of the factors 

influencing the crack will be managed better by carrying out the deposition of films 

at RT. Based on this assumption, a series of glass films were prepared at RT under 

O2 pressure in a range of 120 mTorr to 160 mTorr, and all the other parameters, like 

repetition rate, distance between substrate and targets were unchanged as in the 

deposition of the first series of thin films.  In addition, laser fluence was set as 1.3 

J/cm2 based on the results in section 4.2.1.  The deposition parameters used here are 

listed in Table 4-2.  

 

Large cracks were removed as we expected, when these thin films were investigated 

using the optical microscope. For further confirmation, one of the thin films was 

investigated using SEM, and the image is shown in Figure 4-6. Unfortunately, even 

though the large cracks are removed, there are many micrometer level cracks on the 

surface of the film, which can be seen clearly from the image at high resolution. It is 

worth noticing that these micrometer level cracks are quite different from the large 

cracks shown in Figure 4-5.  Since cracks can be caused by both external load and 

residual stress [266], it is believed that the large cracks were caused by the thermal 

stress which can be removed by changing the cooling down rate while the 

micrometer cracks were produced due to the CTE mismatch between tellurite glass 

and silica substrate. Therefore, it may be possible to remove or reduce these 

micrometer cracks by using proper substrate temperature.  
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The transmittance of these films are shown in Figure 4-7, and it is obvious that thin 

film deposited under 135 mTorr has the highest transparence than other films. As a 

result, O2 pressure was decided to be 135 mTorr in future deposition.   
Table 4-2.  Deposition parameters of thin films on silica substrate prepared at room temperature under 
different O2 pressures. 

O
2
 pressure 

(mTorr) 
Energy 
 (mJ/cm2) 

Temperature 
(oC) 

Distance 
(mm) 

Repetition 
rate(Hz) 

Duration 
 (h) 

165 1.3 RT 55 10 3 

150 1.3 RT 55 10 3 

135 1.3 RT 55 10 3 

120 1.3 RT 55 10 3 

 

 
Figure 4-6 SEM images of the samples deposited using various O2 pressure in the range of 120-160 mTorr 
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Figure 4-7 Transparences of thin films deposited on silica substrate using various O2 pressures in the 
range of 120-160 mTorr  
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4.2.3 Temperature optimization 

Based on the results of Section 4.2.2, a series of samples were prepared using 

different temperatures to try to remove the micrometer scale cracks on the surface of 

the film.  The parameters used for this series of thin films are listed in Table 4-3.  

 

Films obtained at different temperatures were, first of all, examined using the optical 

microscope, and no cracks for samples deposited at 100 oC and 150 oC were 

observed. These two samples were measured using SEM to further study the 

topographies and images obtained are shown in Figure 4-8. It is shown that the thin 

film deposited at 100 oC has a relatively better surface compared to that of films 

deposited at 50 oC and 150 oC. Additionally, with the increase of the temperature 

from RT to 300 oC, the dimension of the cracks reduced and reached minimum at 

around 100 oC, and then increased again.  Based on this result, one more thin film 

was prepared at 120 oC, and there is no further improvement of the films topography.  

 

To summarize the results, the cracks on the films obtained at RT and any other 

temperatures from 50 oC to 150 oC are quite different from the cracks on the surface 

of the sample deposited at 300 oC as shown in Figure 4-5.  It is assumed that the 

cracks produced at the temperature lower than 300 oC are due to the huge 

discrepancies between the CTE of the substrate and the glass film, while the cracks 

on the film obtained at 300 oC is attributed to the fast cooling down rate (50 oC/min).  

As can be seen from Figure 4-5 (b), areas between the cracks on the surface of the 

film deposited at 300 oC is better than the surface of films deposited at 100 oC as 

shown using the images of high resolution. Therefore, if the thin film is deposited at 

300 oC with a slow cooling down rate, thin films may be crackfree or with little 

small cracks. Based on this assumption, a thin film was grown at 300 oC with a slow 

cooling rate of 0.5 oC/min after the deposition was completed. The SEM images of 

this film are shown in Figure 4-9.  It is exciting to find that there are no large cracks 

on the film as expected.  

 

When comparing SEM images of film deposited at 100 oC in Figure 4-8 (b) and 

SEM images of films prepared at 300 oC with a slow cooling rate in Figure 4-9, it is 

evident that uniformity of particles on the surface of film deposited at 100 oC is 
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better than that of film prepared at 300 oC in Figure 4-9 (b).  However, the 

microstructures in Figure 4-8 (b) shows a large number of uniformly distributed 

nanometer-scale cracks, which are evident from the high magnification image 

analysis. The nano-scale cracks on the film prepared at 100 oC have little influence 

on the application of fabricating micrometer scale devices.  
Table 4-3 Deposition parameters for films using different temperatures 

Temperature (oC) O2 pressure 
(mTorr) 

Energy (mJ) Distance 
(mm) 

Repetition 
rate(Hz) 

Duration (h) 

150 135 1.36 55 10 3 

120 135 1.36 55 10 3 

100 135 1.36 55 10 3 

50 135 1.3 55 10 3 

 

   
 (a)                                                         (b) 

 

    
(c)                                                       (d) 

Figure 4-8  SEM images of films deposited at different substrate temperatures, and other conditions are 
shown in Table 4-3. Inset image in right top picture is the same sample at higher magnification. (a) 50 oC, 

(b) 100 oC, (c) 120 oC. (d) 300 oC  
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(a)                                                          (b) 

Figure 4-9.SEM images of film prepared at 300 oC and cooling down with rate of 0.5 oC/min  when 
deposition finished, other deposition conditions are shown in Table 4-3, (a) low magnification, (b) high 

magnification 

The transparences of the samples deposited at different temperature are shown in 

Figure 4-10. It is clear that these films are uniform, and have high transparences.  
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Figure 4-10 Transmittences of films deposited on silica substrate at different temperatures with other 

deposition conditions shown in Table 4-3.  

In summary, to obtain a high quality film with good optical properties and surface 

condition, targets were prepared using the same recipe as glass TWL1 and series of 

optimization experiments were carried out.  It can be concluded that excellent films 

can be obtained using an Excimer laser with a wavelength of 193 nm (pulse duration 

20 ns) and a repetition rate of 10 Hz.  The substrate is placed vertically above the 

target at a distance of 55 mm. The laser beam is incident on the target with a fluence 

of 1.3 J/cm2. Prior to deposition,  the PLD chamber needs to be pumped down to less 

than 10-6 mTorr to avoid contamination, and then filled with high purity processing 

gases at a flow rate of 20 sccm, whilst continuing to pump in order to maintain a 
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residual pressure of 135 mTorr. The substrate temperature can be set at both 100 oC 

and 300 oC with a cooling rate of 50 oC/min or 0.5 oC/min, respectively.  

  

Thin films obtained using these parameters at these two different deposition 

temperatures were fully characterized and compared utilizing UV/VIS/IR 

spectrometer, FTIR spectrometer, prism coupler, fluorescence spectrometer, SEM-

EDX, and XRD in the following section.   

4.3 Results and discussions of the thin films obtained at optimal 

conditions 

4.3.1 Optical properties 

The optical properties, namely transmittance, refractive indices, fluorescence spectra 

and lifetimes, of the two films deposited at 100 oC and 300 oC were investigated and 

compared in this section.  

 

The transmittance of these two films are shown in Figure 4-11. It can be seen that the 

transmittance of the thin film deposited at 100 oC on the silica substrate is as high as 

95%, over the range of 650 nm to 2500 nm. By comparison, the transmittance of the 

thin films deposited at 300 oC is seen to be fractionally lower than those for 100oC, 

which is the result of larger particle clusters constituting the film at higher substrate 

temperature (see Figure 4-9 (b)). The interference fringe patterns shown in the figure 

are an indication of thickness uniformity of the films in the measured area.  

 

The refractive index and propagation loss of the thin films deposited at 100oC on 

silica substrates were measured at 633 nm using the prism coupler, and were found 

to be 1.80 and 0.2 dB/cm, respectively. While the thin films deposited at 300oC have 

a higher refractive index of 1.92 and an optical loss of 0.71 dB/cm. The distinction of 

the refractive indices between these two thin films indicates differences in density of 

the thin films [28]. While the difference in loss values observed for the two films can 

be justified by the different refractive index contrast between the thin film and the 

adjoining silica substrate, and the nanoscale defects on the surface shown in Figure 

4-8 (b), that affect the Rayleigh scattering losses [267-269]. 
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Figure 4-11 Optical transmittance spectra of the TWL glass thin films deposited using 193 nm laser  on 
silica substrates at 100 oC and 300 oC   in the range of 350 nm to 2500 nm. 

In Figure 4-12, the room temperature fluorescence in the Er3+-ion doped TWL glass 

thin films deposited on the silica substrate at 100 oC and 300 oC are compared. The 

spectra were measured using a 980 nm semiconductor diode laser. The pumping at 

980 nm excites the Er3+:4I15/2 states to a metastable 4I11/2 state, from which the non-

radiative decay occurs and populates the lasing level at 4I13/2. The line-widths of the 
4I13/24I15/2 transition in TWL thin films deposited on silica substrates at 100 oC and 

300 oC have similar shape, but no significant difference in the peak position. The 

small blue shift (~3 nm) of the peak of the spectrum of high temperature deposited 

film compared to that of the film deposited at 100 oC is within experimental error. 

 

The values of the fluorescence bandwidth (∆λ= ∫Idλ/Imax) of these two fluorescence 

spectra are reported in Table 4-4, and the bandwidth of the films deposited at 100 oC 

and 300 oC are the same at 72 nm. The lifetimes of the 4I13/24I15/2 transition in 

addition to the experimental data of the propagation loss, refractive index (at 633 nm) 

and thickness of the films are listed in Table 4-4 as well. And it can be observed that 

the fluorescence lifetime of the films deposited on silica is lower compared to that of 

the target. As discussed in Section 3.2.2.2 of Chapter 3, the longer measured lifetime 

of the bulk glass is caused by the radiative trapping due to the large thickness of the 

glass (around 4.5 mm).  The theoretical lifetime of Er3+ doped glass TWL, as a target 

for thin film deposition here, was determined to be around 2.44 ms in Chapter 3.   
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The measured lifetime (2.28 ms and 2.0 ms for thin films deposited at 100 and 300 
oC, respectively) of the TWL thin film is similar to the theoretical lifetime of the 

target glass 2.44 ms. The reduction of the lifetime compared to the theoretical 

lifetime of the target can be attributed to the free OH absorption in the thin film as 

shown in Figure 4-13 which resulting in an increase of the nonradiative relaxation 

from 4I13/2 level. These hydroxyl groups may be from the moisture present in the 

process and gas used during the deposition. In addition, the presence of nanoscale 

grain boundaries also favours moisture adsorption from the atomosphere. 
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Figure 4-12 The room temperature PL spectra of the TWL thin films deposited on silica substrate using 
193 nm laser at 100 oC (solid) and 300 oC (dashed), all the other deposition conditions are listed in Table 

4-3 

Table 4-4 Optical and spectroscopic properties of TWL bulk glass and thin films deposited on plain and 
polymer-coated silica substrates 

Glass films 
deposited 
on 

Gas 
atmosphere 
for 
deposition @ 
135 mTorr 

Refractive 
index at 
633 nm 

Loss at 
633 nm 
(dB cm-1) 

Fluorescence 
bandwidth 
(nm) 

Lifetimes 
(ms) 
4I13/24I15/2 

Thickness 
(nm) 

Silica 
substrate  at 
100 oC 

O2 1.82 0.20 72 2.28 1073 

Silica 
substrate  at 
300 oC 

O2 1.92 0.71 72 2.00 983 

Bulk glass  2.11  77 5.30  
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Figure 4-13The OH absorption peak in the TWL thin film deposited using PLD and bulk glass 

4.3.2 Topography 

Topographies of thin films were investigated using SEM technique in this section.  

Figure 4-14 (a) and (b) show the SEM images of the surface of the films deposited at 

100 oC and 300 oC respectively. It is apparent that there is no much difference in the 

film structure, except the nano-scale grain boundaries (dark appearance in the image) 

per unit area. The particle size on average is much smaller and there is no large 

cracks shown for the 300 oC deposition while at 100 oC there is better agglomeration 

of particles of relatively larger size and fewer cracks at the nanoscale. The 

comparison of microstructure also confirms the reformation and growth of 

particulates in the post-plasma plume, which carries a majority of ablated materials 

through kinetic energy exchange with the gas molecules to the substrate.  
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(a)                                                                (b) 

Figure 4-14 SEM images of thin films deposited on silica substrate using 193 nm laser at (a) 100 oC,  (b) 
300 oC 

4.3.3 Structure and composition analysis 

As mentioned in Chapter 2, section 2.5.7, PLD is an excellent thin film deposition 

technique, and has a number of advantages over other thin film growth techniques. 

One of the primary advantages is PLD could transfer the composition truthfully from 

targets to thin films. In this section, the target and thin films obtained were 

investigated and compared using Raman, EDX and XRD to study the structure and 

composition of these films and composition conservation capability of the PLD 

processes.  

 

Since the inVia Raman microscope uses laser of 514 nm which then causes 

fluorescence of Er-ion present, an undoped glass thin film was grown using optimal 

conditions (at 100 oC) that was obtained in Section 4.2. Raman spectra of the 

undoped glass and thin film are plotted in Figure 4-15 and the assignments of the 

peaks are listed in Table 3-18. The intensities are normalized to remove the effect 

that involved by differences of the measurement condition.  It can be seen that all the 

peaks and the peak positions in the Raman spectra of the undoped thin film are quite 

close to that in the Raman spectra of the undoped glass, which indicates that the 

undoped film has a similar structure to that of undoped glass with a little change of 

the ratio between different unit groups.  

 

As explained in Section 3.2.4 in Table 3-18, the peak at around 279 cm-1 is attributed 

to the vibration of bond W-O-W in unit group WO6, while the peaks around 652 cm-1 

and 758 cm-1 are believed to be due to the stretching vibrations of Te-O-Te between 
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two TeO4 groups and stretching vibrations of TeO3, respectively. Therefore, the 

intensities of peaks 279 cm-1, 652 cm-1 and 758 cm-1   can be used to represent the 

amount of unit groups WO6 , TeO4 and TeO3, respectively, and I652+ I758/ I279 can be 

used to characterize the ratio between W and Te atoms as Himei did in his 

paper[262]. These intensities of the peaks and peak ratio are listed in Table 4-5. It 

can be seen that the ratio I652+ I758/ I279 for the thin film can be considered to be the 

same as that for the bulk glass, which indicates that the ratio fraction of Te and W 

atoms has little changes in the thin film compared to that in the bulk glass.  
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Figure 4-15 Comparison of the Raman spectra of undoped TWL glass and undoped TWL glass film 

deposited on silica substrate at 100 oC, red lines are deconvolution peaks based on Raman spectrum of 
TWL glass  

 
Table 4-5 The intensity of peak 279 cm-1 , 652 cm-1  and 758 cm-1 of TWL thin film and bulk glass 

Samples I279 I 652 I 758 I652+ I758/ I279 

Thin film 0.824 0.992 0.947 2.4 

Bulk glass 0.789 0.905 0.992 2.4 

 

The compositions of the target glass and the thin films obtained using EDX are listed 

in Table 4-6 in atomic%. The EDX data of the samples show 2.71 atomic% 

aluminum (~0.7 mol% Al2O3) introduced in the target glass due to the use of an 

alumina crucible for glass melting. Varying concentrations of Al are present in the 

thin films reported in the table. Bai et al.[270] found that codoping with a small 

amount of Al2O3 (0-4 wt%) in the ZnO thin films can improve the transmittance of 



126 

 

the thin film and also reduce the size of the particles on the surface of the thin film. 

Therefore, it is assumed that the presence of Al2O3 in such small concentrations will 

not detrimentally affect the optical and spectroscopic properties of the glass. In 

addition, it can also be seen that, in both thin films, concentration of O atoms 

increased compared to that in the target, which may be due to the loss of Te and W 

atoms or the existence of pure O2 in the chamber during the deposition process. The 

amount of Te atoms in the thin films fabricated at 100 and 300 oC became smaller 

compared to that in the bulk glass.  In addition, the amount of W atoms in thin films 

fabricated at temperature of 300 oC increased compared to that in the bulk glass 

while in the one fabricated at temperature of 100 oC, the amount of W has a similar 

value compared to that in the bulk glass. These results are consistent with that 

obtained from Raman spectra.  

 

To study the compositions changes further, data of atomic percentages were 

converted into the molar percentages of each compound in the samples, and the 

results are listed in  

Table 4-7. It can be seen that the ratio of WO3 increased significantly compared to 

that in the bulk glass, while the ratio of TeO2 reduced on the contrary. This 

conclusion is in agreement with the above discussion. 

 
Table 4-6  Compositions of target and thin films in atomic% measured using EDX 

Element/Glass thin films deposited on O Te W La Er Al 

Silica substrate  at 100 oC  
in O2 

87.3 6.0 3.4 1.4 0.2 1.7 

Silica substrate  at 300 oC  
in O2 

80.2 7.5 8.1 2.7 0.1 1.4 

Bulk glass 78.4 11.73 3.72 3.14 0.31 2.71 
 

Table 4-7 Compositions of target and thin films in mol% converted using the data in above table, ignoring 
the existence of Al2O3 in the samples 

Compositions/Glass thin films deposited on TeO2 WO3 La2O3 Er2O3 

Silica substrate  at 100 oC in O2 59% 33% 7% 1% 

Silica substrate  at 300 oC in O2 44% 48% 8% 0.03% 

Bulk glass 70% 22% 9.3% 0.09% 
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The XRD of the target glass and thin films prepared under different conditions are 

reported in Figure 4-16. It is evident that there is no sharp peaks resulting from 

crystalline phase in all the XRD curves which suggested that both target glass and 

thin films obtained are amorphous materials. 
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Figure 4-16 XRD of samples: (a) target glass, (b) glass film on silica deposited at 100 oC, (c) glass film on 

silica deposited at 300 oC 

4.4 Conclusions  

1. High quality tellurite glass thin films were obtained using 193 nm excimer 

laser (pulse duration: 20 ns) at 10 Hz. The laser fluence is around 1.3 J/cm2 

and O2 pressure in the chamber during the deposition is around 135 mTorr 

and distance between targets and substrate is 55 mm.  The substrate 

temperature could be 100 oC or 300 oC.  

 

2. The thin films obtained at 100 oC have higher transparence, lower 

propagation loss than that of thin films deposited at 300 oC. In addition, the 

thin film prepared at 100 oC has a more uniform surface than the thin films 

grown at 300 oC. However, when deposited at 100 oC, the thin films still have 

nano meter cracks. 

 

3. The measured lifetime of the thin films are similar to the calculated radiative 

lifetime of the bulk glass which indicates that the radiative trapping effects 
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that affect the measured lifetime of the bulk glass have been reduced for 

lifetime measurement of the thin films. 
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Chapter 5 Fabrication and characterisation of composite 

thin films 

As mentioned in Section 2.4.2 of Chapter 2, composite materials have been studied 

extensively as they could improve the properties of materials, and even behave like 

novel materials that cannot be fabricated using traditional techniques. Glass and 

polymer are two of the critical materials for fabrication of optical devices nowadays, 

both of which have excellent optical properties, such as low loss, high transparence 

and good mechanical and thermal properties. The main purpose of engineering a 

composite is to combined the advantages of the source materials and improve or 

remove their deficiencies for device application. The resulting glass-polymer 

composite fabricated using PLD in this work is expected to have tremendous 

application in the optical communication system in the future, such as optical 

amplifiers, optical sensors, and optical switches.  The efforts of fabricating 

multilayer composites using PLD has opened a door of fabricating composite thin 

films for not only glass and polymer, but also many other materials, such as 

semiconductors and ceramics.  

 

Two different ways have been used to prepare glass-polymer composites, one of 

which is to deposit TWL glass films on polymer coated silica substrates, and the 

other is to deposit multilayer glass-polymer composite film with periodic phosphate 

modified tellurite (PT) glass and PDMS bilayers on silica substrates.  To engineer 

the multilayer composite films, PT glass was chosen for the sake of comparable 

refractive index with polymer in addition to the broad fluorescence bandwidth and 

high rare earth solubility which are critical factors for short compact waveguide 

amplifier [271].   

 

A variety of analysis techniques namely, FEG-TEM, SEM-EDX, UV/VIS/IR 

spectrometer, FTIR, fluorescence spectrometer, M-line spectrometer and XRD were 

employed to investigate the layers structure, topography, absorption, fluorescence, 

refractive index and loss of the films, respectively.  These results obtained are 

discussed in detail.  
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5.1 Transmission electron microscopy (TEM) 

The TEM is used to investigate the structure inside the specimen as well as the 

crystalline orientation. In this work, TEM is employed to examine the layer structure 

inside the composite thin films. The TEM is also a microscopy technique like SEM 

using electron beam, except in this case the sample is extremely thin (of the order of 

sub-micrometer), allowing electron beams to pass through and interact with the 

materials for producing a diffraction contrast[272, 273]. 

5.1.1 Sample preparation 

TEM measurement requires an ultra thin specimen to allow transmission of electrons 

and produce high quality images. This limitation indicates that TEM sample 

preparation needs some special techniques.  

 

There are many TEM sample preparation techniques, for example, electropolishing 

with a mixed nitric acid and methanol solution, mechanical milling, and focused ion 

beam etching (FIB). FIB is quite a new method for TEM sample preparation which 

is still in its infancy. This technique can be used to prepare semiconductor, metals, 

polymers, biologic materials and tissues samples [274]. In this work, FIB is used to 

prepare the TEM sample and is discussed in detail.  

 

FIB uses a similar working principle to SEM, and it uses an ion beam instead of an 

electron beam, to focus on a specimen. Basically, there is a liquid metal ions source 

(LMIS) positioned with a sharp tungsten needle which can produce an ion beam 

using a high accelerated voltage. The LMIS and FIB setup are schematically shown 

in Figure 5-1. 
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Figure 5-1 Schematic of LMIS and FIB setup[274]  

Generally, gallium (Ga) is used as the ion source in FIB due to its low melting point 

and capability of being focused to a tiny beam spot (< 10 nm in diameter) [274].  In 

the process of TEM preparation, another feature of FIB that needs to be used is the 

ion beam assisted chemical vapour deposition. For the dielectric materials used in 

this work, platinum (Pt) was deposited on areas of interest to prevent damage and 

spurious sputtering by Pt gun beam.  

 

As shown in Figure 5-2, the area to be analysed is chosen and then covered by a Pt 

thin layer.  A thin slice (<50 µm) is produced using the ion beam by removing the 

materials around it as shown in Figure 5-2 (a). The thin slice is cut around to make 

sure it could be lifted out easily, and it is then moved by a micromanipulation with a 

tungsten needle which is connected to it by the Pt welding technique (Figure 5-2 (b)). 

After that, the thin slice is lifted out and put into the sample grid as shown in Figure 

5-2 (c). The thin slice on the sample grid is sliced into a much thinner layer using ion 

beam and then polished finely. The final thin layer shown in Figure 5-2 (d) has a 

thickness of ≤100 nm.  
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                                  (a)                                           (b) 

   
(c)                                             (d) 

Figure 5-2 TEM Sample preparation process using FIB. (a) choose a thin slice by removing the material 
around it, (b) take the thin slice out using the micromanipulation, ( c) the thin slice on the sample grid (d) 
the final thin sample 

5.1.2 FEG-TEM measurement 

In the FEG-TEM system, there is an electron beam accelerated by a field emission 

gun and then the beam is focused on the specimen by a condenser lenses system. The 

electron beam interacts with the materials and electron scattering happen, 

subsequently. TEM can provide a high resolution for imaging and also offers 

diffraction information of specimens. If the electrons are diffracted without any 

energy loss, it is known as elastic scattering and the diffraction pattern can be 

obtained. Whilst, most of the electrons will lose energy through absorption, 

scattering effects, known as inelastic scattering, and these electrons can be used to 

produce images of TEM [272, 273].  

 

Electrons can be scattered at different angles, and the scatterings are named as back 

scattering and forward scattering based on their angular distribution.  Forward 

scattering electrons are the main source of TEM images while backscattering 

electrons are the main signal for certain SEM images. Electrons in the solids can be 
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scattered once or more than once. In the case of single scattering, it is easy to predict 

the path which correlated with the structure of the material.  Multiple scattering is 

too complicated and has no meaning with the analysis of images. In an ultra thin 

specimen, it is reasonable to assume that electrons only experienced single scattering. 

And this is another reason why ultra thin specimens need to be prepared when using 

TEM [272, 273] .  

 

A TEM system comprises of a condenser lense system, objective lens, intermediate 

lens, and detectors as shown in Figure 5-3. The electron beam is produced by the 

anode under a high voltage, and then it is focused on the sample with the help of 

condenser lenses 1 and 2. The elecrons passes through the ultrathin specimen by 

diffraction process and the signal is recorded on the final screen after a series of 

lenses magnify it. The condenser lens system is used to focus the beam on the 

specimen, while the objective lens is used to form diffraction pattern on the back 

focal plane and images on the image plane. Intermediate lens magnify the signals for 

diffraction pattern or images [275]. As TEM specimen is ultra thin (<100 nm), the 

contrast is low even when it is focused. Therefore, an objective diaphragm is inserted 

in the back focal plane to obtain better contrast by selecting the transmitted signal. 

The crystal part with the Bragg orientation shows dark while amorphous or crystal 

not in Bragg orientation appears bright [276].  This mode is known as bright field 

mode and is used to take images.  

 

To measure diffraction scattering of the specimen, dark field mode is required. There 

are two methods to form a dark field image. One is to place the objective diaphragm 

in a centre of diffraction spot instead of placing it in the centre of the back focal 

plane in the bright field mode. This is called off-axis dark field imaging. In the other 

method, the objective diaphragm is kept in the center of the back focal plane, while 

coils tilt the electron beam to obtain a diffraction spot in the centre of the column 

axis to allow the diffraction to pass the objective diaphragm. This is named as on-

axis dark field imaging. These dark field images contain the information of size and 

shape of diffracting crystallites in a particle. The crystallites have strong diffraction 

compared to amorphous or crystallites not in Bragg orientation, therefore they appear 
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much brighter under dark field mode due to the fact that objective diaphragm blocks 

out the transmitted signals, and no diffracted scattering happens [276] 

 
Figure 5-3 Schematic of TEM system [275] 

In this work, a cross-sectional lamella of the composite film with a thickness of <100 

nm, was prepared using an in-situ lift out procedure by FIB (FEI Nova 200 Nano 

Lab) for TEM (FEI Tecnai TF20). The cross-sectional images of the composite thin 

film were acquired at 200 kV using the bright field imaging mode in TEM, while the 

diffraction profile was investigated using dark field imaging mode. 

5.2 Fabrication and characterisation of tellurite glass thin films on 

polymer coated silica substrates 

This section discusses the fabrication and characterisation of tellurite glass thin films 

on a siloxane polymer coated silica substrates. The siloxane polymer coated silica 

substrates were fabricated utilizing spinning coating technique by Dr. Nikos 

Bamiedakis at the Electrical Division at the University of Cambridge, with whom the 

University of Leeds had the formal academic collaboration in the Basic Technology 
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project sponsored by the RCUK.  The thickness of the polymer layer on the silica 

substrate is around 25 µm with the refractive index of about 1.51.  

5.2.1 Fabrication of tellurite glass thin films on polymer coated silica substrates    

The optimized deposition parameters of tellurite glass thin film on polymer coated 

silica substrates were determined based on the optimized conditions obtained for the 

tellurite glass thin films on silica substrates as concluded in Chapter 4.  Tellurite 

glass thin films were deposited at 100 oC and 300 oC respectively, as shown in 

Section 4.2 of Chapter 4. However, siloxane polymer degradation due to thermal 

decomposition becomes significant at 300 oC. Therefore, 100 oC was chosen for the 

deposition of the tellurite glass thin film on polymer coated silica substrate.  

 

Thin films were deposited on polymer coated silica substrates using the same 

optimized parameters as the glass thin films on silica substrates except that two 

different filled gases were used: high pure oxygen and mixture of 96% (volume 

fraction) oxygen and 4% (volume fraction) helium. The reason for introducing 

helium (He) with O2 into the chamber at a comparable partial pressure is that the 

ionization energy of He is higher than that of O2 (He: 24.59 eV and O2: 13.62 eV). 

The high energetic He species (He radicals and He ions) impinging on the thin film 

that results in a large number of nucleations sites and produce smaller particles[277].  

The dual layer glass and polymer films acquired in two different background gases 

were compared and analysed to understand the difference of their properties.   

5.2.2. Results and discussions of tellurite glass thin film on polymer coated silica 

substrate 

To confirm the assumption of the influence of the He gas addition, the surface of thin 

films deposited in different gas atmosphere were investigated using SEM.  As can be 

seen that the surface of thin film prepared in O2-He atmosphere, shown in Figure 5-4 

(b) appears to have much denser and finer structures than that deposited in O2 

atmosphere, as shown in Figure 5-4 (a).  

 

The microstructures observed in the SEM images in Figure 5-4 significantly differ 

from those shown in Figure 4-14 in terms of number of cracks per unit area. The 

cracks seen in Figure 5-4 appear to have a width below 50 nm but are interconnected 
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to a scale of few hundreds of nanometers.  It can be concluded from the deposition 

experiments that the cracking tendency in TWL glass films on silica and PDMS-

coated silica is strongly dependent on the thermal expansion coefficient of the 

substrate and less on the substrate temperatures and the types of gases used in the 

deposition process.  

     

(a)                                                                 (b) 

Figure 5-4 SEM images of TWL glass thin films on polymer substrates: a) at 100 oC in O2 gas, b) at 100 oC 
in a gas mixture of 96 vol% O2 and 4 vol% He.  

The transmission spectra of TWL glass films on PDMS, formed at 100 oC in a 

residual gas of pure oxygen and a mixture of 96 vol% O2 mixed with 4 vol% He are 

compared in Figure 5-5. The two films exhibit transmittance of better than 90% 

between 800 nm and 1600 nm.  However, the film deposited with He/O2 mixture 

shows marginally better transmission at shorter wavelengths below 800 nm.  

 

The measured refractive index and propagation loss at 633 nm for these two films on 

PDMS-coated silica substrates are compared in Table 5-1. The TWL film deposited 

on PDMS-coated silica has higher refractive index at 1.89 than that of the film 

deposited on plain silica substrate alone at 1.82. Since the index of refraction 

depends significantly on the material density, the comparison of measured refractive 

indices of the TWL films with bulk glass indicates a lower density for the TWL glass 

films which can be attributed to the fractional porosity in the film due to the presence 

of nano-scale cracks, shown in Figure 4-14 and Figure 5-4.  
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Figure 5-5 UV-visible-NIR transmittance spectra of the TWL glass thin films deposited in pure oxygen and 
oxygen/He mixtures on PDMS coated silica substrates 

The room temperature photoluminescence spectra of the TWL glass thin films, 

deposited in oxygen and oxygen-helium mixture are compared in Figure 5-6. The PL 

spectra, corresponding to the 4I13/2→4I15/2 transition for Er3+-ions present in the TWL 

glass, indicate that Er3+ ions in these two films have similar environment. The 

deposited film in the presence of O2/He gas, exhibits comparable PL bandwidth with 

the film deposited in O2 atmosphere, which are 71 nm and 69 nm, respectively and 

there is no apparent shift in the peak positions. 

 

As shown in Table 5-1, the fluorescence lifetime of films on PDMS-coated silica has 

a further reduction in the lifetime compared to that of the thin film on silica shown in 

Table 4-4, and this may be due to the formation of polymer-rare earth complexes at 

the polymer-glass interfaces (C-H absorption) and the OH absorption resulting in a 

nonradiative relaxation from 4I13/2 level.   

 

The EDX data of these two thin films were measured using SEM-EDX instruments. 

As shown in Table 5-2, elemental changes in both films are close to each other 

indicating the gas used in the chamber during the deposition process has little 

influence on the composition transfer. The concentration of Er-ions has changed 

from 0.31 atomic% to 0.24 atomic % due to the ablation process, which has also 

been reported by Irranejad in the PT glass thin films deposition process[278]. 
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Figure 5-6 Room temperature PL spectra of TWL glass films, deposited at 100 oC on PDMS coated silica 
substrates in O2 and O2/He atmospheres. 

Table 5-1 Refractive indices, thickness and fluorescence decay and lifetime of transition 4I13/24I15/2 in Er3+ 
ions 

Glass films 
deposited on 

Gas 
atmosphere 
for 
deposition @ 
135 mTorr 

Refractive 
index at 
633 nm 
(±0.002) 

Loss at 633 
nm 
(dB cm-1 

±0.2) 

Fluorescence 
bandwidth 
(nm) 

Lifetimes 
(ms) 
4I13/24I15/2 
 

Thickness 
(µm) 

(0.001) 

PDMS on 
silica at 100 oC O2 1.65 1.1 69 1.24 1.698 

PDMS on 
silica at 100 oC 

96 vol%O2-4 
vol% He 1.89 0.1 71 1.22 0.784 

Bulk glass  2.11 - 77 5.30  
 
Table 5-2 Composition (in atomic %) of target and glass thin films on polymer coated silica substrates 
under different gas environments measured using EDX 

Element/Glass thin films deposited on O Te W La Er Al 
PDMS on silica substrate  at 100 oC in O2 83.76 7.62 5.81 2.27 0.24 0.3 
PDMS on silica substrate  at 100 oC in 
96vol%O2/4vol%He 81.62 7.71 6.22 2.36 0.24 1.85 

Bulk glass 78.4 11.73 3.72 3.14 0.31 2.71 

5.3 Fabrication and characterisation of PT glass and polymer 

composite thin film on silica  

In this section, both PT glass and polymer layers in composite thin films were 

deposited using PLD, which are different from the TWL glass thin film on polymer 
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substrates in the above section. The quality of the TWL glass and polymer composite 

thin film with multilayer structure prepared using the PLD was low transparence due 

to the large refractive index differences between the source materials.  PT glass and 

siloxane polymer used here have similar refractive indices, which implies that the 

composites will exhibit high transparence as required. As a result, these two 

materials can be ablated alternatively to produce a layer-by-layer periodic structure 

using PLD. The propreties of the PT glass and siloxane polymer are listed in Table 

5-3. 
Table 5-3  The  properties of PT glass and siloxane polymer  

Materials Refractive index Propagation loss 
(dB/cm)@633 nm 

CTE (ppm) 

PT glass 1.666 0.35 11.6 

Siloxane polymer[105] 1.40-1.55 <0.01 310 

5.3.1 Fabrication of PT glass and polymer composite thin film on silica    

In this section, nano-scale multi-layer glass-polymer composite thin films were 

fabricated using PT glass and a siloxane polymer as targets. Siloxane polymer was 

prepared by mixing the base agent and cure agent (10:1) in a siloxane polymer set 

Sylgard 184 from Dow Corning at room temperature.The PT glass with a 

composition (mol%) of 46.5TeO2-20Na2O-20P2O5-10ZnF2-1.1Er2O3-1.5Yb2O3-

0.9CeO2 were prepared by Mr Mehrdad Irannejad utilizing the traditional melting 

and quenching technique. The details of the glass preparation have been discussed in 

his paper [271].The erbium ions were chosen as the main doping element which in 

conjunction with the Ce3+ and Yb3+ are quite efficient in enhancing the population 

inversion at the 4I13/2 level of Er3+ state, from which the lasing transition to the 

ground state, 4I15/2 level takes place, resulting into the emission of photons in the 

range of 1520-1570 nm, which can be used for lasers and amplifiers [87, 279].  The 

silica substrate for deposition of glass-polymer composite was cleaned with 

hydrofluoric acid, followed by deionized water, and then baked inside the deposition 

chamber of the PLD system (PVD Products, USA) during the degassing phase at the 

start of the deposition process. The chamber was kept at 5 mTorr using mixed gas of 

96 vol%O2 and 4 vol% He, for minimizing the particle size in the film to achieve 

atomic layer growth. The method for thin film deposition was optimized using 193 

nm excimer laser with pulse duration of 20 ns and a repetition rate of 20 Hz. The 
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optimized ablation fluence of ~ 0.4 J/cm2 used in this paper, is below the upper 

fluence limit of 1 J/cm2 required to maintain the structure of the siloxane polymer 

[280]. The substrate was kept at 100 oC with a separation of 55 mm away from 

targets during the deposition. The glass and polymer films were formed separately 

using the above deposition conditions to establish the growth rate for each material, 

which is determined to be 0.3 nm/s and 0.1 nm/s, respectively.  These rates were 

used to decide the deposition times for glass and polymer layers at required 

thicknesses in the composite thin film. The laser ablation was carried out using pre-

programmed parameter controlled software of the PLD system that maintains precise 

changeover between the two targets. Samples were cooled down to RT at the rate of 

50 oC/min after the deposition of the final layer. The topography, structural and 

optical properties of the multilayer composite thin films will be investigated in the 

following section.  

 

Different samples with various glass and polymer ratio were tried for PLD, and the 

one with ablations periods of 100 s for glass and 10 s for polymer showed the better 

quality. As a result, it was this sample which was chosen for characterisation. 

5.3.2 Results and discussions of composite thin film   

Figure 5-7 shows images of the cross-section of a composite thin film with 

superlattice structure acquired using TEM at different magnification. This 

superlattice was prepared using alternating polymer and glass targets for ablation 

with durations of 10 and 100 seconds in each cycle, respectively. A total of 96 such 

cycles were used overall to grow a film of ~1µm thickness. The very first layer on 

the silica glass substrate was formed using the glass target, whereas the final layer 

was polymer.  

 

All images in Figure 5-7 show that the interfaces between the two dissimilar 

materials layers are well defined on a nanometer scale. The higher atomic mass of 

the glass layer means that it scatters electron more effectively and thus appears 

darker.  The interlayer intensity profile simulation in Figure 5-8 demonstrates that 

the average thicknesses of the glass and polymer layers were in the vicinity of 7 nm 

and 4 nm respectively.  However, at this point the details of interfacial chemistry 

remain unknown, which will be the subject of a further detailed analysis including an 
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investigation into the link between the interface and the surface energy 

corresponding to the formation of such interfaces during the ns-PLD process. The 

glass-polymer interfaces also appear to be largely defect free, except when a glass 

(dark) or polymer (light) particle impacts upon and is then buried within the layers, 

disrupting continuity of the layers and creating ripples as shown in Figure 5-7 (c). It 

has been observed that the presence of helium gas in the chamber helps to reduce the 

average size and the distribution of the particulates[127], however the deposition 

regime used in the formation of this sample, which is not yet fully optimized for the 

polymer, appears to generate some particles of size less than 50 nm.  

 

Moreover, Figure 5-7 (a) shows that more polymer particulates exist in the 

superlattice than glass ones, and their projectile dynamics in a superlattice 

amorphous medium may be assessed using the Stoke-Einstein type approximation, in 

which the terminal velocity or diffusion in a viscous fluid medium is inversely 

proportional to the diameter of the particle.  The particles which are typically several 

nanometers in size mostly result from the polymer material deposition phase and 

appear to perturb the already formed layers, depending on the particle’s size and 

kinetic energy. These particles are responsible for the ripples in successive layers 

due to fluid like behavior of the deposited materials, which flows under the influence 

of hot plasma at the top of the film (Figure 5-7 (c)). As we are only able to analyse 

the film in a two-dimensional slice at present, in reality the ripples may be cone-

shape and propagate outward as well as upwards.  This certainly disrupts the 

superlattice growth and limits the high integrity layers to a limited level.  The 

particles embedded in the intermediate layers as shown in Figure 5-7 (c) promote the 

growth of convex surfaces which lead to larger surface roughness than expected as 

the thickness increases. This is clearly evident from the investigation of topography 

of the last deposited polymer layer of the thin film carried out using high resolution 

SEM. It is obvious that the surface of the composite thin film is largely covered by 

relatively uniform particles of diameter less than 20 nm and few agglomerated 

particles with diameters of around 100 nm.  

 

The repetitive pulsed laser deposition process generates plasma, and the thermal 

energy of the plasma plume, in the wake of electron-hole recombination, is partly 
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controlled by the presence of the O2/He gas molecules which exchange energy with 

the ablated materials. The residual thermal energy of the gas mixture and the post-

plasma condensate is thought to maintain a rapidly cooling liquid-like flat interface 

for each layer of the superlattice during the process of deposition. We can clearly see 

that the inter layer diffusion is only of the order of one or two nanometer, which 

might suggest that the glass and polymer are immiscible under the deposition 

conditions. However, there are large particles on the top layer of the thin films as 

shown in Figure 5-9. This may take place because when the ablation stops, then the 

thermal energy of the gas mixture and the post-plasma condensate drops 

dramatically, allowing the formation of larger particles without the help of large 

surface energy.  

 

 
(a) 
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(b)                                                       (c) 

Figure 5-7TEM images of a cross section of the superlattice thin film fabricated using  at, a) lower 
magnification and b) higher magnification. (c) image showing particle diffusion between layers, deposition 
conditions: laser fluence 0.4 J/cm2, substrate temperature 100 oC, background gas pressure 5 mTorr, laser 

repetition rate 20 Hz 

 

 
Figure 5-8 Interlayer intensity profile of composite thin film layers thick extracted using Image J software 

It is worth noticing that when depositing TWL glass thin films on silica substrate or 

polymer coated silica substrate and cooling down at the rate of 50 oC/min after the 

deposition, there are large cracks on the surface of the thin films as mentioned in the 

Chapter 4 and Chapter 5. However, as shown in Figure 5-9, there is no crack on the 

surface of the superlattice thin films even though the cooling rate is also 50 oC/min. 

This, first of all, may be due to that the sublayers in the superlattice thin film is ultra 

thin (in the order of nanometer level),  and secondly, the fluid like materials with the 

help of hot plasma has no chance to form cracks before the growth of new layers. 

Thirdly, the multilayers might be able to inhibit crack propagation. 

(c) 

(a) 
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Figure 5-9 High resolution SEM image of the surface of the PT glass-polymer composite thin film 

To further investigate the layers and interfaces, we perfomed X-Ray reflectometry 

(XRR) experiments on a PANalytical MPD system with Cu Kα radiation using a 

hybrid incident monochromator to obtain pure Cu Kα1 radiation with λ=0.15406 nm. 

All the XRR experiments were performed by Dr. Timonthy Comyn. Due to the high 

surface roughness and non planarity of the terminating layers of the 1µm thick 

samples the signal to noise ratio was too low in the XRR data. We therefore prepared 

a thinner film using only 10 cycles with identical deposition parameters as the 

sample shown in Figure 5-7, except with a somewhat higher laser fluence of 0.54 

J/cm2 compared with 0.4 J/cm2 which was used for the composite thin films shown 

in Figure 5-7. For composite thin films, data was collected in the range of 0.05 to 2 

degrees, with step size 0.002 degrees, for a total collection time of 560 mins. The 

reflectivity curves in Figure 5-10 (a) were used to investigate the thickness of the 

repeat unit, roughness of the interface, and the density of the materials. The cut-off 

edge of the composite thin film, compared in the inset of Figure 5-10 (a), is between 

that of the polymer film and PT glass thin film which indicates that the density of the 

composite thin film is between densities of glass and siloxane polymer as expected.  

The visibility of the Kiessig fringes [281] of the reflectivity curve in Figure 5-10 (a) 

implies that the layers in the thin films obtained are uniform throughout a sample 

area of 1x2 cm2. Six out of 10 repeat units are clearly visible from the interference 

fringes in the figure. The X-ray absorption and scattering due to particulate growth 

described before reduced the visibility of the higher order fringes.  The thickness of 

the repeat unit in the composite thin films can be calculated according to Bragg’s law 

with the formula nλ=2dsinθ, yielding a value of ~25 nm for the composite thin film. 

This thickness is comparable to the repeat unit obtained from TEM results shown in 
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Figure 5-10 (b) and larger than that of the sample used in Figure 5-7.   This apparent 

difference in the thickness of the repeat unit can be attributed to the different laser 

fluence used for the fabrication of the samples. The roughness of the interfaces 

estimated by the theoretical fitting of the XRR data is less than 1 nm.  

    
(a)                                                               (b) 

Figure 5-10(a) The X-ray reflectivity (XRR) curve of the superlattice thin film, (inset:  the XRR curves for 
polymer film ( black), PT glass film (red) and composite film with 10 deposition cycles(blue) depicting the 

shift in the absorption edge), (b) the TEM images of the cross-section of the same film 

PT glass polymer layer by layer structures were confirmed by element mapping as 

well.  Element mapping was measured using EDX equipped in the TEM system.  

Figure 5-11 (a) shows the high angle annular dark field (HAADF) image of the 

composite thin films (the one with 10 periodic cycles) and silicon (Si) mapping 

image in the thin films. Layers of Si elements are clear as shown in the figure which 

implies that there is little diffusion of Si elements between glass and polymer layers. 

Consequently, it can be concluded that the boundaries between glass and polymer 

layers are defined well.   

 

To further examine the composite thin films, a diffraction pattern profile was 

measured using diffraction mode in TEM. The diffraction pattern obtained is shown 

in Figure 5-12. It is clear that no crystalline structures can be recognized in the image 

which indicates that the composite thin films are amorphous only.   

 

(a)
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(a)                                                           (b) 

Figure 5-11 (a) HAADF images of thin films (b) Si X-ray mapping images in the composite thin film, white 
dots  

represent Si rich atoms 

 

Figure 5-12 Diffraction pattern of PT glass-polymer composite thin films measured using TEM 

XRD was employed to further confirm the amorphous structure of the PT glass 

polymer composite, and the curve is shown in Figure 5-13.  There is no sharp peak in 

the pattern which also implies that the composite thin films obtained using PLD is 

are amorphous.  

 



147 

 

15 30 45 60 75 90
0

500

1000

1500

2000

2500

3000

In
te

ns
ity

2

Composite film

 
Figure 5-13 XRD curve of PT glass and polymer composite thin film 

Though TEM diffraction pattern and XRD results prove that the composite thin films 

are amorphous, there are still some short order structures in both the glass and 

polymer layers of the composite films. In addition to confirm that the glass and 

polymer layers preserve their characteristic structural properties, we analysed the 

absorption spectra of the bulk glass, the bulk polymer, and the composite film using 

FTIR.  The spectra have been measured using the reflection mode and are reported in 

Figure 5-14. The absorption peaks around 2900 cm-1 that can be attributed to the C-

H stretching vibration in CH3 and CH2 groups in the polymer, are also present in the 

PLD-formed composite thin film. A broad peak around 1360 cm-1 in the curve of the 

composite film is the contribution of the absorption of P=O stretching mode in PT 

glass layer and is observed in bulk PT glass as well [282, 283].  The Si-C bond 

stretching resonance in the bulk polymer is also observed in the same wavenumber 

region (1360 cm-1) [284]. Therefore the resonance absorption band at this 

wavenumber in the composite thin film can be attributed to the superposition of P=O 

and Si-C vibrational modes of the composite film. These two absorption bands 

clearly indicate that the polymer structure is maintained in the composite films. The 

peak around 1190 cm-1 in the composite thin film is attributed to the resonant 

absorption of P=O in the PT glass layer, and the absorption of the Si-O bond 

stretching in the polymer layers [285, 286].   The broad peak at 780-950 cm-1 in the 

composite may include the absorption of Te=O, P-O-P bond vibrations in the glass 

layer and the Si-O in the polymer layers [80, 287, 288]. The strong peak located at 

470-600 cm-1 is the contribution of the O=P-O bond stretching of the glass [285]. 

Analysis of the FTIR results clearly demonstrates that the structural integrity of the 

polymer and glass in the composite thin film is well preserved. 
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Figure 5-14 FTIR spectra of bulk polymer (black), target glass (red), glass-polymer composite thin film 

(blue) recorded using the reflection mode. 

The optical properties of the composite thin films were characterized using 

UV/VIS/NIR, M-line and photoluminescence spectroscopic techniques, for the film 

transmittance, the effective refractive indices and propagation loss, and the 

fluorescence spectra and fluorescence decay lifetimes, respectively. As shown in 

Figure 5-15, the transmittance of the multilayer thin film is higher than 93% in the 

range of 750-2000 nm and larger than that of the glass only film on silica substrate. 

In XRR curves the interference patterns result from the Bragg reflections of different 

layers with few nanometer thicknesses, while the optical transmission, in the visible 

and infrared wavelengths shown in Figure 5-15, confirms that the individual layers 

are indistinguishable at these wavelengths and the whole structure behaves like a 

homogeneous film. The smooth interference patterns are further evidence of the 

uniformity of the composite thin film and hence its suitability for photonic device 

engineering. This is again supported by the waveguide propagation measurements 

carried out using an M-line spectrometer with 633 nm laser.   

 

Figure 5-16 shows two transverse electric (TE) modes coupled into the films and 

their effective refractive indices. The refractive index of the composite thin film 

obtained from this measurement is 1.635 at 633 nm and lies between that of the glass 

(1.666) and polymer (1.4-1.55)[289]. The larger volume fraction of the glass layers 

in the superlattice causes the average refractive index to be closer to the glass rather 

than the polymer.  The propagation loss of the films was measured to be around 1 

dB/cm using the same technique at 633 nm.  The top layer roughness greatly 
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contributes to this loss value and consists of an important loss component in the 

formed composite films.  

 

Figure 5-17 compares the normalized fluorescence spectrum for the transition 4I13/2 

→ 4I15/2 in the Er3+doped composite glass thin film with superlattice structure to that 

in a PT target glass and PT glass thin film. The comparison of the fluorescence data 

clearly shows that the superlattice structure has little influence on the shape and the 

peak position of the spectrum suggesting that the Er-ion environment has been 

preserved.  This is apparent from the similar bandwidths of 64 nm in the superlattice 

and of 67 nm in the bulk glass. However, the measurements of the lifetimes of the 
4I13/2 level of Er3+ ions, for the composite film is only 1.5 ms compared to a 9.3 ms 

for the bulk glass. This indicates that there may be strong quenching of the 4I13/2 

states in the composite film as was observed with the PT glass films [271].  The 

presence of high energy phonon bands at ~1350 cm-1 in the glass films, shown by 

peaks in FTIR (Figure 5-14) are also present in the composite film leading to a fast 

non radiative relaxation by multiphonon decay of Er3+ ions. 
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Figure 5-15 The optical transmittance of the glass only (black) and composite (red) thin film from 350 nm 

to 2200 nm 
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Figure 5-16 M-line spectra of the glass only and composite thin film on silicate substrate   

 
Figure 5-17 The fluorescence spectra of the Er3+: 4I13/2----4I15/2 transition in the PT glass, glass film and 

composite films         

5.4 Conclusions  

1. TWL glass thin films deposited on PDMS-coated silica substrates were 

reported in this chapter. To study the influence of the background gas on the 

surface smoothness of thin films, two different background gases were used, 

and thin films prepared under these two gases were characterized in detail. 
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2. Thin film deposited in the O2 environment has higher surface roughness and 

propagation loss but lower density, and consequently lower refractive indices 

compared to the thin film deposited in O2 and He mixture.  

 

3. Thin film fabricated under O2 background has a higher transmittance 

compared to that of the film obtained under the O2 and He mixture. While the 

shape and peak position of fluorescence spectra of both films are similar to 

that of the target glasses. However, the lifetimes of transition 4I13/4→4I15/4 in 

Er3+ ions in thin films are much lower than that of the target glass which 

might be due to the quenching effect in the films.  

 

4. EDX results of both thin films show that thin films obtained in different gas 

background have similar composition compared to that of the target glass.  

 

5. PT glass and polymer composite thin film with periodic layer-by-layer 

strucure fabricated by PLD was discussed as well. The total thickness of the 

composite thin films is around 1 µm, while the thicknesses of the sublayers 

(both glass layer and polymer layer) are less than 10 nm which can be seen as 

a kind of superlattice structure.  

 

6. The layer boundaries between glass and polymer layers are defined clearly 

with some particles implanted inside the thin films. In addition, some 

polymer particles diffuse and damage several layers which may cause by the 

un-optimized deposition parameters of polymer.   

 

7. Heat energy in the plasma plays a critical role during the deposition of the 

composite, which reduce the size and amount of particles inside the 

composite thin films. While the top layer of the composite thin film (final 

layer) has rougher surface because of the absence of thermal energy coming 

from plasma.  

 

8. Electron diffraction pattern and XRD data show that the composite thin films 

are total amorphous materials.  
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9. FTIR results indicate that both glass and polymer structures are conserved 

during the PLD process.  

 

10. Excellent optical properties imply that composite thin films behave like a 

single material thin film without any influence coming from the layer 

structures. Compared to the target glass, composite thin films have a lower 

lifetime of transition 4I13/4→4I15/4 in Er3+ ions which may be due to the fast 

non-radiative relaxation of state 4I13/4 in Er3+ ions caused by C-H and OH 

absorptions in the composites.   
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Chapter 6 Fabrication of ridge waveguides 

Channel waveguide is a two dimensionally confined region where electromagnetic 

waves can be propagated efficiently. As discussed in Chapter 2, there are many kinds 

of techniques for waveguide structural engineering. In this work, two of the most 

extensively used techniques, namely RIE and laser micromaching, were used to 

fabricate waveguide structures on the thin films. 

 

Tellurite glass channel waveguides are at an early stage of development and are quite 

popular topic at present due to their potential in engineering high and flat gain 

optical amplifiers [6]. Chierici et al.[209] in 2002, demonstrated a channel 

waveguide structure inside a bulk tellurite glass with the composition of TeO2-ZnO-

Na2O-GeO2, and this channel waveguide structure was written by a continuous wave 

(CW) UV laser beam. The energy of the laser beam could modify the refractive 

indices of the glass and consequently channel waveguides were formed inside the 

glass. Nandi and his colleagues[290] demonstrated 2D channel waveguides inside 

the Er3+ doped PT using fs laser direct writing, in which the channel waveguide 

could guide 1310 nm light with a propagation loss of lower than 2 dB/cm. Berneschi 

and coworkers tried two techniques, ion exchange and fs laser micromachining,  to 

fabricate waveguides inside the tellurite glasses, and found that the former technique 

caused serious damage on the surface of the tellurite glass, while the latter could 

only obtain negative refractive index changes. As a result, they transferred to ion 

beam irradiation to fabricate channel waveguide structure inside the Er3+ doped 

TeO2-ZnO-Na2O (TZN) bulk glass[291]. However, all the results of the research 

work that discussed above have not shown optical gain obtained from the channel 

waveguide of tellurite glasses. 

 

Fernandez et al. [292] demonstrated active channel waveguides in an erbium doped 

PT glass by fs laser micromachining.  And for the first time, they obtained gain from 

this channel waveguide structure. Lanata and his colleagues [293] showed channel 

waveguide structures on sputtered tellurite glass thin films on silicon fabricated by 

RIE, which has a rough surface and contamination that may be due to the nonvolatile 

products yielded in the etching process. Subsequently, the same group reported the 
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propagation loss and discussed the cause of the high loss of this channel waveguide, 

and they reported the propagation loss for fundamental TE mode to be 6.3 dB/cm at 

1.5 µm [294]. In 2009, Madden and his colleagues [295] reported a very low loss 

channel waveguide on Er3+ doped tellurium oxide glass films prepared using RIE 

technique, and the propagation loss they reported was as low as 0.1 dB/cm. In the 

following year, they obtained the internal gain using a single mode channel 

waveguide on Er3+ doped tellurite glass thin films for the first time which is about 

2.8 dB/cm [296]. It is the best result that has been achieved till now using Er3+ doped 

tellurite glass. Similar result has been recently reported by Irranejad and his 

colleagues[278]. They fabricated a waveguide amplifier using fs laser 

micromachining on PT glass thin films with length of 11 mm, and obtained an 

internal gain of 2.5 dB at 1565 nm pumped using 1480 nm laser at power of 150 mW.  

However, more research needs to be done to increase the internal gain for this kind 

of channel waveguide to meet the requirement of the optical communication system.  

 

As we discussed in Chapter 2, planar waveguides have three layers: top cladding 

layer (usually air), waveguiding layer, and substrate layer. The refractive indices of 

these three layers are n1, n2, n3, respectively.  An optical mode is a spatial 

distribution of optical energy in one or more dimensions as shown in Figure 6-1[297].  

 

 
Figure 6-1 The schematic of three layer planar waveguides[297] 

The number of modes is related to the thickness of the waveguiding layer, ω (the 

frequency of signal that passes through the waveguide), n1, n2, and n3. To form a 

well confined waveguiding layer, the change of refractive indices ∆n should satisfied 

the following equation[297]: 

 ∆݊ = ݊ଶ − ݊ଷ = (2݉ + 1)ଶߣ଴
ଶ/(32݊ଶtଶ)  
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where m=0, 1, 2,…. is the number of modes, and λ0 is the vacuum wavelength.  

 

The mode profile which can be used to decide the number of modes is an important 

factor for channel waveguide. The optical mode profiles for TE0 (single mode) and 

TE1 (double modes) which can be measured using the experimental apparatus are 

shown in Figure 6-2[298]. 

 
Figure 6-2 The mode profiles for TE0 (single mode) and TE1 (double modes) [298] 

In this chapter, the fabrication of channel waveguide structures on the tellurite glass 

thin films using RIE, and the fabrication of channel waveguide structures on the 

glass-polymer composite thin films using laser micromachining have been 

demonstrated. The structures that are obtained on these two kinds of thin films have 

been shown. In addition, loss and mode profile of the waveguide structure on glass 

and polymer composite thin film have been perfomed.  

6.1 Fabrication of ridge waveguides on tellurite thin films on silica 

It is known that tellurite glass thin films can be dissolved in both acid and alkaline 

aqueous solution. As a result, dry etching tends to be the only choice for this kind of 

glass. In this section, RIE was utilized to fabricate channel waveguide structures on 

the tellurite glass thin films. Before etching, thin films should be prepared using 

photolithography process, and the steps of this process are similar to that shown in 

Figure 2-1. All the operations were finished in a cleanroom environment at RT. 

 

Tellurite glass thin films on silica prepared using the optimal deposition parameters 

by PLD were chosen to etch. The deposition details have been discussed in Chapter 
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4. The thicknesses of the thin films are around 1-2 µm. Before spin coating, the 

substrates needed to be cleaned carefully with acetone and (isopropyl alcohol) (IPA), 

and then dried with high purity Nitrogen (N2). After that, the thin film was stuck 

onto the spin coating chuck by the vacuum. Subsequently, the resist was dropped 

carefully onto the thin film until the film was fully covered by the resist. Waiting for 

a while, and let the gas inside the resist remove to obtain a uniform resist layer. 

Generally, the spinning speed was set as 5000 rmp/s which could produce a resist 

layer of around 1200 nm. Afterwards, the thin film with resist layer was put onto the 

hot plate at 115 oC to bake for about 2 mins. Later on, the thin film with resist was 

patterned using aligner (Kurl Suss company) with the help of a chrome copy mask 

(compugeraphics), and then put into MF 319 developer (Rohm and Haas Materials 

Europe Company) for a period of time to develop.  

 

To remove the resist in the exposure area completely, the spinning speed and 

duration, thickness of the resist, power of aligner, exposure time, and developing 

duration are required to match with each other. Values used for these parameters 

during the experiments are listed in Table 6-1.  

 

After developing, the thin film was washed with dilute water and dried with high 

purity N2, and then was put into a chamber at the temperature of 120 oC for half an 

hour to avoid the resist lifting off during the etching process. After half an hour, the 

film with pattern was investigated under the optical microscope to make sure that the 

patterns were uniform without any damages. 

 

Films with uniform pattern were put into the etcher (RIE-80) to obtain ridge 

waveguide structures on the thin film. To understand the etching process, the 

thicknesses of the depth of the obtained channel waveguides need to be measured 

before the etching process, right after the etching process, and after removed of the 

resist for each etching samples.  

 

Four series of samples were fabricated using different gas pressure, etching duration 

and power to obtain optimal etching conditions. The etching parameters are shown in 

Table 6-2.  
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Table 6-1 List of the conditions used during the photolithography process 

Spinning coating 
rotation speed(rpm) 

Duration(s) Thickness of the 
resist (nm) 

Power of the 
aligner (mw/cm2) 

Exposure 
time(s) 

Developing 
duration(s) 

5000 30 1200 1.5 20 30 
3000 30 1600 1.4 21 40 
3000 30 1600 1.3 23 40 
3000 30 2900 1.4 50 40 3000 30 
3000 30 2100 1.1 77 40 3000 30 
 

In the first series, gas pressures in the range of 36 mTorr and 60 mTorr were used to 

pattern on the film deposited at 100 oC. Here, the etching rate was employed as the 

first criterion. It could be concluded that, the etching rate was as high as 100 nm/min 

when the gas pressure was 48 mTorr. However, the total depth of the channel 

waveguides (513 nm) was not high enough for light propagation in the next 

characterisation step. Therefore, using the same etching parameters, a thin film with 

thickness of around 2 µm were etched for 30 min to try to obtain a channel 

waveguide more than 1 µm deep.  

 

Unfortunately, at this time, the etching rate was reduced to 30 nm/min and the 

surface of the channel waveguides achieved was not flat.  In the etching process, 

there are some byproducts produced, some of which can be pumped away by the gas 

flow while others which are nonvolatile will be adsorped on the surface of the 

waveguide. The reaction processes of byproducts production are shown below:  

 CHF3 CF3
- + H+

plasma
 

(6.1) 

                                           Er3+ + 3H+ plasma
ErH3     

(6.2) 

 La3+ + 3H+ plasma
LaH3                      

(6.3) 

Erbium hydride [296] and lanthanum hydride compounds are known as low 

volatility compounds, as a result, it is easy to redeposit on the surface of the 

waveguide. Therefore, the uneven surface of the waveguide discussed above may be 

caused by the redeposition of the nonvolatile products after a long etching period. 

The redeposition problem was too dreadful to acquire high quality channel 

waveguides at this etching condition.  
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For the second series of etching experiments, thin films deposited at 300 oC were 

used, it was unexpected that even thought experiments 1-1 and 2-1 used exactly the 

same parameters, the etching rates were significantly different. It may be due to thin 

films obtained at 300 oC being denser (discussed in Chapter 4) and consequently 

harder to etch.  When tried to increase the etching duration, the nonvolatile 

byproducts erbium hydride and lanthanum hydride growth on the surface of the 

waveguide as happened in the first series of etching experiemnts.  

 

After optimized the etching power using the third series, it is shown that when the 

etching power was 150 W, the redeposition problem was diminished. However, the 

etching rate was not satisfied. The etching rate of the resist is fast and will be etched 

completely when increasing the etching duration. This restricted the total depth of 

channel that could be achieved. 
Table 6-2 RIE parameters used for thin films patterning 

Process 
number 

Gas Gas flow 
rate 
(sccm) 

Power 
(W) 

Pressure 
(mTorr) 

DC Bias 
(V) 

Duration Etching 
rate 
(nm/min) 

Depth of the 
channel 
waveguide(nm) 

1-1 CHF3 2 200 36 585-600 10 68 680 
1-2 CHF3 2 200 48 440-460 5 102 513 
1-3 CHF3 2 200 60 420-500 8 60 240 
1-4 CHF3 2 200 48 440-468 30 30 891 
2-1 CHF3 2 200 36 540-560 10 16.5 165 
2-2 CHF3 2 200 36 560-645 30 6 244 
2-3  CHF3 2 200 36 530-580 60 14 856 
3-1 CHF3 2 200 60 420-500 8 30 240 
3-2 CHF3 2 150 60 425-460 100 6 623 

 
In all these etching results, the thin film etched in the process of experiments 1-1 has 

relatively good channels with thickness of 680 nm to 813 nm. The width of the 

channel is around 3 µm. The SEM image of the channel waveguides is shown in 

Figure 6-3. It can be seen that the surfaces of the channel waveguides are smooth 

with sharp vertical edges. The propagation experiment was tried using the channel 

on this thin film, however it tends to be difficult to couple light into it. That might be 

due to the small dimension of the channel and especially the low depth. 
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Figure 6-3 SEM images of channel waveguide on the tellurite glass thin film fabricated using RIE. Etching 

conditions are listed as 1-1 in Table 6-2. 

After three series of etching experiments, it was difficult to acquire a high quality 

channel waveguide with a depth of more than 1 µm using RIE system due to 

yielding of weak volatile byproducts. Therefore, laser micromachining were used to 

fabricate ridge waveguides on composite thin films in the next section.  

6.2 Fabrication of ridge waveguides on composite thin films  

Since the results of the channel waveguides fabricated using RIE were not promising, 

fs laser micromachining was used to engineer the channel waveguide structure on 

the glass and polymer composite thin films. In this section, channel waveguides on 

composite thin films with superlattice structure (discussed in Chapter 5) were 

prepared using an amplified, fs- Ti:Sapphire laser (Coherent Libra) operating at a 

wavelength of 800 nm with a pulse duration of 100 fs and a maximum repetition rate 

of 1 kHz (variable).  To acquire high quality channel waveguides, there are many 

parameters, namely pulse energy, repetition rate, writing speeds that need to be 

optimized. This section will demonstrate the optimization process of the waveguide 

preparation, and the channel waveguide obtained using optimal writing parameters.  

All the strip waveguides were etched by Dr. Toney T. Fernandez using fs laser 

micromaching. Dr. Toney T. Fernandez and the author of the thesis measured the 

SEM images of these channels together. 

 

Fs-laser writing system includes fs laser source, half wave plate, polarizer, several 

control optics, high precision 5-axis translational stages and focusing objective.  The 

combination of a half wave plate and polarizer is used to precisely adjust the power 

delivered at the sample stages. An aspheric lens objective is used to focus the laser 
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beam on the sample. Here an aspheric lens is used so as to reduce spherical 

aberrations and render a clean laser spot.  Numerical aperture (NA) of the objective 

is a crucial parameter for the laser writing system which influences the quality of the 

structures.  The samples are translated at various speeds to deliver the right fluence 

to find the optimum parameter for material processing. The picture of the fs laser 

writing system is shown in Figure 6-4.  

 
Figure 6-4 The picture of fs laser writing system. 

Basically, NA of the objective is a parameter that needs to be optimized for 

nanostructure writing on different materials. In this work, the NA of the objective 

0.4 was chosen as the best based on a few trials.  And the results obtained proved 

that high quality channel waveguide structures could be obtained using this objective. 

The polarization of the laser beam was set along the writing direction to achieve 

better side wall channels for the waveguide [299]. The writing parameters used 

during the optimization process are listed in Table 6-3.  

 

As shown in Table 6-3, laser powers used for waveguide fabrication in the first 

series (No. 1) experiment were between 1 µJ to 10 µJ.  For each laser power, 
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different scan speeds, 0.1 mm/s, 0.5 mm/s, 1 m/s, 1.5 mm/s, 2 mm/s, and 4 mm/s, 

were used to deliver various fluences.  The SEM images of this series of channel 

waveguides are shown in Figure 6-5. Figure 6-5 (a) shows the image of structures 

obtained using the laser energy at just around the damage threshold (4µJ, 4mm/s). It 

is evident that there was a substantial increase in the porosity when the fluence 

increased as shown in Figure 6-6 and also it was found that the pore size distribution 

and density could be tailored simply by changing the fluence. This highly localized 

sub-micron sized pore production might be due to the micro bursts from the first few 

(near surface) polymer interlayers which are embedded between the glass.  This is 

interesting en route for the material being used as a sensor or any receptive elements 

as it could increase the surface area, and is also well known that an increase in 

porosity could tailor the hydrophilicity of the thin films. Hence basically, porosity 

tuning or site selective porosity could be possible with laser structuring in such films. 

 
Table 6-3 Writing parameters used during channel waveguide structure writing process on the composite 
thin films.  

No. 1 Single scan 
Power (μJ) 1 3 5 6 7 8 10 
Scan 
Speed(mm/s) 

0.
1 0.5 1 1.5 2 4  

No.2 Double 
scan 

Power (μJ) 7 8      
Scan 
Speed(mm/s) 3 3.5 4 4.5    

No. 3 Double 
scan Power (μJ) 7 7.5 8     

 dd Scan 
Speed(mm/s) 3 4 5     

From comparison of images of (b), (c) and (d) in Figure 6-5, it can be seen that, the 

side wall of the channel waveguide structures written using powers of 7 µJ and 8 µJ 

are much better than that written at other powers. Based on these results, further 

optimization experiments No.2 and No.3 were carried out as shown in Table 6-3. 

SEM images of better channel waveguide structures obtained using 7 µJ and 8 µJ at 

both 3 mm/s and 4 mm/s in experiments No.2 are shown in Figure 6-7. It can be seen 

that these channel waveguides have smooth side walls. 
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Figure 6-5 SEM images of channel waveguide structures on the composite thin film obtained in No.1 

experiments (a) 4 µJ, 4 mm/s (b) 5 µJ from left to right: 0.1 mm/s, 0.5, 1, 1.5, 2, 4 mm/s, (c) 7 µJ, from the 
second one left to right: 0.1 mm/s, 0.5, 1, 1.5, 2, 4 mm/s, (d) 8 µJ 1mm/s 

 

 
Figure 6-6  Localized pore formation along the laser beam scan direction 

(d)                (c)                

(b)                (a)                
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Figure 6-7 SEM images of waveguide structure on composite thin film obtained in No. 2 experiments. (a) 7 

uJ  3 mm/s, (b) 7 uJ  4 mm/s , (c) 8 uJ  3 mm/s, (d) 8 uJ  4 mm/s 

As shown in Figure 6-8, the Raman spectra of the trench area in the etched film are 

exactly the same as that of the SiO2 substrate which indicates that all the composite 

materials in the trench area are ablated away, and the depth of the waveguide 

structure is around 1 µm (the same as the thickness of the composite thin film).  
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Figure 6-8 Raman spectra of composite thin film trench of ablated area with double scan of fs laser and 

silica substrate 

(d)                (c)                

(b)                (a)                
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From all the results discussed above, the optimal channel waveguide structures can 

be achieved using double laser scan at powers of 7 µJ to 8 µJ with a translational 

speed of 3 mm/s or 4 mm/s.  

 

Through the results of experiments No. 2, the relationship between the width of the 

trench area and waveguide writing parameters (laser power and writing speed) is 

acquired and shown in Figure 6-9. Based on this correlation, the width of the 

expected waveguide structure could be calculated.  In experiment No.3, channel 

waveguides with a width of 18 µm and 25 µm were fabricated using optimized 

parameters aforementioned. The SEM image of the two waveguide channels is 

shown in Figure 6-10. 

 
Figure 6-9 Correlation between width of trench area and writing parameters, blue bars represent  

 

 
Figure 6-10 SEM image of waveguides used for light propagation  
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A 1480 nm laser was propagated through one of the channels with 18 µm width and 

10 mm length.  The mode profile of this channel obtained is shown in Figure 6-11. It 

is evident that only TE0 and TM0 are shown, which indicates that this waveguide is 

a single mode channel. The curves of the mode simulation in vertical and landscape 

direction illustrated in Figure 6-11 is Gaussian profile which imply that the channel 

waveguide is of good quality. The loss of this channel was measured to be 1.5 dB/cm 

at the wavelength of 1600 nm.  

 
Figure 6-11 Mode profile of channel waveguides with 18 µm width and 11 mm length 

6.3 Conclusions   

1. This chapter discussed the tellurite glass thin films on silica substrates that 

are patterned using the RIE technique. After a series of experiments, it 

illustrated that due to the redeposition of the non-volatile byproducts, it is 

difficult to obtain a high quality channel waveguides with a depth of ≥ 1 µm. 

 

2. A relatively good channel waveguide structure was achieved using CHF3 gas 

(flow rate of 2 sccm) at an etching power of 200 W and pressure of around 

36 mTorr in the chamber.  The DC Bias was fluctuated in the range of 585 V 

to 600 V.  The final etching rate of this experiment was calculated to be 68 

nm/min.  
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3.  The channel waveguides obtained on the tellurite glass thin film has a width 

of 3 µm and total thickness of 0.68 µm. It is believed that thicker channel 

waveguide is required to couple the laser (diameter of fiber is around 9 µm) 

into the channel.  

 

4. Channel waveguide structures were achieved using fs laser micromachining 

(1 kHz, pulse duration: 100 fs) with a wavelength of 800 nm. An objective 

lens with a numerical aperture of 0.4 was used based on the experience.  

 

 

5. After a series of optimized experiments, it is believed that high quality 

channel waveguides could be attained when the laser power is in the range of 

7 µJ to 8 μJ with double scan and a translational writing speed of 3 mm/s or 4 

mm/s.  

 

6. A 1480 nm laser was used to propagate through a channel waveguide 

structure obtained using 7 µJ with a translational speed of 3 mm/s. The 

results showed that this channel waveguide (18 µm width and 11 mm) tended 

to be a single mode waveguide with a loss of 1.5 dB/cm at 1600 nm. 
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Chapter 7 Conclusions and future work 

In this work, tellurite bulk glass, glass thin film on silica and polymer coated silica 

substrates, PT glass and siloxane polymer composite thin films have been fabricated 

and characterized for optical applications, especially waveguide amplifiers. In 

addition, channel waveguide structures on the thin films produced here have been 

etched using RIE and fs laser micromaching to investigate its feasibility of 

fabricating waveguide amplifiers. The following conclusions are drawn from this 

study. 

7.1 Conclusions 

7.1.1 Tellurite glasses 

TWL glasses with different dopants have been demonstrated. To investigate the 

influence of rare earth ions on the properities of TWL glasses, the thermal, optical 

and structural properties of Er3+ doped, Er3+/Yb3+ and Er3+/Ce3+ codoped and 

Er3+/Yb3+/Ce3+ codoped tellurite glasses were compared respectively.  

 

The thermal properties of TWL glasses were studied using the DTA technique. The 

results obtained show that Er3+ doped glass has higher thermal stability. Tg of TWL 

glasses with different rare earth ions are close to each other (around 430 oC (Table 

3-3)), while the glass crystallisation temperatures have significant differences.  Er3+ 

doped TWL glass has only one crystallisation temperature which is around 615 oC 

(Table 3-3), while there is no crystallisation peaks observed in Er3+/Yb3+ and 

Er3+/Ce3+ codoped glasses, and there are one crystallisation peaks and two melting 

peaks  in the DTA traces of Er3+/Yb3+/Ce3+ codoped TWL glasses .  

 

Optical properties including UV and IR absorption and optical enegy gap, refractive 

indices as well as fluorescence spectra and the decay lifetime of transition 
4I13/4→4I15/4 in Er3+ ions were investigated using spectrometers, M-line technique and 

fluorescence spectrometer, respectively. The results illustrate that Ce3+ codoping can 

shift the UV cutoff edge to longer wavelength and reduce the optical energy gap 

consequently. This may be due to the fact that Ce3+ could absorb UV light through 

the interconfiguration transition of the electrons.  
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In addition, Er3+/Yb3+/Ce3+ codoping may increase the bandwidth of the fluoresence 

at around 1535 nm. To further study the fluorescence properties of the TWL glasses, 

Judd-Ofelt parameters were calculated.  The results indicate that the Er3+/Yb3+/Ce3+ 

codoping can reduce the covalency of Er-O bonds which caused the reduction of Ω2. 

The calculated radiative lifetimes obtained using the Judd-Ofelt parameters are much 

shorter than the corresponding measured lifetime, which implies that there are 

radiative trapping effects in the TWL glass studied in this thesis.  Moreover, Yb3+ 

codoping can increase the emission efficiency of transition 4I13/4→4I15/4 through an 

energy transfer process. It also increases the upconversion process which is 

undesirable for optical amplifiers, however.  

 

From the analysis of Raman spectra and FTIR absorption spectra obtained using 

reflection mode, it is believed that TWL glasses prepared in this work contain WO6, 

TeO4, TeO3 and also double pairs of [TeO6] and [WO6]2. The structure of the TWL 

glasses in this thesis also has been shown schematically according to the results and 

some references.  

7.1.2 Tellurite glass thin films 

TWL glass thin films on silica substrates were fabricated using PLD technique.  

 

After series of experiments, optimal deposition parameters were obtained for TWL 

glass thin film deposited on silica using a 193 nm laser (pulsed duration 20 ns) with 

a repetition rate of 10 Hz and laser fluence of 1.3 J/cm2. The pressure in the chamber 

was 135 mTorr during the deposition process. Target and substrates were separated 

by 55 mm while substrates were kept at either 100 oC or 300 oC.  

 

 Properties of thin films fabricated at 100 oC or 300 oC were compared. The results 

show that there is nano-meter level crack on thin films obtained at 100 oC , while the 

size of the particulate on the surface of thin films at this temperature are smaller than 

these on the surface of the large crack-free thin films obtained at 300 oC (Figure 

4-14). Thin fims prepared at 100 oC have relatively higher transmittance when 

measured using a UV spectrometer (Figure 4-10). EDX and Raman spectra reveal 

that the composition and structure of thin films deposited by PLD are in good 
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agreement with that of the target glass used (Table 4-6 and Figure 4-16). Moreover, 

the target glass and thin films obtained are both amorphous materials as shown by 

XRD (Figure 4-16).   

 

Decay lifetime of transition 4I13/4→4I15/4 in Er3+ ions of thin films grown is 

comparable with the calculated radiative lifetime of the same transition of bulk glass, 

which means the radiative trapping effects are reduced for the thin films. The small 

discrepancy between the measured lifetime of thin film and the calculated radiative 

lifetime might be due to the OH absorption quenching.  

7.1.3 Glass and polymer composite thin films 

Two types of glass and siloxane polymer composite thin films were fabricated using 

PLD. One was obtained by depositing TWL glass thin film onto polymer coated 

silica and the other was produced by depositing both PT glass and polymer with 

layer by layer periodic structure. 

 

The deposition parameters of TWL glass and polymer composite thin films are 

similar to that used for TWL glass thin films on silica. Two kinds of background gas 

have been used to study its influence on the quality of the TWL glass and polymer 

composite thin film. The characterisation this thin film illustrates that there are nano-

meter cracks on the surface of thin films no matter which gas is used in the chamber 

during deposition. However, thin films prepared in the 96%O2/He have a smoother 

surface than that of thin films deposited in pure O2, while all the other properties of 

these two kinds of thin films are similar to each other. 

 

The refractive index of PT glass is close to that of siloxane polymer, therefore, these 

two materials could be deposited alternatively to grow layer by layer structure using 

PLD. A composite thin film was deposited using PLD by ablating a glass target for 

100 s and polymer target for 10 s as a cycle, and after 96 such cycles, a thin film 

with thickness of around 1 µm was obtained.  

 

TEM images confirmed that the glass and polymer composite thin film has the lay 

by layer structure with clearly defined boundaries between these two materials.  The 

thickness of both glass and polymer layers can be prepared lower than 10 nm to 
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grow a superlattice structure using this technique. And the thicknesses of each layer 

can be well controlled by adjusting the deposition parameters.  

 

Inside the superlattice composite thin film, there are some polymer particles 

implanted across several layers (Figure 5-7 (c)), and there are also some wave like 

structures yielded with these particles causing the increase of the roughness of the 

glass and polymer interface.  

 

SEM images demonstrate that the top layer of this composite thin film is covered by 

uniform particles in a dimension of around 50 µm (Figure 5-9). The quantity of 

particles is much larger than that inside the composite thin films. This may be due to 

the thermal energy of plasma helps to melt and remove most of the particles inside 

the thin films during deposition process. When the set pulses finish, the plasma stops 

before the growth of the top layer. As a result, particles are left on the top of the thin 

filml and attributed uniformly on the surface of the thin film.  

 

XRR and element mapping results confirm the layer structures of the composite thin 

films (Figure 5-10 and Figure 5-11).  XRD and electron diffraction patterns also 

reveal that this composite thin film is completely amorphous. 

 

Even though two materials were grown alternatively with a layer by layer structure 

in the PT-polymer composite thin film, the results of the optical properties show that 

this thin film behaves like a single composite material. In addition, there are no 

optical properties scarificed in this layer by layer structure. The lifetime of transition 
4I13/4→4I15/4 of Er3+ in PT-polymer composite and the PT thin film is much lower 

than that of the bulk glass, which may be due to the OH absorption causing the 

nonradiative transition of Er3+ ions.  

7.1.4 Channel waveguides on composite thin films 

A channel waveguide structure was obtained using a power of 200 W in CHF3 

environment with a gas flow rate of 2 sccm and pressure inside the chamber of 36 

mTorr. The total thickness of the channel waveguide is about 680 nm which 

produced within 10 min.  
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Fs laser micromaching was used to pattern PT-polymer composite thin films. The 

wavelength of the laser is 800 nm at a fixed repetition rate of 1 kHz. After a series of 

writing experiments, optimized conditions were obtained, which was NA of 0.4, a 

power of the laser in the range of 7-8 µJ with a translational scan speed of 3 mm/s or 

4 mm/s using a double scan. The threshold of damage this composite material was 

measured to be 4 µJ. 

 

A series of waveguide structures with widths of 18 and 25 µm were obtained using 

the optimal writing conditions. One of these channels with width of 18 µm and 

length of 10 mm was chosen to propagate light using  a 1480 nm laser. A single 

mode profile was obtained and the loss of this channel is around 1.5 dB/cm at 

wavelength of 1600 nm. 

7.2 Future work 

The main aim of this thesis is to study the fabrication and characterisation of tellurite 

glass, glass and polymer composite thin films as optical materials. These optical 

materials have potential to fabricate various optical devices, like planar optical 

amplifiers and sensors. To fully explore their application, several directions have 

been identified for future work.  

7.2.1 Er3+/Yb3+/Ce3+ triply doped TWL glasses 

Er3+/Yb3+/Ce3+ triply doped TWL glasses have excellent green and red upconversion, 

therefore, their potential applications as optical sensor are interesting to be studied 

using fluorescence intensity ratio (FIR) technique. To study the possibility of 

fabricate optical temperature sensors using these glasses, the upconversion spectra of 

the glasses in the range of 500 to 700 nm at different temperatures can be 

investigated using a 980 nm laser diode as an excitation source. It is also possible to 

write array waveguide in the TWL bulk glass using fs laser micromaching through 

changing the refractive index of the material, which has already been done. The 

propagation loss, gain, and mode profile need to be measured to study their 

feasibility as laser in the visible wavelength region.  
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7.2.2 TWL glass thin film on silica substrate and polymer coated silica substrate 

The channel waveguide written using RIE technique as discussed in Section 6.1, 

Chapter 6 can be further investigated. Previously, to characterise the property of the 

channel waveguide obtained using RIE, a fibre with a diameter of 9 µm was used to 

couple the laser beam into the channel waveguide, which was failed due to the small 

dimension of the channel waveguide. A solution to this problem is to use a fibre with 

a smaller diameter (e.g. 3 µm) to couple the laser beam into the channel waveguide. 

An alternative solution is to use free space technique, which employs two spot-

focusing horn lenses to reduce the dimension of the laser beam, and help to couple 

into the channel waveguide more easily. The horn lens also can help to receive the 

signal from the channel waveguide. It is worth to try these two solutions, and study 

the properties of the channel waveguide, for example, measure the optical loss, gain, 

mode profile and noise figure.  

 

The feasibility of writing channel waveguides on Er3+ doped TWL glass thin film 

using fs laser micromachining is also of interest. The optimal writing parameters 

including the NA, writing speed, laser power and the repetition rate need to be sorted 

out. The high quality channel waveguides on the thin film obtained at optimal 

writing condition should be characterized, including the measurements of loss, gain, 

mode profile, and noise figure etc.  

7.2.3 Channel waveguides on glass-polymer composite thin films 

The channel waveguide shown in Section 6.2, Chapter 6 has not been fully 

investigated. As a result of the high loss of the waveguides, gain has not been shown 

in this channel waveguuide. Therefore, to reduce the loss, the quantity and 

dimension of the particulates on the glass-polymer composite thin film should be 

reduced. One solution for this problem is to install a high speed microfilter on the 

PLD system to filter the large particles. The other solution is to try the fs laser PLD 

which is known to be able to produce smaller and uniform particulates on the thin 

film compared with nano second Excimer laser. Once the composite thin film with 

small uniform particulates is obtained, channel waveguides can be written on using 

fs laser micromachining at the optimal conditions discussed in Chapter 6. The loss, 

gain, mode profile and noise figure need to be investigated as well. 
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Chapter 8 Appendix 

8.1 Optical gain 

The electrons in rare earth ions can be excited within the 4f energy states and 

inversion population formed. When the light signals come through a medium with 

electrons in the population inversion state, the electrons at the excited level will 

release photons in form of light with the same wavelength of the passing signal. The 

signal is amplified in this process as shown in Figure 2-3.  

 

The optical gain ܩ௢ of an amplifier which is defined as the ratio between the input 

signal and the output signal is typically described in dB as follows[38]: 

 
(ܤ݀)௢ܩ = )ଵ଴݃݋10݈ ௦ܲ௜௚௡௔௟ି௢௨௧

௦ܲ௜௚௡௔௟ି௜௡
) 

 

 

(8.1) 

However, there are also polarization-dependent effects and broadband optical noise 

(amplified spontaneous emission, ASE) signals in the output signal, which makes the 

measurements of output signal complicated. Therefore, people defined other two 

kinds of gains, relative gain ܩோ and internal gain ܩூே் which are expressed as[300]: 

 
(ܤ݀)ோܩ = ݋10݈ ଵ݃଴( ௦ܲ௜௚௡௔௟ି௢௨௧ − ஺ܲௌா

௦ܲ௜௚௡௔௟ି௜௡
) 

 

 

(8.2) 

 

and  

ூே்ܩ  = ோܩ −  ௉ߙ

 

(8.3) 

where ஺ܲௌா  represents the amplified spontaneous emission power, and ߙ௉  is the 

propagation loss. To study the external amplification for a real optical amplifier, net 

gain ܩோ்  which is considered to be a crucial parameter is defined as[300]: 

ோ்ܩ  = ூே்ܩ −  ௖௢௨௣ (8.4)ߙ2

 

where ߙ௖௢௨௣  is the fiber-waveguide coupling loss.  
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To measure the relative gain Gୖ, an optical spectrum analyzer is used to filter the 

output signal and distinguish the signal from noise at the output[38]. The schematic 

experimental setup is shown in Figure 8-1. 

 

In this setup, attenuators, taps, and power meters are used to control and monitor the 

counterpropagating pump power and input signal levels, and an optical spectrum 

analyzer is used to detect the output signal and noise components. An isolator after 

the signal laser is used to reduce backward-propagating light which can destabilize 

the signal laser. A bandpass filter is used to filter out the signal laser spontaneous 

emission. To get the internal and net gain, losses introduced by components, 

connections, and polarization-dependent lossed need to be considered[38].  

 
Figure 8-1 The schematic of the experimental setup of the gain measurement with an optical spectrum 

analyzer[38] 

8.2 Judd-Ofelt theory 

The absorption intensity obtained using UV spectrometer can be used to calculate 

the absorption coefficient:  

 

(ߣ)ܽ =
(଴ܫ/ܫ)݊ܮ−

ݐ =
݋݈−) 2.303 ଵ݃଴ ቀ ܫ

଴ܫ
ቁ)

ݐ  

 

(8.5) 

where t is the thickness of the glass 



175 

 

The absorption coefficient ߙ is used to calculate the experimental oscillator strength 

of transition a {ܮ, ܵ, ,′ܮ} b→ {ܬ ܵ′,   :{′ܬ

 
௘݂௫௣(௔→௕) =

଴݉ܿଶߝ4

ܰ݁ଶ̅ߣଶ න (ߣ)ߙ  (8.6) ߣ݀

where ߝ଴ is the permittivity of free space, c is the light velocity(2.998*108m/s), N is 

the rare earth ion concentration (ion/m3), e (1.609x10-19C ) and m (9.11x10-31kg) are 

the charge and mass of electron, and α(λ) is the absorption coefficient at a 

wavelength of λ, average wavelength ̅ߣ = ∫ (ߣ)ߙߣ / ∫ (ߣ)ߙ . The rare earth ion 

concentration can be calculated by the weight of rare earth oxide (Er2O3 here) in the 

glass and the density of the glass ρ. 

 
ܰ =

(݉୉୰ଶ୓ଷ
୉୰ଶ୓ଷܯ

) × 2 × 6.02 × 10ଶଷ

݉௚௟௔௦௦
௚௟௔௦௦ߩ

 (8.7) 

where ݉௚௟௔௦௦  is 20 g, and ݉୉୰ଶ୓ଷ can be calculated using the weight of glass, and 

the concentration of the rare earth ions, ܯ୉୰ଶ୓ଷ is the molecular weight 382.56 g/mol, 

and ߩ௚௟௔௦௦  is listed in Table 3-2. Actually, the weight of glass obtained is smaller 

than 20 g powder after melting, and the concentration of rare earth ions in resultant 

glass is different from the theory value because the weight loss for different 

compounds are different in the glass melting process. Therefore, the weight of both 

glass and rare earth ions in the glass used for this calculation are estimated.  

 

According to the Judd-Ofelt theory, theory oscillator strength of transition a {ܮ, ܵ,  {ܬ

→b {ܮ′, ܵ′,  :can be expressed as follow {′ܬ

 
௖݂௔௟(௔→௕) =

ଶ݉ܿߨ8
3ℎ(2ܬ௔ + ଶ݁ଶ݊ߣ(1 (߯௘ௗܵ௘ௗ + ߯௠ௗܵ௠ௗ) (8.8) 

where Sed and Smd are line strength of the electric dipole and magnetic dipole 

transitions, respectively, which are defined as  

 ܵ௘ௗ = ݁ଶ ෍ ௧ߗ
௧ୀଶ,ସ,଺

ห〈ܽฮ�ܷ(௧)ฮ�ܾ〉��หଶ
 (8.9) 

 

 
ܵ௠ௗ = (

݁ℎ
ܮ‖ܽ〉|ଶ(ܿ݉ߨ4 + 2ܵ‖ܾ〉|ଶ (8.10) 

where χed=n(n2+2)2/9 and χmd=n3 are the correction terms of the local field which 

stand for the increase of the electric field around the rare earth ions due to the 
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polarizability of the host medium, J is the total angular quantum number for this 

transition, n is the refractive index of the host medium at the average wavelength, h 

is the Plank constant, the reduced matrix ห〈ܽฮ�ܷ(௧)ฮ�ܾ〉��หଶ
 was tabulated by Weber [44] 

and |〈ܽ‖ܮ +  .ଶ can be calculated using the equation offered by Carnall [45]|〈ܾ‖ݏ2

 

Based on the above equations, the experimental oscillator strength can be calculated. 

In the equation of the theory oscillator strength, only ∑ ௧௧ୀଶ,ସ,଺ߗ ห〈ܽฮ�ܷ(௧)ฮ�ܾ〉��หଶ
 is 

unknown. Theoretically, experimental oscillator strength and theory oscillator 

strength should be equal to each other: 

 fexp=fcal   (8.11) 

Then the Judd-Ofelt parameters Ω2, Ω4, Ω6 can be obtained by fitting this equation 

using least square method in Matlab software. 

 

Once the Judd-Ofelt parameters obtained, they can be used to calculate the oscillator 

strength of the unreachable absorption transitions (a→b), the transition rate, lifetime 

and the branching ratio of emission transition (b→a).  
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