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ABSTRACT 

 

The work presented here is to introduce and investigate a novel material and a 

fabrication technique for an Er3+ ion doped waveguide amplifier (EDWA) on a silicon 

platform. EDWA performance strongly depends on the erbium concentration and the 

nature of the host material. There are two materials studied for this work. For the first 

material, TeO2-ZnO-Na2O-Er2O3 (Er-TZN) is doped into the silica-on-silicon (SOS) 

substrate surface, and for the second material, Er-TZN is doped into the surface of 

Si3N4-on-silicon. For the first material, the mixing of Er-TZN with SiO2 produces a 

homogeneous layer which has the potential to be used for EDWA applications. The 

fabrication is carried out using a novel technique which is named ultrafast laser 

plasma doping (ULPD). In this technique, the Er-TZN target is bombarded using a 

femtosecond laser and the interfacial reaction between a high energy plasma plume 

and heated silica-on-silicon substrate results in a highly dense erbium doped silicate 

that is referred to as erbium-doped tellurite modified silica (EDTS). The success of 

this EDTS resulted in this work being extended to produce two types of a channel 

waveguide, i.e. diffused and ridge waveguide. However, for the diffused waveguide, 

the attempt to fabricate this type of waveguide failed to produce satisfactory results 

because it is believed that the metal mask moved during the fabrication process. For 

ridge waveguide, etching results still do not show satisfactory output. Therefore, 

further optimisation is needed to accomplish a practical optical waveguide. On the 

other hand, the doping of Er-TZN into Si3N4 which is also prepared using the ULPD 

technique is less successful compared to SiO2 because the doped layer exhibits 

inhomogeneous material distribution although various process parameters have 

been tried. Failure to obtain a layer like EDTS is probably due to the limitation of the 

current instruments and also the rigid structural network of Si3N4. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview 

The world has seen a surge in demand for information and communication technology 

(ICT) applications. This rapid development has coaxed the world of ICT to turn their 

attention towards photonic integrated circuits (PICs) to meet these wavelength 

spectral bandwidth-hungry applications that require a faster internet and computing 

powers. PICs are versatile as they are laden with functional photonic components 

such as an optical filter, laser, waveguide arrays, splitters, modulator, and 

photodetector [1]. However, as the number of PIC components increases, the 

associated inherent loss due to propagation and interconnects also increases. An 

integrated optical amplifier can boost the signal to mitigate such losses associated 

with dense integrations. Due to the high demands for greater bandwidth and to go 

with the ever-increasing need for speed in all aspects of society, industry and 

business, this, in turn, requires smaller and more efficient integrated optical amplifiers. 

 

Generally, optical amplifiers can be classified into two main types which are optical 

fibre amplifier (OFA) and semiconductor optical amplifier (SOA) [2]. Erbium-doped 

fibre amplifiers (EDFAs) are an example of an OFA that has the capability to become 

gain media for the broadband amplifier and laser for a standard telecommunication 

wavelength of around 1550 nm. The ability of EDFAs to amplify signals in the long-

haul network without reducing the quality of signal significantly due to noise, cross-

talk between adjacent channels and polarisation dependence is highly impressive 

[3,4]. For this reason, EDFA is a vital component of the global fibre optic 

communication infrastructure. A typical EDFA consists of silica glass-based optical 

fibre with its core doped with erbium, and it is a few metres long. SOAs, on the other 

hand, have become competitive amplifiers for the long and short haul network and 

are able to amplify the incident light signal by using electrical pumping. Compared 

with EDFA, SOA is smaller and less expensive. SOAs can also be integrated with 

other devices such as semiconductor lasers and modulators. Nevertheless, 

performance wise, SOAs still lag behind EDFAs because of higher noise, lower gain, 

polarisation dependence and high cross-talk level [4,5].  

 

EDFA has proved to be an effective optical amplifier and has been widely used within 

the long-haul and short-haul telecommunication system. However, EDFA integration 

with other optical and electronic components on a compact integrated platform is 
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difficult due to its bulky structure which makes the packaging expensive and is a 

hindrance for a miniature device. To overcome this, the concept of erbium-doped 

waveguide amplifier (EDWA) was introduced, and its operation principle is similar to 

an EDFA but as a miniaturised planar version to meet the emerging demands. EDWA 

inherits EDFA's magnificent performance but with a smaller size and it can be 

fabricated on silicon platforms compatible with complementary metal-oxide-

semiconductor (CMOS) processing. 

 

The selection of the material host for an EDWA is very important as it affects the gain 

per unit length which is closely related to solubility of the dopant, erbium and its 

photoluminescence lifetime [6]. Silica-based waveguides have the potential to provide 

the best characteristics of a host to erbium in EDWAs due to its refractive index 

matching with silica optical fibre thus minimising coupling loss. However, silica has a 

serious issue whereby it has limited solubility for erbium. Er3+ ions tend to cluster in 

silica even at moderate concentration of 0.7 x 1018 cm-3 [7]. This low solubility problem 

is due to the continuous tetrahedral structural units (SiO4)4- in the silica glass network 

which, in turn, fails to accommodate Er3+ ions effectively [8]. When clustering occurs, 

energy transfer between excited Er3+ ions can occur, and this can cause 

luminescence quenching through the non-radiative relaxation. As a result, 

luminescence lifetime of the metastable state will also be reduced [9]. Generally, in 

order to obtain a reasonable gain over a length of a few centimetres, the erbium 

concentration in the host material should be in the range of 1020–1021 Er3+ ions/cm3 

without reducing the metastable lifetime and having concentration quenching [10].  

 

A possible way to avoid the clustering issue and increase the amount of Er3+ ion in 

the silica glass network is by introducing a co-dopant agent into the matrix such as 

Al2O3 [11–13], P2O5 [11,14,15] and HfO2 in silica [8,16]. However, at high doping 

concentration, the competition among Er3+ ions to bond with the oxygen atom 

becomes greater, and this still leads to a clustering problem. On the other hand, 

tellurite (TeO2) based glass has been reported to have a high solubility of Er3+ ions, 

and it had been doped into many tellurite host glass such as TeO2-WO3-Na2O [17], 

TeO2-Nb2O5-Na2O [18] and TeO2-GeO2-Na2O-ZnO [19]. Nevertheless, tellurite have 

a severe problem in that it has low thermal stability which hinders it from being used 

for many practical applications [20]. 

 

The advantages of tellurite offer the potential solution to solve the limitation of Er3+ 

ions solubility and clustering in silica by forming a multicomponent glass combining 
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them. Furthermore, the addition of TeO2 into the silica glass will increase the refractive 

index of the glass and make it more advantageous for EDWA applications. However, 

to the best of our knowledge, glass that has the combination of SiO2 and TeO2 is very 

scarce been reported. This mixture may be due to phase separation that occurred in 

a ternary or quaternary glass as reported in the glass systems TeO2-B2O3-SiO2 [21], 

Li2O-TeO2-SiO2 [22] and TeO2-SiO2-ZnO-K2O [23] which, in turn, made it less enticing 

to be studied. Due to this complication, the emerging technique called ultrafast laser 

plasma doping (ULPD) is introduced which allows SiO2 and TeO2 based glass to mix 

together without phase separation [24–26]. The resultant doped glass layer achieved 

with the composition SiO2-TeO2-ZnO-Na2O-Er2O3 has been named as erbium doped 

tellurite modified silica (EDTS).  

 

Apart from silica, silicon nitride (Si3N4) is also seen to be a potential host material for 

EDWA applications. Si3N4 is an attractive candidate due to its higher refractive index 

(1.99), and also the fact that it is a Si-based material like SiO2 that is compatible with 

CMOS processing.  

  

1.2 Research aim and objectives 

This research aims to explore the properties of a new EDWA host material on a silicon 

platform and explore its prospects as a component in silicon-based photonic 

integrated circuits. In particular, the objectives of this research are to: 

a) form a layer of a mixture of erbium-doped tellurite glass and SiO2 on silica-on-

silicon (SOS) substrate and investigate the influence of process parameters on 

the properties of the obtained EDTS layer.  

b) form a layered mixture of erbium-doped tellurite glass and silicon nitride in Si3N4-

on-silicon substrate and investigate the influence of process parameters on the 

characteristics of the obtained layer. 

c) design, fabricate and investigate the characteristics of an optical channel 

waveguide formed with an EDTS on SOS. 

 

1.3 Thesis outline 

The content of this thesis is organised as follows: 

 

Chapter 1 provides the overview of this research. The research aim and objective are 

also included in this chapter. Chapter 2 covers a literature review of the theory related 

to erbium-doped waveguide amplifiers (EDWAs). A review of the literature regarding 

host materials for erbium for EDWA applications is also discussed and some of the 
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common techniques for fabricating an EDWA are presented. This chapter also 

includes an introduction and discussion of the ultrafast laser plasma doping (ULPD) 

technique which is the main technique used to fabricate the samples in this research. 

Chapter 3 provides a detailed review of the equipment involved and also the 

methodology used in this research. The principles and theories underlying the 

operation of the instruments are briefly presented in this chapter. Chapters 4 and 5 

include the results and discussion on EDTS fabrication and its optical, structural and 

chemical properties in relation to the process parameters used. Chapter 6 details the 

ULPD attempted on the Si3N4-on-silicon substrate and an analysis of the results 

obtained. Chapter 7 describes the design, fabrication and characterisation of the 

channel waveguide. Chapter 8 provides a conclusion for the thesis and suggestions 

for future work.  
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CHAPTER 2 

LITERATURE REVIEW 

 

Erbium-doped waveguide amplifiers (EDWAs) are seen to be a potential solution for 

signal loss in a photonic integrated circuit. AN EDWA’s operation principle with its 

related matters such as luminescence lifetime and limiting factors are explained in 

this chapter. Some of the reported host materials for erbium and common techniques 

for fabricating an EDWA are presented after that. This chapter also provides the 

fundamental discussion of the ultrafast laser plasma doping (ULPD) technique.  

 

2.1 Erbium-doped waveguide amplifiers (EDWA) on silicon 

An EDWA which inherits an EDFA’s optical signal amplification properties but with a 

much smaller size enables it to be integrated with other PIC components in the same 

chip on silicon (Figure 2.1). Such EDWA integration on a planar waveguide form also 

contributes to fabrication cost reduction. Unlike EDFA which is in the form of a long 

fibre, an EDWA is in a planar form that is a few cm long or less and can be fabricated 

on a silicon substrate with a cladding material in between them.  

 

 
Figure 2.1: An example of PIC that consists of a filter, laser, modulator, 

photodetector, CMOS circuitry, and passive waveguide (optical amplifier) [27,28]. 

 

The material for the cladding should have a lower refractive index from the waveguide 

core in order to prevent or minimise the leakage of the signal to the substrate. Higher 

contrast between cladding and waveguide cores allows strong confinement of the 

optical mode that leads to high intensity in the waveguide. For optimum performance, 

an EDWA is normally fabricated in the form of a channel waveguide. There are a few 
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channel waveguide structures that have been reported such as buried, strip-loaded, 

rib, diffused and ridge waveguide [29,30] as shown in Figure 2.2.  

 

 
 

             (a)                                       (b)                                            (c) 

 

                              (d)                                                     (e) 

Figure 2.2: Channel waveguides can be fabricated into a few structures [30] which 

are (a) buried, (b) strip-loaded, (c) rib, (d) diffused, and (e) ridge. The core of the 

waveguides is indicated with dark shade and nx, (x=1, 2, 3) is the refractive index of 

different regions. 

 

2.1.1 Principle of operation  

In EDFAs and EDWAs, erbium is incorporated in the waveguide core. Pure erbium is 

metal with an electronic configuration of [Xe] 4f12 6s2. When it is incorporated as a 

dopant in the host material, erbium, usually in the form of a trivalent charge state with 

an electronic configuration of [Xe] 4f11 with electrons in the 4f-shell, is shielded by 5s2 

and 5p6 closed shells. The 4f electrons undergo interaction of spin-spin and spin-orbit 

which causes the 4f energy level to be split into several different energy states [3,31] 

as shown in Figure 2.3. The splitting is also referred to as Stark splitting. Due to this 

shielding effect, the exact energy in 4f states is only slightly different based on the 

host materials used. 
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Figure 2.3: Energy levels of Er3+ ions with Stark splitting for each energy level 

(adapted from [31]). 

 

The light amplification of an EDWA is based on stimulated emission from 4I13/2 to 
4I15/2 

energy levels. With external laser pumping of the waveguide, erbium ions are excited 

to a higher energy level based on the laser wavelength. Erbium ions are excited to 

their first excited state (4I13/2) when a laser with a wavelength of 1480 nm is used 

while, with 980 nm, they can be excited to a higher lying excited state (4I11/2) as shown 

in Figure 2.4. For the latter case, the erbium ions will then rapidly relax to the first 

excited state at 4I13/2. This process is called non-radiative transition, and the 

corresponding energy is released to the host in the vibrational form (as phonons). 

After that, an erbium ion relaxes to the ground state 4I15/2 by emitting photons with a 

peak emission wavelength of around 1535 nm with a certain emission bandwidth. 

This radiative transition is also called luminescence. This luminescence transition 

from the first excited state (4I13/2) to ground states (4I15/2) is exploited in an EDFA and 

EDWA for signal amplification typically in the C-band (1535-1565 nm) of optical 

communication.  
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Figure 2.4: Schematic diagram of absorption and emission process of Er3+ ions upon 

980 nm laser excitation (adapted from [32]). 

 

2.1.2 Luminescence lifetime 

Luminescence lifetime is a measure of the time an erbium ion specifically stays in the 

excited states before decaying to the ground state. Excited erbium ions undergo two 

main channels of decay, radiative and non-radiative, which can be used to define the 

lifetime:  

                                                         
nrr 

111
                                                        (2.1) 

 

where   is the total lifetime, r is the radiative lifetime and nr is a non-radiative 

lifetime. The radiative lifetime arises from the luminescence of erbium ions that relax 

from 4I13/2 to 4I15/2. Whilst, the non-radiative lifetime depends on the composition of 

host materials and the vibration coupling between erbium ions and host ions [33]. 

 

2.1.3 Limiting factors 

The luminescence of erbium ion can be influence by several factors which are 

discussed in the following sections. 

 

2.1.3.1 Solubility in host material 

In most host materials, erbium ions tend to form precipitates beyond certain 

concentrations. These precipitates can form from either clustering between erbium 

ions or form compounds with components in the network of the host material [6]. As 

a result of the formation of these aggregates, it can cause interaction of ions between 
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erbium ions or group ions which may further induce luminescence quenching (this will 

be further explained in 2.1.3.3). In addition, this precipitation can also lead to the 

formation of non-optically active erbium compound. The precipitation issue is varied 

for the different host material. Therefore, the selection of host material is very crucial 

because it plays an essential role in determining a high-efficiency EDWA [6].  

 

2.1.3.2 Phonon interactions 

Phonon interaction is closely related to non-radiative transition occurring from various 

higher energy levels of Er3+ ions. Non-radiative relaxation is favoured when the host 

phonon energy is larger and less number of phonons are needed to bridge the energy 

band gap, Eg, between higher energy excited levels and lower/ground states [6]. 

Generally, if the phonon cut-off energies are greater than 25% of the energy gap, the 

luminescence will be almost completely quenched. For phonon cut-off energy in 

between 10-25% of Eg, the resulting quenching will be dependent on temperature and 

it causes luminescence lifetime as well as being dependent on temperature. For lower 

phonon cut-off energy, multi-phonon relaxation is negligible [34]. The phonon 

interaction is strongly dependent on the host material and type of rare-earth ions in 

the host. Therefore, the selection of low phonon energy hosts such as tellurite and 

fluoride can reduce the multi-phonon relaxation effect which, in turn, can increase 

radiative transition [6].  

  

2.1.3.3 Ion-ion interactions 

Rare earth ions incorporated in a host material such as glass tend to have ion-ion 

interactions. These interactions can be either between different types of rare earth 

ions or the same type of ions (e.g., Er3+-Er3+, for the case of clustering). Ion-ion 

interaction between different ions can be employed in novel pumping schemes 

whereby excitation is provided to one species and transferred to another. An example 

of such a mechanism is Er/Yb co-doping in a host material in order to increase the 

luminescence efficiency of the Er3+ ions by coupling to the absorption bands of the 

Yb co-dopant (Figure 2.5) [35]. The Yb3+ ions from 2F5/2 transfer their energy to 4I11/2 

of Er3+ ions and increase the luminescence efficiency around 1550 nm. Introducing a 

second rare-earth dopant can also provide the bonus of hampering aggregation of 

the Er3+ ions through the generation of a solvation shell [6]. On the other hand, ion-

ion interaction between the same types of rare earth ions constitutes a loss 

mechanism and increases non-radiative decay from unwanted transitions. For one 

type of rare earth species, a number of different methods of ion-ion interaction occur 

as outlined below. 
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Figure 2.5: Energy level diagram of Er3+ and Yb3+ ions [35]. The Yb3+ ions from 2F5/2 

transfer their energy to 4I11/2 of Er3+ ions, increasing the luminescence  

efficiency at 1550 nm.  

 

Co-operative upconversion 

Luminescence inefficiency in an EDWA is often associated with the co-operative 

upconversion process [36]. This process can occur when erbium ions are close to 

each other causing them to interact among them. Figure 2.6 (a) shows more clearly 

the interaction of two erbium ions when they are close to each other. The transition 

of ion A to the ground state from 4I13/2 causes energy release which will then be 

transferred to ion B. After that, it is excited to a higher state (4I9/2), and the excited ion 

B then relaxes non-radiatively to 4I13/2 and subsequently to ground state. For erbium 

doped in the oxide glasses, the relaxation is very fast and non-radiative, therefore the 

co-operative upconversion results in the release of heat to the host [6]. The extra 

heating can generate other effects such as further depletion of a lifetime because of 

thermal quenching [37].  

 

Apart from that, the emission of green light may happen through the second order 

process of co-operative upconversion. It occurs when there is an interaction between 

two ions at the 4I13/2 level where one ion will decay to the ground state and promote 

another ion to rise to the 4I9/2 level. The ion will then relax at the 4I11/2 level and again 

interact with another ion which is also at the 4I11/2 level. Then, it will be excited to the 

2H11/2 or 2S3/2 level. Green light emission (530-535 nm) is produced when the erbium 

ion relaxes from either the 2H11/2 or 2S3/2 level to ground state [38].  
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                               (a)                                                                      (b) 

Figure 2.6: Schematic diagram showing ion-ion interactions between two 

neighbouring erbium ions. (a) and (b) represent co-operative upconversion and the 

energy migration process, respectively (adapted from [39]).  

 

Energy migration 

The energy released from a decay of erbium ion A from 4I13/2 to ground state can be 

transferred to an unexcited erbium ion B and promote it to a 4I13/2 level as shown in 

Figure 2.6 (b). Although the second ion B can still produce radiative emission, 

however, each energy transfer process will increase the probability of non-radiative 

transition. Thus, this process is still considered to be one of the processes that 

contributes to luminescence quenching [6]. Moreover, when the energy is transferred 

to the nearby erbium ion, it is probable that the erbium ion will be coupled with non-

optically active sites. This will affect the amplification when an amplifier is built with 

materials having such detrimental processes are significant. 

 

2.1.3.4 Excited state absorption (ESA)  

Another factor that may contribute to luminescence quenching is excited state 

absorption (ESA). In this process, the excited erbium ion absorbs photons from the 

signal or pump which causes it to jump to a higher energy level (Figure 2.7) [40]. The 

ions lying at the higher energy level will then return to the metastable state by radiative 

transition or multiphonon relaxation. However, partly absorbed photons can 

disappear either in the form of heat or decay from the metastable to ground state with 

different wavelength emission [6].  
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Figure 2.7: Excited state absorption of Er3+ ions. The excitied photons are here from 

980 nm pump (adapted from [39]). 

 

Since this process involves both a pump and signal photon, this causes maximum 

gain and pump efficiency to be affected. Typically, ESA is quite low when a pump of 

980 nm is used and insignificant at 1480 nm. However, the ESA process is crucial at 

a shorter wavelength such as 800 nm because it can lead to poor pump efficiency 

and gain [41]. Hence, for an EDWA, a pump of 800 nm is definitely not a suitable 

choice. 

  

2.2 Host materials for an EDWA 

In the past few years, numerous studies have been done pertaining to a host material 

for erbium for EDWA application with the aim of producing optimal device 

performance. At a fundamental level, the performance of an EDWA largely depends 

on the host material for erbium. Generally, a waveguide amplifier should produce a 

high output gain with the shortest possible waveguide length for practical applications. 

This can be achieved by doping a host material with a high erbium concentration. 

Nevertheless, as the number of Er3+ ions per unit volume increases in the host 

material, the distance between erbium ions shortens, and they start to cluster beyond 

certain limits. Not all host materials doped with erbium are suitable for the fabrication 

of an EDWA as each host material has its limit for erbium doping concentration. Plus, 

although many materials have been identified as potential host materials for erbium, 

only a few material systems have demonstrated their ability to be an on-chip device 

for gain that is compatible with existing PIC technology. Several host materials for 

erbium doping and their suitability for EDWA application is compared and discussed 

in this section.  

 



13 
 

Silica-based waveguides can be the ideal material for building EDWAs for their 

excellent compatibility with well-developed silica-based fibre optics and 

microelectronics. However, as has been discussed before, silica has a serious issue 

with the solubility of Er3+ ions. The issue of solubility of Er3+ ions in silica can be 

mitigated by adding other oxide materials into the glass composition. Some key 

parameters obtained from previous reports about Er3+ ions doped into a SiO2-based 

host material like aluminosilicate, phosphosilicate, SiO2-GeO2, oxyfluoride-silicate, 

soda lime silicate and SiO2-HfO2 are tabulated in Table 2.1. Table 2.1 highlights some 

of the vital characteristics for an EDWA based on various silicate based host 

materials. Among the properties shown are the refractive index, erbium 

concentration, bandwidth/full width half maximum (FWHM), lifetime, length of the 

waveguide, type of waveguide, loss, net optical gain and method of fabricating the 

waveguide.  

 

Aluminosilicate displayed the characteristics of a good host material for erbium. 

Based on a buried waveguide that had been fabricated by Pan et al. [42], erbium 

doping concentration was 2.9 x 1020 cm-3. It also displayed broad FWHM which was 

50 nm. This waveguide produced a net optical gain of 1.0-1.1 dB/cm with a very low 

loss (0.05 dB/cm). The refractive index and lifetime were reported as 1.508 and 5 ms, 

respectively. However, this 20 cm long waveguide is a hindrance for a small 

integrated optical device.  



14 
 

 

Table 2.1: Some of the properties of an EDWA reported for silicate-based glass.  

 

Property Aluminosilicate  Phosphosilicate SiO2-GeO2 
Oxyfluoride-

silicate  

Soda lime 

silicate  
SiO2-HfO2 

Core refractive 

index 
1.508 1.47 1.46 1.68 1.49 1.47-1.52 

Erbium 

concentration 

(1020 cm-3) 

2.9 0.4 500-600 ppm 1.1 0.7 0.3 mol% 

FWHM / 

Bandwidth (nm) 
50 ~20 ~33 21 Not reported 50 

 Lifetime (ms) 5 Not reported Not reported 9 14 6.6-7.1 

Waveguide 

length (cm) 
20 7.5 6.45 1.85 5.9 Not reported 

Waveguide type  buried buried ridge channel channel slab 

Loss (dB/cm) 0.05 0.17 0.06 1.0 0.1 0.8 

Net optical gain 

(dB/cm) 
1.0-1.1 0.67 0.16 0.92 0.76 Not reported 

Method to 

fabricate EDWA 

Physical vapour 

deposition 

Plasma enhance 

chemical vapour 

deposition  

Electron 

beam vapour 

deposition 

Femtosecond 

laser 

inscription 

Radio 

frequency 

magnetron 

sputtering 

Sol-gel 

coating 

References  [42]  [10,43,44]  [45] [46,47] [48]  [49]  

 

 

 

1
4
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A ridge waveguide (7.5 cm long) based on Er-doped phosphosilicate was fabricated 

by Shuto et al. using a plasma enhanced chemical vapour deposition (PECVD) 

method [44]. A net optical gain of 0.67 dB/cm and loss of 0.17 dB/cm were obtained 

from this waveguide. The concentration of erbium reported was only 0.4 x 1020 cm-3. 

The FWHM reported from this work is ~20 nm with a refractive index of 1.47.  

 

Nakazawa and Kimura fabricated a 6.45 cm long ridge waveguide based on Er-doped 

SiO2-GeO2. It produced very low gain (0.16 dB/cm) with loss of 0.06 dB/cm. This 

channel waveguide was fabricated using an electron beam vapour deposition 

technique and had FWHM of around 33 nm [45]. Among all the waveguides that have 

been reported from Table 2.1, it seems that the waveguide fabricated by this material 

had the lowest refractive index (1.46). This only leads to the conclusion that 

waveguides based on Er-doped SiO2-GeO2 are also unsuitable for the compact 

integrated amplifier.  

 

Another SiO2-based host which has been reported on is oxyfluoride-silicate (SiO2-

Al2O3-Na2O-PbF-LaF3). The 1.85 cm long channel waveguide that was fabricated 

using a femtosecond laser inscription technique by Thomson et al. produced loss (1.0 

dB/cm) higher than its gain (0.92 dB/cm) [46]. The concentration of erbium that has 

been successfully doped into this host material was 1.1 x 1020 cm-3 with a lifetime of 

9 ms. The refractive index and bandwidth were recorded as 1.68 and 21 nm, 

respectively [47].  

 

Other than that, Ghosh et al. also doped erbium into a silicate host with a 

concentration of 0.7 x 1020 cm-3 and refractive index of 1.49 [48]. When compared with 

other host materials, the reported lifetime was highest at 14 ms. The optical gain 

obtained was 0.76 dB/cm with loss of 0.1 dB/cm for this 5.9 cm length channel 

waveguide. The guiding layer was deposited by using a radio frequency (rf) 

magnetron sputtering technique.  

 

An erbium-doped SiO2-HfO2 slab waveguide that was fabricated using a sol-gel 

coating was also a potential material to be used for EDWA application. The reported 

bandwidth was high at 50 nm with loss of 0.8 dB/cm. The refractive index and lifetime 

recorded were 1.47-1.52 and 6.6-7.1 ms respectively [49]. There is no optical gain 

reported for the said material though. Failure to obtain gain from this material prevents 

it from being used for EDWA applications.  
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On the other hand, a few non-silicate based host materials were also used to study 

the suitability of the said material to be used for an EDWA. Some of the salient 

properties for an EDWA with a non-silicate host material are illustrated in Table 2.2. 

One of the many material types that can be a great host for erbium is tellurite glass. 

Many tellurite-based glass compounds are doped with erbium for EDWA applications 

such as TeO2-ZnO-PbO-Er2O3 [50], TeO2-WO3-Na2O-Er2O3 [51], TeO2-ZnO-Na2O 

[52] and TeO2-GeO2-Na2O-ZnO-Er2O3 [19]. Erbium-doped tellurite glass is interesting 

due to its attractive features such as its high refractive index, the good solubility of 

erbium ions, wide band emission spectrum, high emission cross section at 1550 nm 

and low phonon energy (750 cm-1) [50–52]. All these properties make tellurite glass 

a great candidate for an EDWA. Vu and Madden reported tellurite waveguide (ridge 

waveguide) with 5 cm long fabricated by a sputtering method could achieve a net 

optical gain as high as 2.8 dB/cm. Propagation loss was recorded as 0.6 dB/cm with 

an erbium concentration of 2.2 x 1020 cm-3, fluorescence lifetime of ~1.3 ms and 

bandwidth of 40 nm [53]. The refractive index for this waveguide was also high (2.03) 

when compared with other materials with a similar net gain. This made it an ideal 

candidate for the low-cost miniature integrated optical system. Nevertheless, tellurite-

based glass has a severe drawback in that it naturally has low thermal stability [20]. 

Additionally, without the presence of stabilising oxides, this material is chemically 

unstable. These attributes only make tellurite-based glass to be less than practical for 

applications [24].  
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Table 2.2: Some of the properties of an EDWA reported for non-silicate based materials.  

 

Property 
Tellurite 

glass 

Phosphate 

glass 

Bismuthate 

glass 
Al2O3 Y2O3 Ta2O5 PMMA Zirconia ZSG  

Core 

refractive 

index 

2.03 1.56 1.94 1.65 1.9 2.1 1.53 2.08 1.75 

Erbium 

concentration 

(1020 cm-3) 

2.2 5.3 6250 ppm 1.17 2.3 2.7 0.36 0.88 0.8 

FWHM / 

Bandwidth 

(nm) 

40 28 40-50 80 
Not 

reported 
50 72 54 ~25 

Lifetime (ms) 1.3 4 2 7.6 ~ 5  2.3 3.4 1.77 2.8 

Waveguide 

length (cm) 
5 1.0 6 5.4 3.9 2.3 1.6 6.5 4.7 

Waveguide 

type  
ridge 

strip-

loaded 
ridge channel ridge rib rib ridge channel 

Loss (dB/cm) 0.6 0.9 0.13 0.3 1.5 0.65 1.31 0.45 0.32 

Net optical 

gain (dB/cm) 
2.8 4.1 1.1 2 2.56 2.25 0.9 0.45 0.4 

Method to 

fabricate 

EDWA 

Rf 

magnetron 

sputtering 

Rf 

sputtering 

Rf 

magnetron 

sputtering 

Sputtering Sputtering 

Rf 

magnetron 

sputtering 

Spin 

coating 
Sputtering Sputtering 

References  [53]  [54] [55,56]   [57,58]  [59]  [60,61]  [62,63]  [64] [65]  

1
7
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Another glass with good potential for EDWA application is phosphate glass. The 

refractive index, FWHM and lifetime recorded was 1.56, 28 nm and 4 ms, 

respectively. This guiding layer was fabricated by rf magnetron sputtering, and it was 

reported by Yan et al. to have the highest recorded gain per unit length of 4.1 dB/cm 

for a 1 cm length strip-loaded waveguide with loss of 0.9 dB/cm [54]. It was mainly 

because of the high erbium concentration (5.3 x 1020 cm-3) in this glass matrix that 

contribute to the high gain achieved. A phosphate glass network is very flexible and 

open, with a very disordered linkage of the tetrahedron. This helps phosphate glass 

to integrate well with Er3+ ions [66]. The suitable environment for Er3+ ions in 

phosphate glass contributed to low clustering and low up-conversion effect. 

Nevertheless, phosphate-based glass has low chemical stability which can lead to 

degradation when exposed to air over time [67]. Furthermore, due to their lower 

chemical durability, techniques and procedures that involve a chemical reaction 

process during fabrication are deemed to be highly critical especially during wet 

etching in the standard photolithography process. As an example, phosphate glass 

reacts easily enough with molten salt baths and etchant when a diffusion mask needs 

to be removed, and this can lead to surface damage [3,68].  

 

Bismuthate glass is also another potentially impressive glass host for erbium. It has 

a high refractive index (1.94) and broad bandwidth (40-50 µm). Ono et al. fabricated 

a ridge waveguide using rf magnetron sputtering with a length of 6 cm that produced 

1.1 dB/cm gain and 0.13 dB/cm loss [55,56]. It also had a lifetime of 2 ms.  

 

Apart from glass, ceramic such as aluminium oxide (Al2O3) could also be an attractive 

host. It had been employed extensively for both active and passive devices at 1550 

nm. Al2O3 has a wide transmittance range which ranges from 200 nm to 7 µm, and its 

broad bandwidth (~80 nm) makes it suitable for integrated amplifiers that are capable 

of producing gain across a wide waveguide range [69]. Bradley et al. [57] reported 

that Al2O3-based EDWA (deposited by a sputtering method) with a length of 5.4 cm, 

high erbium concentration (1.17 x 10 ions/cm-3) and moderate refractive index (1.65) 

produced gain as high as 2 dB/cm and loss as low as 0.3 dB/cm. The high 

fluorescence lifetime which was 7.6 ms resulted in a significant population inversion 

that led to the decay predominantly due to radiative emission [70]. Even though it has 

remarkable potential for EDWAs, this material is still currently incompatible with the 

economical low loss fibre pigtailing methods which are generally used with an SOS 

planar lightwave circuit (PLC) [71].  
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Another ceramic material that presents a good characteristic as a host for erbium is 

Y2O3. In recent years, it has received much attention due to its suitability as a host for 

laser and waveguide applications. It has magnificent thermal conductivity, low phonon 

energy (591 cm-1), a large energy bandgap, high refractive index (1.9) and wide 

transparency range [69,72,73]. Furthermore, both trivalent erbium and yttrium have 

almost the same ionic radius and also Er2O3, and Y2O3 have a cubic crystal structure 

with an almost similar lattice constant making Er3+ ions easily doped into Y2O3 as the 

lattice mismatch between the two materials is very low [69]. Hoekstra et al. [59] 

constructed a ridge waveguide using the sputtering technique with a high erbium 

concentration reaching 2.3 x 1020 cm-3 and yielded gain of 2.56 dB/cm and loss of 1.5 

dB/cm for a 3.9 cm length ridge waveguide. The lifetime obtained from this waveguide 

was approximately 5 ms. Yet, this material has a distinct disadvantage in that it has 

the tendency to crystallise due to its low crystallisation temperature that leads to high 

waveguide loss especially in the visible range [69,74]. The surface of the waveguide 

also becomes rougher at higher temperatures which is associated with larger grain 

size [69].  

 

On the other hand, Er-doped Ta2O5 produced waveguide material that has the highest 

refractive index (2.1) [60,61] compared to the other host materials in Table 2.2 which 

makes it suitable for the production of ultra-compact and cost-effective integrated 

optical circuits. Ta2O5 also allows nearly absorption free transmission from 400 nm to 

10 µm due to its large energy band gap of 4.2 eV [69]. In addition, they also have 

other interesting properties such as low phonon energy (100-450 cm-1) [75] which 

may contribute to the high optical gain (2.25 dB/cm) with 0.65 dB/cm loss for a rib 

waveguide length of 2.3 cm as reported by Subramanian et al. [60]. This material is 

fabricated using rf magnetron sputtering and has a lifetime, FWHM and erbium 

concentration of 2.3 ms, 50 nm and 2.7 x 1020 cm-1, respectively. 

  

There are also many reports on the use of polymers as a host for erbium-doped 

waveguide amplifier. They have the broad bandwidth (72 nm) [63] and can be 

deposited at a relatively low temperature (200 °C) [10] which make them a likely host 

material for integrated optical devices. Le Quang et al. fabricated a rib waveguide with 

a length of 1.6 cm and a lifetime of 3.4 ms. This material was deposited on the 

substrate using the spin-coating technique. The produced gain (0.9 dB/cm) was lower 

than its loss (1.31 dB/cm) [62]. This was probably because the vibrational modes of 

the CH, OH and NH groups that are typically present in polymers quench strongly 

erbium emission [76]. Erbium concentration reported in this host material was 3.6 x 
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1019 cm-3, the lowest among most non-silicate based reported hosts. One apparent 

problem was the difficulty of dissolving Er3+ ions because rare earth salts which were 

commonly used in processing and synthesis polymer waveguide have poor solubility 

in a polymer matrix [10]. On the other hand, the refractive index for this material was 

only 1.53 which is comparable to silicate-based materials. Another drawback of the 

polymer was their poor stability against aging, temperature and moisture [77].  

 

Additionally, a few reports have mentioned erbium-doped zirconia (ZrO2) for the 

purpose of EDWAs [64]. However, it has a broad bandwidth which is 54 nm and high 

refractive index (2.08). This material has an erbium concentration and a lifetime of 

0.88 x 1020 cm-3 and 1.77 ms, respectively. This 6.5 cm long ridge waveguide that is 

fabricated using a sputtering technique is only able to produce gain at only 0.45 dB/cm 

with loss of 0.45 dB/cm. Another host material that has not really extensively been 

investigated is zinc silicate germinate (ZSG). It is probably due to their low gain (0.4 

dB/cm) with loss of 0.32 dB/cm for a 4.7 cm length channel waveguide [65]. This 

material was fabricated using the sputtering method and has a refractive index, 

erbium concentration, FWHM and lifetime of 1.75, 0.8 x 1020 cm-3, ~ 25 nm and 2.8 

ms, respectively.  

 

2.3 Methods used to fabricate EDWAs 

In the past few years, a number of methods of fabrication have been investigated for 

rare earth doped glass waveguides. An EDWA can be fabricated by various methods 

and each has its own advantages and disadvantages. Method of fabrication is very 

important because it will affect the performance of the obtained EDWA. Among the 

fabrication methods for an EDWA that have been reported are radio frequency (RF) 

sputtering [65], sol-gel deposition [78], plasma enhanced chemical vapour deposition 

(PECVD) [44], rf magnetron sputtering [53], flame hydrolysis deposition (FHD) [79], 

ion exchange [80], femtosecond laser writing [81], ion implantation [82], focused 

proton beam writing [83], pulsed laser deposition (PLD) [84] and ultrafast laser plasma 

doping (ULPD) [24,85,86]. The next section will briefly describe some of the 

commonly used fabrication methods. 

 

2.3.1 Sol-gel deposition 

Sol-gel is a synthesis technique that involves a system that changes from a colloidal 

liquid form known as sol into a solid gel phase. The precursors required in this 

technique are usually metal compounds in an alcoholic solution (metal alkoxides), 

and the formation of sols takes place through the reaction of hydrolysis and 
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condensation. Sol is coated on a substrate in order to produce the thin film via a spin, 

spray or dip coating process. When sol is coated onto a surface, evaporation of 

solvent will occur, and this leads to the formation of an amorphous structure called 

gel. This comes into form by cross-linking of metal-organic groups, and this organic 

species can be annihilated by annealing the layer at a temperature between 300-500 

ºC. The redundant solvent also decomposes when the layer is heated. This step is 

often referred to as the drying process [87]. The schematic sol-gel process is 

presented in Figure 2.8. 

 

Figure 2.8: Schematic diagram of the sol-gel process (adapted from [88]). 

 

Sol-gel deposition is one of the many techniques that is used in EDWA fabrication. 

The technique is quite common as it is a simple process due to low fabrication 

temperature, low-cost processing and has the ability to precisely control the 

stoichiometry at the molecular scale [89,90]. Nevertheless, the transformation from 

wet gel to dried gel reduces the film volume which can often lead to formations of 

cracks. The issue can be more critical in the thicker layer as the thickness is limited 

by the shrinkage of the gel thus giving way to mechanical stress to film. Depending 

on the chemical composition, when a certain critical thickness is achieved, the layer 

will start to crack, and when exceeding its capacity, the layer thickness can even fully 

delaminate from the substrate [91]. A few works which are related to the cracking 

problem from sol-gel deposition have been reported. An example is a report by Sloof 

et al. [78] who deposited Er-doped silica on a silicon substrate. The formed thin film 

cracked due to shrinkage during annealing as in Figure 2.9. Similar issues occurred 

for Zanetti et al. [90] where some of the samples developed cracks for thicker films. 

The cracking issue diminishes the optical quality of the fabricated thin films rendering 

the process to be unsuitable for the construction of quality optical waveguide. 

However, there are still a few reports of EDWAs with Er and Yb co-doped that is 

fabricated using this method and capable of yielding gain as high as 1.35 dB/cm [92], 

1.15 dB/cm [93] and 1 dB/cm [94]. 
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Figure 2.9: Shrinkage lead to the cracking problem [78]. 

 

2.3.2 Radio frequency (rf) sputtering 

RF sputtering is a technique that is suitable for fabrication of a thin film for optical 

planar waveguides. It is a physical vapour deposition method that involves removing 

the material from a target (which acts as a source) and depositing it onto a substrate. 

The atoms are ejected from a target material by the energetic ion bombardment 

occurring from glow discharge plasma. The basic sputtering system consists of the 

cathode (target), an anode (substrate), power supply, vacuum chamber and gas 

supply which is represented in Figure 2.10. When the appropriate pressure is applied 

in the chamber and maintained, a glow discharge plasma can ignite when a high 

voltage is applied to the cathode. The plasma which normally consists of a positive 

argon ion is then bombarded onto the target. The atoms from the target are 

subsequently chipped out and ejected from the surface by the momentum transfer 

between incident ions and target atoms due to collisions. They then hit the substrate 

and adhere to its surface [95].  

 

There are various sputtering deposition instruments available such as direct current 

(DC) and radio frequency (rf) sputtering. For conducting target material, it can be 

sputtered easily using a dc sputtering system, but for the non-conducting target 

material, it can only be sputtered when rf voltage is applied to the target. This is 

because, over time, positive charges will build up on the surface of the non-

conducting target material and it will completely repel the incoming ion bombardment 

which can prevent a further deposition process. When alternating electrical potential 

which is rf voltage, supplied to the target, the target material surface can “clean” up 

the positive charge build-up for each cycle. At half cycle, the electron will reach the 
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target material to prevent charge build-up. At the other half cycle, at rf of 13.56 MHz 

(internationally used), ions with sufficient energy are then accelerated to the target 

surface causing sputtering [95].  

 
Figure 2.10: Schematic diagram of rf sputtering system (adapted from [96]). 

 

For planar optical waveguide application, rf sputtering is preferred as most target 

materials are from a dielectric material. Among the materials that have reportedly 

been used for EDWA application and successfully fabricated using rf sputtering are 

Er-doped SiO2-TiO2 [97], Er-doped SiO2-P2O5-HfO2-Al2O3-Na2O [98] and Er-doped 

zinc silicate germanate [65]. Still, an optical layer created using this technique 

reportedly had a porous and rough layer that only exacerbated the scattering loss 

[97,99].  

 

2.3.3 Flame hydrolysis deposition (FHD) 

Flame hydrolysis deposition (FHD) is one of the well-known techniques that can be 

used to produce an EDWA [93]. It was initially developed for optical waveguide and 

able to fabricate thick layers at high deposition rates (1 µm/min) [79,100]. The 

schematic diagram of FHD is displayed in Figure 2.11. The process involves 

precursor-like silicon tetrachloride SiCl4 that is burned in a high temperature (1300-

1500 C) oxygen-hydrogen flame [79], resulting in fine silica particles that are usually 

called “soot” and hydrogen chloride. Soot is then deposited onto the substrate, and 

gaseous hydrogen chloride is extracted away. Later, the obtained porous soot layer 

is placed in a furnace and heated up to 1350 ºC for consolidation. This layer is suitable 

for lower cladding. Further vapours introduced to the flame in addition to SiCl4 cause 

soot to integrate with other precursors such as POCl3, GeCl4 and BCl3. Erbium ions 
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is then incorporated onto soot with feed the torch with an aerosol of ErCl3 solution 

(hydrous). There is an ultrasonic machine used in order to atomise the hydrous ErCl3. 

The aerosol droplet is then delivered to the torch with Argon gas. The mixture 

undergoes another round of the consolidation process to produce a dense layer for 

the core by heating it up to 1350 ºC. The density of erbium in the film depends on the 

ultrasonic resonator intensity, erbium concentration in the solution and the flow rate 

of the Argon gas [101]. 

 

Figure 2.11: Schematic of flame hydrolysis deposition system [101]. 

  

FHD offers a reliable, economical, highly flexible and fast technique to produce a 

planar optical layer. However, the typical high temperature for the consolidation 

process needed in this method causes the doping density of erbium in the core layer 

to be limited to 0.45 wt. % (~4 x 1019 cm-3) [10,43]. This is due to the natural 

characteristics of erbium that is sensitive and predisposed to clustering when exposed 

to high temperatures [102–104]. In view of the clustering issue, the length of the 

optical waveguide that had previously been reported was as high as 47.7 cm [43] 

which will not fulfil the aim of a miniature telecommunication device. Additionally, 

another study reported that the sintering temperature applied is high enough to make 

the dopant volatilise at the surface. This causes the degradation of dopant 

concentration and inhomogeneous composition throughout the film [105].  

 

2.3.4 Plasma enhanced chemical vapour deposition (PECVD) 

PECVD is a technique for depositing thin films from vapour (gas state) to solid state 

on a substrate. This technique is also reported as a choice for fabricating EDWAs. 

PECVD uses electrical energy to establish a glow discharge (plasma) where energy 

is transferred to the gas mixture. If electrical power with a sufficiently high voltage is 
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supplied to gas at a low pressure (<1.3 kPa), it will cause dissociation of gas reagents 

due to electron collision with a gas phase precursor and induce plasma generation 

consisting of ions, electrons, and electronically excited species [106]. It will then 

experience assorted chemical reactions near or at the surface of the substrate and 

later adhere to the substrate. The temperature of the electrons is very high, as high 

as 20,000 K or more, while, for temperatures, gas is maintained in a range of 25-350 

ºC depending on the applied pressure. The substrate only requires moderate heating 

of less than 600 C [107].  

 

Figure 2.12 shows a typical PECVD setup for planar waveguide fabrication. The 

substrate is normally positioned on aluminium platen and being grounded. This setup 

forms a bottom electrode which is heated by resistance heaters placed in the bottom 

platen. On the other hand, another aluminium platen is located opposite the bottom 

platen and acts as a top electrode. The reagent gases with the inert carrier gas are 

supplied into the chamber at the region between the two electrodes. Silane (SiH4) is 

commonly used as gas precursor [44]. For erbium doping, the dopants are often 

supplied by using a liquid source containing Er-chelate dissolved in an organic 

solution. Liquid Er-chelate is evaporated inside a stainless steel vessel that is heated 

to a constant temperature. Connecting tubes between plasma chambers with 

evaporator vessels are heated to avoid condensation. Argon and nitrous oxide (N2O) 

gas are used as a carrier gas and oxidising agent respectively for erbium [108]. 

Introduction of the radio frequency signal to the top electrode subsequently initiates 

the plasma.  

 

 

Figure 2.12: Schematic diagram of basic PECVD system (adapted from [109]). 
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There have been reports made on the fabrication of an EDWA by using PECVD 

[44,110–112] but the low vapour pressure of the erbium compound makes it difficult 

for it to be doped at high concentrations. This causes the internal gain achieved by 

this method is limited to 0.35 dB/cm [92,113]. Besides that, the use of silane is 

hazardous and requires strict safety precautions [114].  

 

2.3.5 Ion implantation 

Ion implantation is a standard process in the semiconductor industry and is now 

becoming commonly used in PIC fabrication methods as well. It is a process involving 

acceleration of energetic charged ions (keV to a few MeV) penetrating into 10-1000 

nm below the substrate surface [115,116]. The presence of these ions can modify the 

chemical and/ or physical properties of the near-surface area on the solid substrate 

by transferring their momentum and energy to the nucleus of the atom and electron 

of the substrate. 

 

Typically, ion implantation equipment consists of an ion source, analyser magnet, 

accelerator and sample chamber as shown in Figure 2.13. The ion source contains 

positively charged ions which are produced in a plasma discharge. They are extracted 

under a vacuum through high voltage pre-acceleration heading to an analyser 

magnet. This magnet facilitates the selection of the desired chemical species, charge 

state and isotope to achieve highly pure beams of ions. A beam of ions that passes 

through the narrow aperture can be effectively altered by adjusting the magnetic field 

precisely. This pure beam then accelerates and focuses on the substrate by using a 

series of electromagnetic lenses. By control, the beam current and accelerating 

voltage, concentration and depth of implanted ions can be obtained accurately [117].  
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Figure 2.13: A schematic of the ion implantation system [117]. 

 

Since it is not like other doping methods such as diffusion, ion implantation grants 

independent control over the dopant concentration and implanted layer depth. The 

selection of dopant is also not limited due to the conventional solubility rule, and this 

allows any material to be used for implants into any substrate. Since this technique 

does not require high temperatures, [118], material size can be maintained because 

it does not involve thermal alterations. Because of this, surface degradation can be 

minimised. Moreover, because it is not a coating process, the substrate dimension 

can also be maintained. Minimum or no contamination on the substrate and also the 

material used for the implant can be achieved due to the highly pure beam originating 

from the analysing magnet. However, this technique has drawbacks in that only a 

maximum of one μm from the top surface substrate can be modified. Furthermore, 

usually, implantation of ions results in damage [119] at the end of the ion track inside 

the substrate, and this condition causes volume expansion which may result in 

decreased physical density and also the refractive index. This causes the 

confinement to be weak and leads to a tunnelling effect that can make the energy of 

the propagating beam leak. 

 

2.4 Ultrafast laser plasma doping (ULPD) 

ULPD is a novel doping technique that can be employed to dope optically active ion 

into the substrate. This technique is a new approach for producing a thin film for 

optical applications. The high-intensity laser pulse is employed to ionise, melt and 

evaporate the surface of the target material. This causes the explosive removal of 
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material which can also be called ablation and induce the plasma formation as shown 

in Figure 2.14.  

 

 
Figure 2.14: Plasma plume generated by laser ablation of target material [120]. 

 

The plasma then expands in a perpendicular direction with the rate of a few km/s [24] 

to the heated substrate and strikes the surface. The interfacial reaction between the 

target plasma and substrate surface with the aid of thermal diffusion forms a modified 

layer consisting of a combination of the target material and the surface substrate. The 

thickness (nm to µm) and quality of the modified layer varies depending on the 

process parameter and type of target material and substrate used. The whole process 

occurring in ULPD is not yet fully understood and well documented. Although the 

mechanism in ULPD mimics the PLD technique, but some of the process involved 

has its own novelty and speciality that cannot be found in a common PLD technique. 

 

2.4.1 Interaction between laser and target material 

The choice of laser pulse duration is the chief parameter influencing the laser ablation 

process. For ULPD, femtosecond laser (fs-laser) is used to ablate the target material. 

The fundamental of this process is light-matter interaction and involves some 

complicated processes. When the fs-laser bombards the target material, the photon 

energy will be absorbed by atoms in the target material and later transfer the energy 

to the electron. The absorbed energy promotes an electron to be excited from its 

ground state to its excited state. The excitation mechanism is different for a metal, 

semiconductor and insulator. In metal, conduction and valence band are overlap 

which indicates that there is no threshold for the bridging of an electron from filled to 
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unoccupied states. In contrast, for a semiconductor, it has a small band gap, and if 

the photon energy is higher than the energy band gap, the electron can be promoted 

from the valence band to the conduction band. In material where the photon energy 

is lower than the energy band gap like an insulator, the energy transfer is fairly 

complex [121,122]. Generally, for an fs-laser, it has a high intensity which is in the 

range of 1012-1019 W/cm2 [123] and this leads to strong non-linear absorption. For an 

insulator, an electron in the valence band is excited to the conduction band by non-

linear photoionisation, specifically by multi-photon ionisation and/or tunnelling 

ionisation. This process depends on laser intensity and frequency. The threshold 

intensity for the optical breakdown for this kind of ionisation varies significantly with 

the band gap of the target material because of a huge variation of absorption 

probability with band gap. However, linear absorption also occurs which is called 

avalanche ionisation [124]. The threshold intensity for the optical breakdown of this 

ionisation only involves small variation with the band gap. 

 

2.4.1.1 Non-linear photoionisation 

When a high intensity of a femtosecond laser interacts with an insulator, the bound 

electron will absorb a number of photons simultaneously (multi-photon energy), and 

they can be excited from the valence band to the conduction band as shown in Figure 

2.15 (a). This process is called multi-photon ionisation or multi-photon absorption and 

is a multi-order and non-linear optical process. This process happens when the laser 

used is at low intensity (1012-1016 W/cm2) and high frequency.  

 

 
                          (a)                                                                      (b) 

Figure 2.15: The non-linear photoionisation process that can be classified into two 

processes, i.e. (a) multi-photon ionisation and (b) tunnelling ionisation (adapted from 

[125]). 
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Whilst, tunnelling ionisation occurs when the laser is at high intensity (1017-1019 

W/cm2) and low frequency. It happens when the strong field distorts the band 

structure and causes the potential barrier between the valence band and the 

conduction band to be reduced. This, in turn, enables the direct band to band 

transition of an electron from the valence to the conduction band through quantum 

tunnelling as shown in Figure 2.15 (b) [125]. The probability of the type of non-linear 

photoionisation will occur is described by the Keldysh parameter [126]: 

                                                     
I

Ecnm

e

ge 0
                                                (2.2) 

 

where ω is a laser frequency, e is an electron charge, me is an effective electron 

mass, c is the speed of light, ε0 is the permittivity of free space, Eg is the energy band 

gap, and I is laser intensity. Tunnelling ionisation becomes dominant if γ is less than 

1.5 and, if γ is more than 1.5, multi-photon ionisation will become superior. A 

combination of multi-photon and tunnelling ionisation mechanisms occurs when γ ~ 

1.5 [126].  

 

2.4.1.2 Avalanche photoionisation 

As shown in Figure 2.16, the electrons in the conduction band may also absorb 

photons by free carrier absorption. After the absorption of several photons repeatedly 

linearly, electron energy in the conduction band increases high so that it can 

overcome the band gap energy. This causes the electron to ionise bound electrons 

in the valence bands and produce two excited electrons in the minimum conduction 

band. These two electrons then experience free carrier absorption and impact 

ionisation. This process will occur repeatedly and continuously if the laser field is 

strong enough. In order to initiate this process, the existing electrons in conduction 

should be sufficient, and this seed electron is supplied either via multiphoton and/or 

tunnelling ionisation [125].  

 

However, according to the investigation done by Kaiser et al., they discovered that if 

the pulse duration is below 100 fs, avalanche ionisation is negligible and 

photoionisation is dominant. When a pulse duration of ~200 fs is used, impact 

ionisation becomes very important due to the presence of the strong electric field 

[127].  
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Figure 2.16: Schematic diagram showing the process of free carrier absorption and 

how it is continued by impact ionisation (adapted from [125]). 

 

2.4.2 Ablation mechanism 

There are two ablation mechanisms for the fs-laser pulse, i.e. a non-thermal 

mechanism (Coulomb explosion) and a thermal mechanism (phase explosion). For 

Coulomb explosion, which is a gentle type of ablation, this mechanism is normally 

dominant when the laser used is at low intensity near the ablation threshold. Emission 

of excited electrons from the target surface causes the production of the electric field 

of charge separation between highly ionised atoms with ejected electrons on the 

target surface. This phenomenon is called space-charge effect. The charge 

separation occurs when energy absorbed by the electron overrides Fermi energy 

(sum of electron binding energy for dielectrics with work function). This condition 

causes the surface region to have a high level of charging. If the surface region is not 

neutralised immediately compared to the time taken for the ion to interact with 

neighbouring ions via electrostatic repulsion, the charge formed on the dielectric 

surface of the target material will induce the production of emission ions by Coulomb's 

explosion. When the electron energy is higher than binding energy ions in the lattice, 

the resulting electric field will pull ions escape from the target results in the removal 

of several nanometers within the skin depth [128]. Apart from that, when a higher 

laser intensity is used to irradiate the target material, it can result in rapid overheating 

at the target material, and the temperature is much higher than boiling temperature 

(strong ablation). This is called phase explosion or explosive boiling [129]. 

Homogeneous nucleation of the material takes place at a remarkably high rate when 
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the temperature achieved is near to the critical temperature. This subsequently 

creates explosive boiling of the material which turns into a combination of liquid 

droplets and vapour [130].  

 

2.4.3 Plasma formation and expansion 

Laser pulse ionises the target material vapour and generates hot laser plasma namely 

plume that is located at or near the surface of the target material. The plume is 

expanding, and during the expansion process, plasma plumes cool down and transfer 

their energy in the form of heat into the liquid solution. Then, the laser-induced plasma 

interacts with a neighbouring liquid layer at the plasma-liquid interface by increasing 

the temperature higher than the boiling temperature of the liquid. As a consequence, 

plasma of liquid is created under a condition of standard pressure, and this is called 

plasma-induced plasma [131]. This results in an explosive ejection that contains 

metastable and energetic species (ions, atoms, electrons, molecules, particulates 

and molten droplets) with 3D adiabatic expansion directly in the forward direction to 

the substrate [132].  

 

2.4.4 Doped layer formation 

The energetic metastable species that travel with very high velocity penetrate into the 

surface substrate layer assisted by thermal diffusion [24]. The substrate is heated 

during the ablation process, and this is important because it can mediate the process 

by providing the activation energy required. Besides this, heating the substrate helps 

network modification of the substrate in a controlled manner. The species from the 

target material will first modify the molecular network of the substrate surface until a 

homogeneous layer mixture of species from the target material and substrate are 

formed [85]. 

 

2.5 Conclusion 

In summary, an EDWA that inherits EDFA properties, but with a compact version, has 

a similar operation principle. The amplification of an EDWA is based on the stimulated 

emission of photon and Er3+ ion transition. Generally, a waveguide amplifier should 

produce a high output gain with the shortest possible waveguide length for practical 

applications, and this can be achieved by dope erbium at a high concentration. 

However, Er3+ ions tend to cluster at a high concentration. The clustering effect varies 

depending on the host material used. An erbium-doped phosphate glass channel 

waveguide exhibits the highest gain (4.1 dB/cm) compared to the other host materials 

due to the high solubility of Er3+ ions. Apart from that, tellurite glass, Zirconia and 
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Ta2O5 exhibit a high refractive index and this property is important for the production 

of on-chip integrated optical circuits. Moreover, a method to fabricate EDWAs also 

plays a significant role in determining high gain. Each method has its own advantages 

and disadvantages that can affect the performance of fabricated EDWAs. Due to 

various issues, a novel doping technique called ULPD is introduced and can offer a 

potential solution for erbium doping limitations and capable of modifying the optical 

layer refractive index.  
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CHAPTER 3 

INSTRUMENTATION AND METHODOLOGY 

 

This chapter explains the theory and principle pertaining to instruments used and 

experimental procedure involved in this thesis. The chapter begins with the details of 

a sample fabrication method that can be divided into two sections, which are the 

target glass preparation and discussions on the major instrumental technique used to 

fabricate the sample, which is femtosecond pulse laser deposition (fs-PLD). 

Subsequently, the explanation focuses on the instruments used for sample 

characterisation and analysis. The characterisation of the materials begins with prism 

coupler and photoluminescence spectroscopy, then x-ray diffraction (XRD) and x-ray 

photoelectron spectroscopy (XPS) are discussed. Following a brief description of 

Raman spectroscopy measurement, scanning electron microscope (SEM) and 

transmission electron microscope (TEM) and related studies are presented. An 

overview of TEM encompassing the relevant operation mode and working principle is 

presented together with a sample preparation. Next, this chapter continues with 

energy dispersive X-ray spectroscopy (EDX). The final part of this chapter is the 

discussion of the waveguide simulation work using COMSOL Multiphysics modelling 

software. 

 

3.1 Sample fabrication 

There are two major procedures for sample fabrication in this work. Starting with the 

target material preparation, referred to as the glass fabrication, which is then used as 

the “target” in the ULPD process using a femtosecond pulsed laser deposition (fs-

PLD) system.  

 

3.1.1 Target material preparation (glass fabrication) 

Various techniques of glass preparation for optoelectronic applications are well 

known and widely documented, such as the melt-quenching technique [19], chemical 

vapour deposition (CVD) [133] and sol-gel [134] methods. Among the three, the melt-

quenching technique is the most convenient and conventional. It is flexible enough 

for the maker to prepare a large number of glass compositions of tellurite, borate, 

silicate and phosphate oxide or non-oxide glass systems. Furthermore, melt-

quenching allows for easy doping and co-doping of different types of active ions such 

as rare earth or transition metals. A disadvantage of the method, however, is that the 

fabricated glass lacks purity compared to glasses prepared with other techniques. 

Nevertheless, this issue can be mitigated by using a crucible made of noble metals 



35 
 

 
 

such as gold and platinum [133]. For the purpose of the study here, the bulk (target) 

glass was fabricated using the melt-quenching technique with a noble metal crucible, 

for the reasons given. 

 

A schematic process of glass preparation is illustrated in Figure 3.1. In this study, the 

first step of the procedure was to weigh all the chemicals of each compound in the 

batch (15 g total weight) using a high-resolution balance (±0.0001 g, Oertling, NA 

114). All the powder has 99.9995% purity and are from Alfa Aesar. Secondly, the 

precise weight of oxide mixtures was mixed thoroughly and transferred to a mortar 

for grinding for several minutes to obtain a uniform and fine powder mixture. 

Subsequently, the mixture was transferred to a gold crucible and placed inside a 

melting furnace at a temperature of 850 °C for three hours in the presence of dry 

oxygen with a flow rate of around 2 ml/min during the melting process. The presence 

of dry oxygen was to purge the residual moisture in the furnace and to make sure 

there was no deficiency of oxygen in the glass. Oxygen deficiency can affect the 

overall stoichiometry of the obtained glass [135]. At the same time, a stainless steel 

mould was preheated inside an annealing furnace with a temperature close to the Tg 

of the tellurite glass for more than two hours. During the melting process, the gold 

crucible with the oxide melt in it was shaken for 5 minutes every hour to remove any 

gas bubbles and to obtain a homogenous mixture. After three hours, the gold crucible 

was taken out of the melting furnace, and the melt was immediately poured into the 

heated stainless steel mold. Next, this mold was reheated in an annealing furnace at 

a temperature of 300 C for 3 hours to eliminate internal stress and to further improve 

the fracture strength. The temperature of the annealing furnace was then slowly 

cooled down to room temperature at a rate of 0.5 ºC/min. 

 

 

 

 

 

 

 

Figure 3.1: The schematic process of glass preparation. 

 

It could be seen that the resulting glass was transparent and pinkish in colour as 

shown in Figure 3.2. Its dimensions in diameter and thickness were 2.3 cm and 0.5 

cm respectively. The glass was polished using a polishing machine (Buehler, Motopol 
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2000) with various grades of silicon carbide paper (Buehler Grit P1200, P2400, 

P4000) in order to obtain a smooth and flat surface and also to make it fit inside the 

target holder that been used in fs-PLD (Figure 3.3). The smooth and flat surface of 

the target is really important in order to ensure that the plasma plume is directed 

upward from the surface of the substrate.  

 

 
Figure 3.2: Example of a target glass prepared for this research which is transparent 

and pinkish in colour. 

 

 

Figure 3.3: Target holder used during ULPD process. 

 

Erbium-doped TZN glass targets with a molar composition of 79.5TeO2: 

10ZnO:10Na2O:0.5Er2O3 were fabricated using oxide compounds and rare earth 

oxide of TeO2, ZnO, Na2O, and Er2O3 with an initial purity of higher than 99.99%. 

 

3.1.2 Femtosecond pulsed laser deposition (fs-PLD) 

The ULPD thin film samples were fabricated by customising a femtosecond pulsed 

laser deposition (fs-PLD) system. The simplified schematic diagram for the 

experimental setup for a typical fs-PLD system is shown in Figure 3.4. This system 

consists of a femtosecond (fs) laser, various optical components such as mirrors, 

polariser, beam expander and focusing lens to focus the laser beam onto the target 

glass, an ultra-high vacuum (UHV) chamber and associated system (vacuum pump, 

valves, pressure gauges and chiller), substrate and target that are positioned opposite 

and relatively close to each other and a heater to heat the substrate.  
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Figure 3.4: Experimental setup for fs-PLD. 

 

A commercial Coherent Ti: Sapphire LIBRA laser with pulse duration 100 fs and 

wavelength centred at 800 nm was used in this work. Laser energies were precisely 

controlled by adjusting the polariser and the laser energy was measured using a 

Coherent LabMax-Top laser power and energy meter. The fs-laser beam was focused 

on to the target glass surface through a transparent window of the vacuum chamber 

at an incident angle of 60o (Figure 3.4). The target’s surface needed to be polished 

before being placed into the target holder in order to obtain a flat surface that helps 

control the plasma plume direction which can affect the uniformity of the film 

produced. The target was then rotated and rasterised according to a set programme. 

This was to ensure that the laser could ablate the target surface uniformly. If the laser 

strikes to parts other than the target in the chamber, adjustment of target rastering 

needed to be done. Otherwise, the plasma plume obtained may contain elements 

other than the target material. The size and focus of the laser spot that hits the target 

needs to be controlled.  

 

The substrate was then placed opposite the focused spot above the target at a 

distance of 70 mm. The substrate could be heated with a programmable heating 

element at a rate up to 50 °C per minute. The temperature was read using a digital 

output from a thermocouple located on top of the substrate, and a shutter was placed 
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about 1 cm beneath the substrate and between that and the target to control when 

and for how long the ablation process is active. The shutter would open only during 

the actual laser ablation process to avoid elements other than the target material 

getting onto the substrate.  

 

After everything described above was set up and the necessary conditions were 

satisfied, the chamber lid was closed, and the chamber was evacuated to a vacuum 

until the pressure reached 9 x 10-5 Torr or lower. The substrate was then heated to a 

specific temperature at a ramp rate of 50 °C/min, and when the actual temperature 

neared the set temperature, background gas was released into the chamber at a set 

pressure. Just as all materials and setup were ready and stable, the target raster and 

rotator were turned on, and the laser shutter was opened for about 5 minutes so that 

the plasma plume could be checked. If the plasma plume was not very visible, it was 

due to poor focus. The focus had to be adjusted until the desired plasma plume was 

created. An uneven target surface could cause a non-stationary plasma plume. The 

plasma plume was also examined for flickering. If it flickered, it meant that the laser 

was misaligned with respect to the target and the laser was striking at places other 

than the target, i.e. target holder. On the other hand, by allowing laser ablate on the 

target, it could help to remove contamination from the target surface.  

 

When satisfactory plume dynamics and target surface cleanliness were attained, the 

laser shutter was closed, followed by the target rotator and target raster. The chamber 

was then pumped down to the base pressure of 9 x10-5 Torr or below to pump away 

any vapour phase contamination before refilling it to the operating pressure, and the 

ablation process timer was set accordingly soon after the operating pressure was 

reached. Meanwhile, the target raster, target rotation (40 rpm) and the substrate 

rotator (20 rpm) were set before the opening of the substrate and laser shutters.  

  

During the experiment, checks were performed every 30 minutes. Those checks 

included gas pressure, fs-laser energy, substrate temperature and plume dynamics. 

The laser and substrate shutter was closed when the ablation process ended and, 

soon after that, the sample underwent rapid cooling to room temperature. When the 

temperature reached room temperature, the background gas flow was stopped, and 

the chamber vented using nitrogen gas to take the sample out.  
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3.2 Sample characterisation 

The instruments involved in this study to investigate the optical, structural and 

physical properties of the ULPD processed samples are discussed below.  

 

3.2.1 Prism coupler 

Prism coupling is an efficient technique where a high index prism is used to couple a 

guided wave through a thin film by phase matching the incident wave and propagation 

mode. This technique can be used to measure refractive index and thickness of thin 

films [3]. This technique also enables us to ascertain if a thin film has the ability to 

guide light to any reasonable degree from the amount of attenuation experienced. 

 

The method requires that a prism that has a higher refractive index than thin film to 

be measured was brought into contact with the sample as shown in Figure 3.5. The 

figure shows a minuscule air gap for clarity, and in practice, this can be typically 

between 100-200 nm between the thin film and prism depending on the surface 

roughness, and it is imperative to set a width gap between the prism and thin film as 

not to do so would affect the coupling efficiency [136]. This can be done by clamping 

the prism and the sample together with the help of a pneumatic pressure head. The 

function of the pressure head is to minimise the air gap between these two materials 

thus maximising coupling to a thin film. 

 

The fundamentals of the measurement principle are as follows: a light beam is 

brought the incident to the face of the prism as shown in Figure 3.5 and refracted to 

the prism’s base. At the base, the incident light is fully reflected. The incident angle 

of the light beam can be adjusted accordingly with a rotating table where prism, 

sample, photodetector, and coupling are mounted. At a particular angle where the 

phase matching condition is satisfied, the light is able to reach the thin film by 

tunnelling through the air gap between the prism base and thin film. The light then 

couples with the propagating modes in the thin film which causes the intensity to drop 

abruptly when reaching the photodetector as illustrated in Figure 3.6. A photodetector 

positioned on the output face of the prism can measure the relative intensity of the 

reflected beam at this position. Specific software was used to record and plot relative 

intensity versus angle of incident and then calculate the refractive index and thickness 

of thin film.  
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Figure 3.5ː The schematic setup of the prism coupler [137]. 

 

 
 

Figure 3.6: The typical spectrum from prism coupling experiment [138].  

 

The phase matching condition happens when:  

                                                
1sinsin  filmprism nn                                                  (3.1)  

  

where nprism and nfilm are the refractive index for prism and film respectively. Equation 

(3.1) on the right is equal to effective index, neff, of the propagation mode. Therefore, 

                                                      
1sinprismeff nn                                                           (3.2)  

  

By applying Snell’s law to the equation (3.2), it can be expanded as such [137]: 
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Where  is the angle of the prism and   is a coupling angle. The value of the 

refractive index and the thin film thickness can further be calculated by using equation 

3.4 [139,140]:  

                                     prismsubstrateairmefffilmo pnndk  2

1
22

                    (3.4)  

  

where 


2
ok ,  is a light wavelength, d is a film thickness, and p is a number of 

modes. For
air , 

substrate  and prism , they can be obtained by using the equation 

below. The formula to calculate 
air , 

substrate  and prism  are different for transverse 

electric (TE) and transverse magnetic (TM) modes. TE modes refer to the condition 

where the electric field is perpendicular to the direction of propagation (z-direction) 

while TM modes refer to when the magnetic field is perpendicular to the direction of 

propagation and parallel to the plane of the film [3].  

                                             
airxh

prismairprism e ,2
)cos()sin(





                               (3.5) 

 

                                           














































2

,

2

,1

,

,1

tan

tan

airfilmx

fairx

filmx

airx

air

n

n









                                                (3.6)                                                     

 

                                  














































2

,

2

,1

,

,1

tan

tan

substratefilmx

fsubstratex

filmx

substratex

substrate

n

n









                                              (3.7) 

 

                                     














































2

,

2

,1

,

,1

tan

tan

airprismx

prismairx

prismx

airx

prism

n

n









                                                     (3.8) 

 

                                           2222

, )( air
o

nknk opeffairx                                               (3.9)  

 

TE mode 

TM mode 

TE mode 

TM mode 

TE mode 

TM mode 



42 
 

 
 

                                      2222

, )( substrate
o

nknk opeffsubstratex                                            (3.10) 

 

                                          2222

, )( air
o

nknk opeffairx                                                     (3.11)  

 

                                         2222

, )( prismopeffprismx nknk
o

                                            (3.12)  

 

The refractive index and thickness of the thin film can be determined by using the 

value of the known refractive index substrate, ns, air refractive index, na and also an 

effective index, neff, obtained from the measurement. Nevertheless, a minimum of the 

two lowest modes is needed to propagate in the thin film so that a prominent, effective 

index can be obtained in order to calculate the refractive index and thickness of the 

thin film [137].  

 

For this study, a Metricon 2010 prism coupler was used with a wavelength of 633 nm 

and prism with a refractive index of 1.9648. Pressure applied to the clamp sample 

and prism was 30-35 psi.  

 

3.2.2 Photoluminescence (PL) spectroscopy 

Photoluminescence is a spontaneous phenomenon related to the emission of light 

from a material after optical excitation. This simple and non-destructive technique is 

able to determine the emission properties of optically active ions dispersed in thin 

films.  

 

Fundamentally, when the light of a sufficient energy impinges on a material, photons 

will be absorbed and electrons excited from ground states to higher energy levels. 

After some time, the excited electrons will return again to their ground states, and the 

absorbed energy is released via non-radiative and/or radiative transitions. Non-

radiative transition creates phonons (heat or lattice vibration) while radiative 

transitions involve the emission of light (photons) with energy typically lower than 

excitation energy (Figure 3.7). The emission of energy in the form of light through 

radiative transitions like this is known as photoluminescence [141].  
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Figure 3.7: Schematic diagram for energy transition in a 

 photoluminescence process (adapted from [32]). 

 

The block diagram of the PL spectroscopy setup is displayed in Figure 3.8. In this 

work, an Edinburgh Instruments FLS920 spectrometer was used to obtain the 

photoluminescence spectra. It comprises a light source, excitation and emission 

monochromator, sample cell, and a cooled photomultiplier tube (PMT) detector for 

the infrared light. Near infrared-red PMT is cooled by liquid nitrogen and the 

temperature is maintained at -80 C. The laser diode which produced the light beam 

was focused onto the sample. The laser diode excitation wavelength of 980 nm was 

used to obtain the emission from excited Er3+ ions in the range 1400-1700 nm which 

is the emission bandwidth of Er3+ ions (4I13/2-4I15/2). The emission signal was collected 

by the PMT detector, and emission intensities against wavelength were recorded and 

plotted using a computer running a software tool named F900. 

 

 

Figure 3.8: The block diagram for PL spectroscopy. 
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3.2.2.1 Time-resolved photoluminescence  

Time-resolved PL was an extension of normal PL spectroscopy in which a short laser 

pulse is used for excitation. After pulse excitation, the PL process does not 

immediately stop but rather continues for a while until all the excited electrons reach 

the ground state. This technique measures the lifetime of an excited electron before 

it relaxes to a ground state. For these measurements, a laser pulse generator was 

used to generate the pulsed signals and the process could be examined using an 

oscilloscope. The pulsed laser source had a 100 ms period and a pulse width of 10 

µs. The signal intensity was then recorded as a function of time and the lifetime 

obtained by fitting the intensity data with an exponential curve.  

 

3.2.3 X-ray diffraction (XRD) 

XRD is a non-destructive technique used extensively for material characterisation, 

primarily to study the chemical composition and crystallographic properties of material 

[142]. For this study, XRD was used to identify (if any) crystalline phases present in 

the doped layer. The appearance of defective crystallites that could contribute to 

propagation loss in the optical waveguide [143] in the fabricated doped layer needed 

to be avoided in this work. The basics of this technique rely on the diffraction of an X-

ray beam on a crystal plane with a d-spacing as shown in Figure 3.9.  

 
Figure 3.9: Schematic of a diffraction of X-ray from a crystal plane  

(adapted from [144]). 

 

The interaction between incident X-ray and crystal plane creates constructive 

interference and a diffracted ray when Bragg’s law is satisfied and expressed as: 

                                                       md sin2                                                           (3.13) 
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where d is the spacing between two atomic planes,   is the angle of incident, m is 

an order of reflection and   is a wavelength of the incident light [142]. Crystal plane 

that interacts with X-ray can be ascertained by observing the angle at which the X-

ray diffracts.  

 

For a crystalline substance, the diffracted ray is in a particular direction and gives a 

high-intensity narrow peak (Figure 3.10), while, in the case of amorphous materials, 

the diffracted ray is in a random direction due to the random orientation of atoms 

which gives a broad peak or hump (Figure 3.11). 

 

 
Figure 3.10: Example of XRD pattern of crystalline samples of  

ZnO nanoparticles [145].  

 

Basically, XRD instruments can be divided into three basic elements which are an X-

ray tube, a sample holder, and X-ray detector. X-rays are generated inside a cathode 

ray tube by heating the filament to produce an electron. When the electrons have 

enough energy, they will accelerate and hit the target material (Cu, Fe, Mo or Cr) and 

subsequently produce X-ray radiation. The X-ray pattern consists of a few 

components, but the most common are Kα and Kβ. Between the two radiations, Kα is 

more profound and happens more often than Kβ,; therefore, Kα was used in the 

diffraction experiment. In order to obtain pure Kα radiation, a nickel foil filter was used 

to absorb Kβ radiation and other radiation [146]. These X-rays were collimated and 

directed to the samples to be measured. The intensity of the reflected X-rays was 

detected by the detector as it rotated. The detector recorded and processed this 

reflected X-ray signal and converted the signal to a count rate [146].  
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Figure 3.11: XRD pattern for amorphous samples of 23B2O3–5ZnO–72Bi2O3–

xFe2O3/CeO2 glass [147]. 

 

In this work, samples were positioned on a glass slide in XRD (Phillips X’Pert) and 

were scanned using Cu Kα radiation with a wavelength of 0.15406 nm. It was scanned 

from 10° to 85° with a step size of 0.05°/s at room temperature in air.  

 

 3.2.4 X-ray photoelectron spectroscopy (XPS)  

 X-ray photoelectron spectroscopy (XPS) is a surface analytical technique which 

operates based on the photoelectric effect principle and is widely used for chemical 

analysis. XPS can be used in various ways to study and analyse glass material. More 

precisely, XPS can be employed to determine elemental composition, non-bridging 

and bridging oxygen concentration and contamination that may present within a glass.  

 

XPS spectra can be procured by irradiating the sample with monochromatic X-rays 

done in a vacuum. When incident X-ray interacts with the sample, X-ray energy will 

be absorbed by the core electron of an atom that is located between 0-10 nm from 

the top surface. If photon energy is adequate or large enough, the core electron can 

escape from the atom as shown in Figure 3.12. An emitted electron that has its own 

kinetic energy is known as a photoelectron, and the phenomenon is called the 

photoelectric effect. The kinetic energy of an emitted photoelectron is given by the 

equation shown below: 
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                                                     BEhKE                                                       (3.14)  

 

where h  is the x-ray energy used, BE is the binding energy of the ejected electron 

and  is the minimum energy needed to remove an electron from solid (work 

function). Since  can be eliminated through calibration causing equation 3.14 to be 

[148],  

                                                     BEhKE                                                          (3.15)  

 

 
Figure 3.12: Schematic diagram of the photoelectric effect process (adapted from 

[149]). 

 

Each element which is associated with each core atomic orbital has a characteristic 

set of peaks based on the relevant binding or kinetic energy in XPS spectra as shown 

in Figure 3.13. However, when plotting, discussing and comparing results, it is often 

preferable to use binding energy as the ordinate in the spectra. This is due to the 

position of any photoelectric effect for binding energy is independent from the X-ray 

source used, allowing for easier data analysis and data comparisons with other 

literature [150].  

 

Not all the peaks in XPS spectra are due to electron ejection from direct interaction 

with the incident photon. The most common signal that also comes along with a 

photoelectron signal is Auger electron and plasmon loss peak. Auger electrons are 

generated when a vacancy in the inner shell caused by the photoelectric effect is filled 

by an electron at the outer shell, resulting in the emitting of energy. The energy will 
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be released in the form of a photon or can be transferred to another electron which 

can be ejected from the atom. This second ejected electron is called an Auger 

electron. Plasmon loss, on the other hand, is the loss of specific energy due to the 

interaction between a photoelectron and other electrons at the surface region of the 

sample. For an insulator sample, a fairly sharp peak is present in the range of 20-25 

eV binding energy higher than the main peak [151]. 

 

 
 

Figure 3.13: An example typical XPS spectrum for a ZnO thin film [152].  

 

For qualitative analysis, XPS is undoubtedly very useful and reliable; however, for 

quantitative analysis, XPS is not that accurate. Although the amount of electrons 

collected is proportional to the total electrons present in the sample, but the single 

measurement which is often reported as atomic concentration has an error of around 

10% [153]. This means that elemental concentration obtained cannot be assumed a 

priori [151].  

 

Although XPS is a surface analytical technique, elemental concentration as a function 

of depth can also be obtained. This XPS depth profile can be determined by 

integrating a sequence of ion beam sputtering with XPS analysis. Ion beam sputtering 

is employed to etch the material from the sample surface for a certain period before 

it is turned off. Later, an XPS measurement is made from the surface that has been 

etched. The cycle of material removal and spectrum acquisition is continued until 

profiling is reached to the required depth (Figure 3.14) [153]. 
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Figure 3.14: XPS depth profile [153]. 

 

Figure 3.15 shows a schematic diagram of basic components of XPS. These include 

a photon source, electron energy analyser, detector, and data analysis system [154]. 

In this work, XPS measurements were performed with K-alpha XPS instrument 

(Thermo Scientific) at National EPRSC XPS Users’ Service (NEXUS) at Newcastle 

University by Dr Jose Portoles and Dr Billy Murdoch. The measurement was done 

using Al Kα (1486.6 eV) in an ultra-high vacuum (HPV) chamber in which the pressure 

was around 5 x 10-9 mbar. For survey spectra, a pass energy of 150 eV with a step 

size of 0.4 eV was used while, for high-resolution spectra, a pass energy of 40 eV 

with a step size of 0.1 eV was employed. On the other hand, for depth profiling, ion 

beam sputtering was done by bombarding the surface using monatomic Ar+ with the 

energy of 4 eV and a high current setting. Data analysis and peak fitting were 

performed using CasaXPS software. A Shirley background subtraction and a mixed 

Gaussian-Lorentzian function were utilised to fit all the peaks in the obtained 

spectrum. All the binding energies of the photoelectron spectra in this work reportedly 

used a C 1s peak at 285 eV as a reference in order to maintain consistency and 

correction for sample charging. The C 1s peak is an adventitious peak that is obtained 

from unavoidable hydrocarbon contaminants in a vacuum. Generally, this peak is 

accepted to be independent of the chemical state of the material under study 

[155,156]. 
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Figure 3.15: Schematic diagram of basic components of XPS. 

 

3.2.5 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique that involves light scattering from 

the coupling of optical with lattice or molecular vibrational modes [157]. It is based on 

the Raman effect that has been used extensively to investigate the internal structure 

of the molecule.  

 

This technique requires a monochromatic light source, usually a laser with a 

wavelength in the range of near ultraviolet to infrared, to be projected onto a sample. 

The incident photons from the laser can be scattered elastically or inelastically. When 

incident photon impinges the sample, the photon energy will excite electrons to the 

virtual state. The electrons will then emit a photon when they return to the stable 

ground state. For elastic scattering, the incident and scattered photons have the same 

amount of energy. This kind of scattering is called Rayleigh scattering. For inelastic 

scattering, also known as Raman scattering, the scattered light has a different energy 

from an incident photon. It is due to the interaction of laser light with a phonon that 

allows energy to be shifted up or down. This phenomenon is known as the Raman 

effect. The amount of energy gain or loss by a photon is dependent on the nature of 

vibration (chemical bond or phonon) characteristic of the material. In Raman spectra, 

Raman intensity versus wavenumber shift in a unit of cm -1 are often plotted. Raman 

scattering can be divided into two types which are Stokes-Raman and Anti-Stokes-

Raman scattering. Stokes-Raman scattering happens when the reemitted photons 

have lower energy than the absorbed photons. The reverse scenario is called Anti-
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Stokes-Raman scattering where the inelastically scattered photons have higher 

energy than the absorbed photons [158]. Understanding of this scenario can be better 

illustrated in Figure 3.16.  

 
Figure 3.16: Energy level diagram for Rayleigh scattering and Raman scattering 

[159].  

 

For Raman scattering, there are two types of vibrational modes of molecules which 

are bending and stretching vibrations. Bending vibration is a type of vibration that 

involves changes in bond angle with the bond length remaining the same. On the 

other hand, stretching vibration involves vibration that causes the change in bond 

length but not bond angle. This vibration can further be classified into two groups 

which are symmetric and asymmetric vibrations. For symmetric vibration, the bond 

length of the functional group moves in the same direction and vice versa for 

asymmetric vibration [160]. 

 

Raman scattering is normally 1000 times weaker than Rayleigh scattering. It makes 

Rayleigh scattering to have much higher probability event compared to Raman 

scattering [161]. On the other hand, a Raman signal is also weaker compared to a PL 

signal. The PL signal can produce strong background and can even cover a Raman 

signal fully [162]. Therefore, choice of excitation wavelength is very critical especially 

for samples that have luminescence species. This is very important in order to 

minimise the noise from a PL signal.  

 

Figure 3.17 exhibits the schematic diagram of the Raman spectroscopy system. A 

Renishaw inVia Raman microscope with a laser excitation wavelength of 514 nm with 
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a power of 25 mW was used in this work. The instrument consisted of a 

monochromator, laser source, detector, microscope, filter and a data processing unit. 

The light beam passed through a monochromator and focused onto the sample with 

the aid of a microscope. The signal scattered from the sample was reflected to a filter 

to remove Rayleigh scattering. After that, Raman scattering was collected by the 

detector. The intensities and the wavelength of the signal were recorded to gain 

Raman spectra with the help of the data processing unit. 

 

 

Figure 3.17: Schematic diagram of Raman spectroscopy system. 

 

 3.2.6 Scanning electron microscopy (SEM) 

Scanning electron microscopy is one of the electron microscope technique that is 

capable of capturing sample surface images in high resolution. The topography of the 

doped layer is ascertained by SEM as it is a crucial factor in determining the quality 

of the thin film. It is also used to obtain thickness for each layer in the samples.  

 

A typical SEM system is illustrated in Figure 3.18. The electron beam is generated 

from an electron gun fitted with a tungsten filament (cathode) when a high voltage is 

applied. It is then accelerated towards an anode in the SEM. After that, the electron 

beam is passed through one or two condenser lenses to reduce the diameter of the 

beam. The electron beam is essentially focused down to 1000 times its original size. 

It is later passed through scanning coils to form a raster scan over the surface of the 

sample. Next, the electron beam passes through the final objective lens which is the 

heart of SEM as it focuses the electron beam onto the specimen surface [163–165]. 
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The selected portion of radiation is collected by a detector and signal which are then 

converted into intensity changes and duly displayed on a computer monitor.  

 

When an electron beam strikes the surface of the sample, it will interact with the atoms 

in the sample and produced various signals including backscattered electrons (BSE), 

secondary electrons (SE), Auger electrons, x-rays and heat [166,167]. However, SE 

and BSE are commonly used for imaging purposes.  

 

Figure 3.18: Schematic diagram of the SEM [163].  

 

SEs are created from inelastic scattering when an electron from a beam collides with 

an atom in a sample and causes the collided atom to ionise. The freed electron from 

the ionisation process is a secondary electron. SEs are generated close to the sample 

surface (Figure 3.19) and defined as having an energy below 50 eV. These electrons 

originated from the region that has the depth of a few nanometers from the sample 

surface due to their low energy. For BSE, it is formed from elastic scattering that has 

energies above 50 eV. As BSE has a higher energy than SE, it has more interaction 

depth (Figure 3.19). An important aspect of BSE scattering is that its yield depends 

on the mean atomic number in the sample. Since the heavy elements in (high atomic 
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number) BSE are stronger than light elements (low atomic number), regions that are 

condensed with heavy elements seem lighter in appearance [164,167,168]. 

Therefore, BSE is most suitably used to study a sample that consists of many areas 

that have their own different chemical compositions such as a multi-layer thin film 

sample.  

 

 
Figure 3.19: The schematic of the depth of electron beam penetrating  

the sample [167]. 

 

There are some problems that could affect the quality of the image obtained. One of 

the main problems when inspecting a non-conducting sample is charging effect. In 

SEM, the sample is being bombarded by electrons, and, in the case of non-

conducting samples, it causes an accumulation of static electric charges on the 

sample surface. When the quantity of electrons that accumulate is too large, it affects 

the incoming electron beam and the image produced becomes blurry, distorted, 

abnormal or becomes very bright. For metals, they allow electrons to move inside 

them, and when they are grounded, the additional electron will be removed, and no 

charge will accumulate. However, for the non-conducting sample, they do not have a 

medium to remove the additional electron. This problem can be reduced by coating a 

layer of conducting material such as carbon that helps to ground the charge built up 

on the surface. Other than that, BSE mode can also be used during measurement as 

BSE mode is less affected by the charging effect due to higher energy than SE [169].  
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In this work, a Hitachi SU8230 field emission (FE)-SEM was used to determine the 

topography of a cross-section of the samples. Before measurement began, all the 

samples were inserted into Hitachi ZONESem in order to do rapid surface cleaning 

and eliminate hydrocarbon contamination from samples. This system used ultraviolet 

(UV) radiation and ozone in a simple, dry process at room temperature. It is capable 

of doing minimal etching of specimens which have carbon structures and surface 

sample cleaning in only a few minutes [170]. 

 

As the doped layer was a dielectric material, all of the images were taken using a 

BSE detector to avoid electron charging. BSE was also used to detect the contrast 

between each layer. The voltage of the electron beam was set to 10 kV. However, for 

surface imaging for the film obtained, a Hitachi TM3030 Bench Top SEM was used in 

this work, and the set voltage was 5 kV.  

 

3.2.7 Transmission electron microscopy (TEM) 

TEM is an electron microscopy technique where the high energy of an electron beam 

is transmitted through an extremely thin sample and interacts with the sample when 

the electron beam passes through it. TEM can be used to observe features such as 

crystal structure, grain boundaries, defects and film thickness. TEM is capable of 

providing a higher resolution image compared to SEM and able to operate at a high 

magnification ranging from 600x to 106x. It is also able to generate diffraction 

information and images from the same sample through a scattering process by the 

high energy electron [171].  

 

3.2.7.1 Electron scattering 

When a primary electron passes through the sample, some of the electrons will 

penetrate through sample unscattered (direct beam), and some of them will collide 

with an atom in the sample and be scattered as shown in Figure 3.20. Scattered 

electron experiences two types of scattering which are elastic and inelastic. Elastic 

scattering occurs when a primary electron collides with the nucleus of an atom without 

energy loss (or energy loss in the only small fraction) and is deflected at a wider angle 

from inelastic energy (θel > 1). The element that has a higher atomic number (larger 

nucleus) makes more electrons experience elastic scattering. On the other hand, 

inelastic scattering is a result of the collision of a primary electron with electrons that 

surround the nucleus. This form of scattering involves higher energy loss and deflects 

at a smaller angle (θiel < 1) compared to elastic scattering [172]. Both forms of 

scattering give out unique information about the sample [173]. Elastic scattering 
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increases contrast and image resolution due to scattered electrons only come from 

one point which is the nucleus while, for inelastic scattering, it affects the TEM image 

quality. Resolution and contrast are decreased due to inelastic scattering because 

this type of scattering originates from various points. In addition, the inelastic 

scattering also causes radiolysis effect, whereby it can cause changes to the structure 

of the specimen or mass loss [174].  

 

Figure 3.20: Interaction electron beam with the sample in TEM (adapted from [175]). 

 

TEM quality is very much dependent on the thickness of a sample as a thin sample 

reduces the effect of inelastic scattering and increases the unscattered electrons that 

penetrate the sample. Typically, the sample must be provided in the thickness range 

of 10 nm to 1 µm. 

 

3.2.7.2 TEM operating mode and working principle 

Generally, there are two operation modes in TEM which are the imaging and 

diffraction modes. For the imaging mode, it can be categorised into three modes 

which are: bright field (BF), dark field (DF) and phase contrast (High-resolution TEM 

(HRTEM)). BF is the most common mode used where the region that has significantly 

higher atomic weight will appear darker, and conversely, a region with lower atomic 

weight will be lighter in appearance. BF only allows the direct beam to pass and block 

the diffracted beam as shown in Figure 3.21 (a)). Image contrast that occurs is formed 

by the different thickness and/or atomic number. For DF, the approach is completely 

opposite to BF. The direct beam is blocked and the selected diffracted beam is 
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allowed to pass as illustrated in Figure 3.21 (b). The diffraction region of the sample 

will appear in a lighter shade, while, relative to its surroundings, the remaining region 

of no specimen appears to be a darker shade [176]. On the other hand, phase 

contrast that is often synonymous with HRTEM needs a thinner sample and incident 

electron beam with higher energy. HRTEM needs more than a single beam which is 

a combination of direct and diffracted beam to form an image (Figure 3.21 (c)). When 

more beams are collected, the image produced will be of higher resolution. The image 

that forms is the direct result of interference from several diffracted beams with an 

incident beam allowing for phase contrast to appear. The interference pattern which 

is in a fringe type unveils the crystal periodic nature [177]. For diffraction mode, it is 

regularly associated with selected area electron diffraction (SAED). It is used to 

analyse the crystallography of the material. The diffraction pattern is created when 

electron scatter enters the periodic atomic structure. According to the equation (3.13), 

diffraction obeys Bragg’s equation and, in the diffraction pattern image obtained, is in 

a reciprocal space. When a parallel beam goes through the sample, at the rear focal 

plane of the objective as shown in Figure 3.22, there will be a diffraction pattern 

depending on the structure and orientation in the sample. Three diffraction patterns 

that may be achieved are: single crystal, polycrystalline and amorphous. For the 

single crystal, the diffraction pattern is made of the discrete spot (Figure 3.23 (a), 

while polycrystalline and amorphous create many concentric ring patterns (Figure 

3.23 (b)) and a diffuse ring pattern (Figure 3.23 (c)) respectively [178].  

 
                     (a)                                        (b)                                     (c) 

Figure 3.21: Beam paths for (a) bright field (b) dark field (c) HRTEM) [176]. 
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                        Image                                                              Diffraction pattern 

Figure 3.22: TEM beam path for imaging and diffraction mode [179]. 

 

  
(a)                                   (b)                                         (c) 

Figure 3.23: Example of diffraction pattern in TEM for (a) single crystal (boron 

carbide (B4C)) [180] (b) polycrystalline (Al-doped ZnO) [181]  

(c) amorphous (EDTS) [24].  
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A typical diagram of TEM configuration is shown in Figure 3.22. It consists of an 

electron source, system of condenser lens, objective lens, intermediate lens, 

projector lens, lens aperture and detector. The electron beam, which is generated by 

a field emission gun (FEG), is accelerated under high voltage been focused on the 

sample with the help of condenser lens and condenser aperture. The transmitted 

electron is later focused by an objective lens and duly magnified by the intermediate 

lens. The image is then enlarged by a projector lens. For diffraction pattern as in 

SAED, the objective lens is used to focus the diffraction pattern on the back focal 

plane of the objective lens. The sample area where the diffraction pattern is created 

is limited by placing a selected area aperture as shown in Figure 3.22. For BF, DF 

and HRTEM, images are formed by opting for the most suitable objective aperture 

size and placed in the most optimum location based on the desired mode. In this 

work, FEI Tecnai TF20 was used for TEM measurement, and it was performed by Dr 

Zabaeda Aslam from Leeds Electron Microscopy and Spectroscopy Centre (LEMAS).  

   

3.2.7.3 Scanning transmission electron microscopy (STEM) 

STEM offers an alternative imaging technique other than conventional TEM which 

involves a tiny convergent electron beam that can scan over an area of interest on 

the sample. Imaging capabilities for the STEM are better as the instrument comes 

attached with multiple detectors that function to collect a wider range of the possible 

signal. However, image acquisition for the STEM is relatively slower than TEM as the 

sample is scanned by raster fashion [182].  

 

In general, STEM comprises a lens system, electron gun, and various detectors as 

shown in Figure 3.24. The main aim of the lens system is to focus a beam into a tiny 

spot beam (probe) on the sample. Scan coil, on the other hand, is used to scan the 

probe on the sample’s area of interest in a raster pattern. The various scattered signal 

is then collected, and later a magnified image is formed. There are various signals 

that can be possibly detected in the STEM, but the most commonly detected signals 

are [182]: 

i. A transmitted electron with lost energy when travelling through the sample 

and the energy is measured by electron energy loss spectroscopy (EELS).  

ii. X-rays that are from electron-excited in the sample (EDX). 

iii. A transmitted electron that leaves the sample at an angle of less than 10 

mrad with respect to the optic axis and the signal can be detected by BF 

detector. 
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iv. A transmitted electron that leaves the sample at an angle of around 10-50 

mrad with respect to the optic axis and the signal is collected by an annular 

dark field (ADF) detector. 

v. A transmitted electron that leaves the sample at an angle of more than 50 

mrad with respect to the optic axis. It can be detected by a high field 

annular dark field (HAADF) detector. 

 

 
Figure 3.24: Schematic diagram of STEM setup [183]. 

 

By using STEM-HAADF, image contrast created is directly related to atomic number. 

The region that has more atomic weight appears lighter as an atom is deflected at a 

larger angle and the reverse is true for less atomic weight [183]. For this work, 

samples were measured by Dr Zabaedah Aslam using an FEI Titan3 Themis 300 with 

X-FEG 300 kV S/TEM with S-TWIN objective lens, a monochromator (energy spread 

approx. 0.25 eV) and multiple HAADF/ADF/BF STEM detectors.  
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3.2.7.4 Sample preparation for TEM 

TEM needs an extremely thin sample to enable transmission of the electron. Sample 

thickness should be less than 100 nm for high-resolution imaging. Therefore, TEM 

samples need to be prepped using special techniques which, in turn, often depend 

on the type of sample and also the property of interest. TEM sample preparation is 

immensely important because it influences the quality of the TEM image. There are 

a few possible techniques for preparing TEM samples such as focused ion beam 

(FIB), tripod polishing and conventional method [184–186]. Among the listed 

techniques, FIB is the primarily used technique to prepare a cross-section TEM 

sample and it also often yields the best TEM samples in terms of speed, homogeneity, 

and thinness [187]. In this work, FIB and conventional method were used to prepare 

samples for TEM measurement.  

 

The FIB system works in a similar fashion to SEM except instead of an electron beam 

to focus on a sample, it uses a finely focused ions beam. The FIB is integrated with a 

field emission gun scanning electron microscope (FEGSEM) for sample imaging. The 

configuration of SEM and FIB is shown in Figure 3.25. Basically, the operation of FIB 

is initiated with a liquid metal ions source (LMIS) which is placed in contact with a 

tungsten needle as shown in Figure 3.26. In general, the ion source used in an FIB 

system is gallium (Ga) due to its low melting point (near room temperature) and its 

capability to be focused to a very fine beam spot size (typically < 10 nm in diameter) 

[188]. When a huge electric field is applied to the tungsten needle tip, emission of 

positive ions is formed. The ions are then duly extracted and accelerated by a voltage 

of a few kiloelectron volts. After that, the ions are focused onto a specific region and 

high energy of typically around 5-50 keV causing the beam to mill at a predetermined 

location. Higher milling rates can be achieved by increasing the beam current (> 50 

nA) [189]. As the beam bombards the sample, a secondary electron is also sputtered 

out and is collected to form an image. Nevertheless, before the milling process, ion 

beam-assisted chemical vapour deposition deposits a layer of platinum. The 

deposited metal is used as a sacrificial layer, to shield the sample top surface from 

damage due to ion irradiation.  
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Figure 3.25: Schematic diagram of FIB-SEM geometry [190]. 

 

 
Figure 3.26: Schematic of FIB and LMIS setup [189]. 

 

For this work, an FIB procedure was performed by using an FEI Nova 200 NanoLab 

with the in-situ lift-out procedure. The ion beam operates at beam currents between 

5 to 0.1 nA with voltages between 30 and 5 kV. The procedure started by locating the 

area of interest on the sample. The sample top surface was then deposited with 

platinum. Next, the ion beam was used to remove the material so that the sample 

became a thin slice. Later, it was cut around to ensure it could be hoisted up easily 



63 
 

 
 

and moved to a sample grid using a micromanipulator. The thin slice on the sample 

grid was then sliced thinner using an ion beam and polished finely. The result was a 

thin layer with a thickness of less than 100 nm.  

 

This FIB TEM sample preparation was done by Mr John Harrington at the Leeds 

Electron Microscopy and Spectroscopy Centre (LEMAS). Even though FIB is a 

favourable method however conventional TEM sample preparation was employed 

due to delays in accessing the FIB system due to its upgrading. At that time, only a 

conventional method was available for TEM sample preparation.  

 

This method started by removing two sections from the sample using an ultrasonic 

cutter and cleaning them with acetone. Next, two films ’ faces were glued together 

using epoxy resin. Additional silicon wafers then sandwiched the two glued films. 

Then, the same ultrasonic cutter was used to bore a hole through the middle of the 

layers to get a core that was a tube-like shape for the sample wafers. The core was 

then coated with epoxy resin and placed into a copper tube. Next, using a diamond 

blade saw, the core was cut into individual sections of about 1 mm thick. The resultant 

sample grid was then grown down to 250 µm thickness with a high finish on both 

sides. The wafer was then thinned right at its centre using a dimple grinder. A 2-4 µm 

thickness was attained, and it was confirmed by measuring its transparency using an 

optical microscope. The same amount of material was removed from the faces of both 

samples. Lastly, by using precision ion polishing (PIPS) two Ar-ion guns, further 

materials were removed from the sample until a minute hole was seen in the middle 

of the sample. 

 

This conventional TEM sample preparation was done by Mr Stuart Micklethwaite at 

the Leeds Electron Microscopy and Spectroscopy Centre (LEMAS).  

  

3.2.8 Energy dispersive X-ray spectroscopy (EDX) 

EDX is used mainly to identify a sample’s elemental composition including 

contaminants. It usually comes integrated with the SEM or STEM. Principally, the two 

machines work similarly, and both machines measure samples concurrently. Various 

signals are produced when energetic electrons interact with the surface of the 

material. One such signal is the characteristic X-rays. These are generated when an 

electron that is situated in an inner electron shell is excited to a higher energy level. 

The resultant hole will be filled by an electron from a higher state and an X-ray will be 

emitted in this process. The X-ray energy produced takes the character of the 
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particular element from which it is emitted. The X-ray spectrum is then captured to 

gain data on the elemental composition of the specimen under study. A higher peak 

in a spectrum means that the element of the sample is more concentrated. Identified 

elements are then processed from the spectrum and reported in an atomic 

percentage (atomic %) or weight percentage (weight %). However, the EDX analysis 

will not give information about chemical compounds formed among the detected 

individual elements [167,169,191].  

 

Even EDX is often integrated with SEM or STEM; however, there are some 

differences between those two. The major difference between EDX analysis in STEM 

and SEM is the spatial resolution as exemplified in Figure 3.27. Usage of the thinner 

sample and higher accelerating voltage in STEM causes interaction volume to be 108 

times smaller than SEM [192]. It is reported that the local chemical composition of a 

material measured by EDX-STEM has an accuracy of approximately 10 times better 

than EDX-SEM [193].  

 

                                       (a)                                          (b) 

Figure 3.27: Schematic diagram of beam interaction volume in (a) STEM  

(b) SEM [192].  

 

In this work, for EDX-SEM, an Oxford Instruments 80 mm2 X-Max energy dispersive 

X-ray (EDX) detector was built together with a Hitachi SU8230 field emission (FE)-

SEM while an FEI Super-X 4-detector EDX system was attached with a FEI Titan3 

Themis 300 for EDX-STEM measurement. Both setup instruments used Aztec 

software for data analysis. 

 

3.3 Computer simulation using COMSOL Multiphysics Modelling Software 

Computer simulation, which is typically based on mathematical modelling and 

calculation, is a very useful tool to predict the outcome of some reactions. It can be 
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used to study the complex relationship between various variable factors. COMSOL 

Multiphysics Modelling Software (finite-element analysis) was used to investigate the 

effect cladding thickness for diffused and ridge channel waveguides in this thesis. 
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CHAPTER 4 

DOPING TeO2-ZnO-Na2O-Er2O3 INTO A SILICA-ON-SILICON (SOS) SUBSTRATE 

 

This chapter describes the doping of TeO2-ZnO-Na2O-Er2O3 (Er-TZN) glass into SOS 

substrate to form an EDTS layer by varying ULPD process parameters such as fs-

laser energies, substrate temperature, fs-laser repetition rate, ablation period and 

oxygen gas pressure, and their structural, physical and optical properties. Five series 

of samples were prepared and analysed in this chapter with the aim of obtaining the 

best possible process parameters in terms of the EDTS layer properties listed above. 

 

4.1 Dependence of laser pulse energy on Er-TZN doping into SOS substrate 

Table 4.1 reports the details of four samples, A(50), A(60), A(80) and A(100) 

fabricated with different fs-laser energies 50 µJ, 60 µJ, 80 µJ and 100 µJ, respectively 

while maintaining all other process parameters. 

 

Table 4.1: The parameters used to dope Er-TZN into SOS substrate by using various 

fs-laser energies. 

 

Process parameters Operating conditions 

Substrate Silica (t=1 µm)-on-silicon (SOS) 

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy  

(sample name) 

50 µJ (A50), 60 µJ (A60), 80 µJ (A80) and 100 µJ 

(A100) 

Fs-laser repetition rate 1.0 kHz 

Substrate temperature 570 °C 

Ablation period 4 hours 

Background gas pressure 70 mTorr O2 

 

Figure 4.1(a) displays a backscattered (BSE) cross-section SEM image for bare SOS 

substrate while Figure 4.1(b)-4.1(d) presents the images of the cross-section for 

samples doped with Er-TZN by using fs-laser energies of 50 µJ, 60 µJ, and 80 µJ, 

respectively. Differences, in contrast, could be seen clearly in every micrograph which 

meant that every layer had a varying density and thickness. Elemental composition 

of the EDTS layer obtained from EDX-SEM as shown in Table 4.2 proved that the 

EDTS consisted of combinations of elements from the target material and also silica 

from the substrate surface. It means that cations such as Te, Zn, Na, and Er were 

removed from the target material and penetrated into silica thereby modifying the 

original silica network during the ULPD process. Progressive increase in the 

concentration of elements of the target glass is clearly evident in the EDTS with an 
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increase in laser energy. Line scan and area scan of elements for the sample A80, 

obtained with EDX-STEM as reported in Figures 4.2 and Figure 4.3, respectively, also 

showed that the EDTS consisted of a mixture of Er-TZN with silica.  

 

    
(a)                                                   (b) 
 

   
(c)                                                   (d) 

Figure 4.1: Backscattered cross-section SEM image of (a) bare SOS substrate, and 

samples doped with Er-TZN by using the fs-laser energy of (b) 50 µJ (A50),  

(b) 60 µJ (A60) and 80 µJ (A80). 

 

Table 4.2: Elemental concentration of the EDTS layer with different fs-laser energies 

measured by EDX-SEM.  

 

Element 
Elemental concentration (at. %) 

 Sample A50 Sample A60  Sample A80 

O 61.01 58.77 57.10 

Si 21.47 21.16 17.90 

Na 8.57 10.74 12.96 

Zn 6.77 6.91 8.10 

Te 1.74 1.96 3.39 

Er 0.44 0.46 0.55 
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Figure 4.2: Line scan determined by EDX-STEM for sample A80. 

 

         
Figure 4.3: Area scan obtained by EDX-STEM for sample A80. 

 

From the cross-section backscattered SEM images (Figure 4.1 (b)-(d)), the EDTS 

looked brighter than silica and silicon layers. This is attributed to the presence of 

heavy elements such as Er and Te in the EDTS which resulted in a stronger average 

backscattered electron flux. Conversely, the silica layer enriched with a light element 

like oxygen appeared darker compared to silicon and the EDTS. All samples did not 

show any detectable clustering of Er3+ ions in SEM images. In order to further prove 

that the EDTS did not have any clustering of Er3+ ions, a sample fabricated with the 

fs-laser energy of 80 µJ underwent TEM and STEM measurement due to the better 

resolution image compared to SEM. Figure 4.4 (a) shows the bright-field TEM while 

Figure 4.4 (b) is the STEM-HAADF. Both images did not present any detectable of 

Er3+ ion clusters in the EDTS.  
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                             (a)                                                             (b) 
Figure 4.4: (a) The bright-field TEM image (b) STEM-HAADF image, of the sample 

prepared using 80 µJ (A80). 

 

Formation of the EDTS layer is a result of the impact and dissolution of the high 

energy laser produced plasma plume at the heated substrate material. The heated 

substrate provides activation energy needed to mediate the process and later to 

dynamically break and remake the strong Si-O-Si covalent bond in silica. This helped 

high energy ions and nanoparticles from the target glass to penetrate into the host 

glass network and modify the original silica structure at the molecular level. The 

structural modification of laser plasma-silica substrate and formation of a well-defined 

metastable EDTS layer has been previously reported [24,26,86]. This is applicable to 

SOS substrate materials but at a lower temperature compared to silica glass [85]. 

Further discussions on temperature dependence are provided in Section 4.2. An 

additional feature of the process, the expansion of silica due to doping of Er-TZN into 

it, is observed clearly in Figure 4.5. The cross-section shows in three different areas 

namely, (a) the fully exposed middle of the sample, (b) the region close to the shadow 

of the substrate holder and, (c) the area of the sample where the substrate is fully 

shadowed by the substrate holder. The expansion of the silica layer upwards on the 

formation of ETDS is clearly evident. The thickness gradient in section (b) might be 

due to the effect of the edge of the substrate holder which reduces the incident plasma 

density.  
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Figure 4.5: Backscattered SEM image for sample A60 taken to show the expansion 

of silica due to Er-TZN doping. It is divided into three main parts which are (a) the 

fully exposed middle of the sample (b) region close to the shadow of the substrate 

holder and (c) the area of the sample where the substrate is fully shadowed by the 

substrate holder.  

 

Besides that, it is noticed by EDX-SEM (Table 4.2) that the concentration of Zn, Na, 

Te, and Er are increased when higher fs-laser energy is employed which is consistent 

with the volume increment of target glass that has been removed during ablation. It 

is also observed that concentration of Te in the EDTS is quite low even though TeO2 

is a major component in the target material. This is due to the fact that Te is the most 

volatile element and structurally unstable in Er-TZN. This could have caused its 

depletion during its transport towards the substrate [24,194,195]. Other than that, Zn 

which is more volatile than Na [196] also contributes to its lower density compared to 

Na in the EDTS.  

 

The EDTS layer refractive index of the samples was measured using a prism coupler 

(at 633 nm) and reported in Table 4.3. The refractive index increased in tandem with 

the laser energy increment as more elements are ablated from the target material and 

integrated with the host material. This also confirms the increase in density of the 

layer discussed earlier. The increase in thickness of the EDTS layer with laser energy 

is visible from the SEM images shown in Figure 4.1 (b)-(d) and confirmed by the data 

reported in Table 4.3. This increase in depth which is due to a higher incident ion flux 

from the laser produced plasma at higher energies. The prism coupler measurement 

also confirmed the increase in EDTS thickness with incident fs-laser energy on the 

target material (Table 4.3). On the other hand, the thickness of the pristine silica layer 

became lowered due to the modification of the silica surface which had transformed 
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to the EDTS layer progressively especially when higher laser energy was used. 

However, further higher laser energies (above ~80 µJ) led to cracks and ruptures of 

the doped layer due to high surface strain. This could be ascertained clearly when 

laser energy as high as 100 µJ was used as illustrated in Figure 4.6. No further 

characterisations of the sample prepared at 100 µJ s (A100) were carried out as it 

was considered damaged.  

 

Table 4.3: Thickness of the EDTS layer and undoped silica underneath the EDTS and 

the refractive index of the EDTS for samples A50, A60, and A80. 

 

Sample EDTS 

thickness 

measured 

with SEM 

(µm) 

EDTS 

thickness 

measured 

with prism 

coupler (µm) 

SiO2 

thickness 

below EDTS 

layer 

measured 

with SEM 

(µm) 

 

Refractive Index 

A50  0.81 ± 0.06 0.83 ± 0.05 0.56 ± 0.06 1.5587 ± 0.0004 

A60  1.05 ± 0.02 0.99 ± 0.04 0.43 ± 0.02 1.5690 ± 0.0003 

A80  1.56 ± 0.08 1.56 ± 0.04 0.22 ± 0.07 1.6172 ± 0.0005 

 

 
Figure 4.6: EDTS layer cracked and ruptured when fs-laser energy 100 µJ was 

used. 

 

The difference in the thickness measured by the prism coupler and SEM results from 

the non-uniform thickness across the surface of the layer. The uneven thickness could 

be seen under low magnification SEM as shown in Figure 4.7 (a)-(c). The thickness 

measurement using SEM and prism coupler were made around the middle of the 

sample to be comparable. However, the exact location could not be determined very 

accurately for these two separate measurements. Hence, the measured thickness for 

both instruments showed small differences.  
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(a)                                                   (b) 

 

 
                                                            (c) 

Figure 4.7: Backscattered cross-section SEM image of low magnification 

for samples doped with Er-TZN by using (a) 50 µJ (A50), (b) 60 µJ (A60) 

and (c) 80 µJ (A80) fs-laser energy. 

 

The XRD patterns of the SOS substrate and samples A50, A60 and A80 are displayed 

in Figure 4.8. These samples did not show any sharp crystalline peaks except the 

peak at 2θ = 69° which corresponded to the underlying silicon, Si (100) of the SOS 

substrate. This proved the amorphous nature of the EDTS layer. The broad silicon 

peak is probably due to the defects that originates from the effects of thermal 

oxidation of silicon. At the interface region of Si-SiO2, there will be at least one layer 

of silicon atoms that are bonded both with oxygen and silicon atoms. These silicon 

atoms are in the intermediate oxidation states (+1, +2, +3, depending on the number 

of oxygen atoms they are bound) [197,198]. The presence of these silicon atoms with 

intermediate states are source of defects [199] which can make the intermediate layer 

become disordered. As the beam penetration depth is probable limited to the 

intermediate layer, this results in the producing of broad peak in XRD patterns. On 

the other hand, around 30°, an additional amorphous halo away from the silica halo 

(peaked around 22o), relating to the amorphous nature of the material became more 
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visible when higher laser energy was used. This halo that appeared around 2θ = 30° 

matched with other reported silicate glasses such as SiO2-ZrO2 [200], calcium silicate 

[201] and SiO2-MgO-CaF2-CaO-SrO-SrF2 [202]. This indicated that when doping 

concentration became higher in silica and transformation of silica matrix to silicate 

glass became much more obvious. In sample A50, due to a lower concentration of 

Er-TZN compared to other samples fabricated with higher laser energy, the silicate 

halo is relatively weak. The amorphous nature of the EDTS layer is also confirmed by 

selective area electron diffraction (SAED) as shown in Figure 4.9. It was captured 

from the centre of the EDTS layer that displayed a hollow ring. The diffraction pattern 

showed that no long-range order existed in the EDTS layer as was expected from the 

XRD measurement. This clearly points to the conclusion that the resultant modified 

layer is amorphous in nature.  

 

Photoluminescence (PL) emission spectra were measured using a 980 nm diode 

laser as the excitation source. The PL emission band peaked at around 1535 nm 

resulting from the 4I13/2→ 4I15/2 transition that, excited by a 980 nm laser diode, was 

recorded for all samples. The PL emission spectra obtained for samples prepared 

with different fs-laser energies are reported in Figure 4.10. All samples displayed 

identical spectral shape with two peaks at wavelengths of 1535 and 1543 nm. The 

appearance of the second peak has been said to be due to the Stark splitting effect 

of the two energy levels involved [31]. From Figure 4.10, it can be seen that PL 

intensity increased with laser energy for fabrication and this is due to an increase in 

Er3+ ions concentration. Other than that, full half width maximum (FWHM) obtained 

from emission spectra for all samples are 20 nm as reported in Table 4.4. FWHM and 

emission spectra obtained are identical to erbium-doped silicate glasses such as soda 

lime silicate, phosphosilicate and borosilicate reported before [203,204]. This 

confirmed again that Er-TZN had permeated into the silica glass network and 

transformed it into silicate glass. The PL lifetime difference also varied with laser 

energy as shown in Table 4.4. The decline in the PL lifetime with an increase in laser 

energy can be attributed to the higher Er3+ ions concentration. The increase of Er3+ 

ions density in the EDTS reduces the average spacing between Er-Er ions and this 

leads to the quenching effect because of energy migration between Er3+ ions [204].  
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Figure 4.8: XRD patterns for (a) SOS substrate, and samples prepared by using fs-

laser energies of (b) 50 µJ (A50), (c) 60 µJ (A60), and (d) 80 µJ (A80). The 2θ = 69° 

peak is from silicon of the SOS substrate underneath the silica layer and the EDTS.  
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Figure 4.9: SAED captured in the centre of the EDTS for sample fabricated by 80 µJ 

fs-laser energy. 

 

 

Figure 4.10: Photoluminescence spectra obtained with emission peaked around 

1535 nm for samples fabricated at various fs-laser energies. The excitation 

wavelength used was 980 nm. 
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Table 4.4: FWHM and photoluminescence lifetime obtained from samples that had 

been prepared with different fs-laser energies.  

 

Sample FWHM (nm) PL lifetime (ms) 

A50  20 12.29 

A60  20 12.21 

A80 20 10.79 

 

4.2 Dependence substrate temperature on the EDTS 

The substrate temperature is found to be of utmost importance to allow Er-TZN to 

penetrate into a silica glass network. Strong -O-Si-O- covalent bonds can be modified 

by the incoming plasma plume when appropriate temperatures are used to heat the 

substrate. Thus, three samples with different substrate heating temperatures were 

prepared and are reported in Table 4.5 with the other process parameters used. 

Figure 4.11 (a)-(c) showed backscattered cross-section SEM for samples fabricated 

when substrates were heated at temperatures of 400 °C, 570 °C and 700 °C.  

 

Table 4.5: List of parameters employed to dope Er-TZN into SOS substrate by using 

various substrate temperatures. 

 

Process parameter Operating conditions 

Substrate Silica (t=1 µm)-on-silicon (SOS) 

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 50 µJ 

Fs-laser repetition rate 1.0 kHz 

Substrate temperature 

(sample name) 

400 °C (B400), 570 °C (B570) and 700 °C 

(B700) 

Ablation period 4 hours 

Background gas pressure 70 mTorr O2 

 

From Figure 4.11 (a), it could be concluded that the doping process did not succeed 

at 400 °C, it only resulted in a deposited layer on the substrate. The thickness of the 

original silica layer (Table 4.6) remained at ~1 µm proving that no doping process 

actually happened for sample B400. This indicated that a temperature of 400 °C is 

not sufficient enough for the incoming plasma plume to modify the strong covalent 

bonds of silica. The film formed on the SOS is only Er-TZN glass film with 

compositions as presented in Table 4.7 where Te concentration is much higher than 

Si. Figure 4.11 (a) and top view image (Figure 4.12 (a) and (b)) captured under an 

optical microscope, however, demonstrates the poor surface quality of the film thus 

formed. The surface appears very rough with clusters of microparticles. Such film is 

not suitable for an EDWA as it would cause large surface scattering and ultimately 
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propagation loss for laser signals. On the other hand, the data in Table 4.7 showed 

that the sample where the substrate was heated at 700 °C had lower Te concentration 

compared to the sample prepared at 570 °C. This is due to the volatility of Te 

[194,195] which caused severe depletion through evaporation at a high temperature. 

However, the high temperature used to heat up the substrate gave way to more 

elements from the target glass except for Te to penetrate the silica. It is noted that 

the higher temperature caused the bond silica to be weakened and increased the 

reaction among the elements contained in the plume (except Te) with silica.  

 

  
                              (a)                                                              (b) 

 

 
                                                               (c) 

Figure 4.11: Backscattered cross-section SEM image of samples doped with Er-

TZN when substrate was heated at (a) 400 °C (B400), (b) 570 °C (B570) and 

(c) 700 °C (B700). 

 

As shown in Table 4.6, the thickness and the refractive index of sample B(400) could 

not be accurately determined by the prism coupler due to its rough sample surface. 

On the other hand, the higher temperature used, caused the materials from Er-TZN 

(except Te) could penetrate more into silica and this caused a thicker EDTS. The 

reduced concentration of Te in sample B700, which is a heavy element in the EDTS, 

caused the refractive index to decline. Therefore, the concentration of Te in the EDTS 
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is vital as it can control the increase of the refractive index which, in turn, can 

contribute to the design of integrated optical waveguides using the ULPD approach 

presented in this thesis.  

 

Table 4.6: Variation upper layer and remaining silica layer thickness and refractive 

index prepared at different substrate temperatures. 

 

Sample EDTS 

thickness 

measured 

with SEM 

(µm) 

EDTS 

thickness 

measured 

with prism 

coupler (µm) 

SiO2 

thickness 

below EDTS 

layer 

measured 

with SEM 

(µm) 

Refractive Index 

B400 - - 1.03 ± 0.03 - 

B570 0.81 ± 0.06 0.83 ± 0.05 0.56 ± 0.06 1.5587 ± 0.0004 

B700 1.10 ± 0.03 1.10 ± 0.01 0.22 ± 0.06 1.5285 ± 0.0002 

 

  
(a)                                                   (b) 

Figure 4.12: Top view surface for sample B400 obtained from optical microscope 

with different magnifications. 

 

Table 4.7: The percentage of components existing in the upper layer of SOS substrate 

for samples that were fabricated using different substrate temperatures. 

 

Element 
Elemental concentration (at. %) 

Sample B400 Sample B570 Sample B700 

O 50.69 61.01 60.91 

Si 1.67 21.47 20.99 

Na 7.94 8.57 9.68 

Zn 6.60 6.77 7.14 

Te 32.21 1.74 0.73 

Er 0.89 0.44 0.55 
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Figure 4.13 shows the XRD patterns of SOS doped with Er-TZN when the substrate 

was heated to 400 °C, 570 °C, and 700 °C. For samples B570 and B700, the EDTS 

obtained are amorphous while, for B400, it clearly shows that the deposited film is 

crystalline with a distinct peak at 2θ = 19.16°, 28.86°, 49.02° and 59.68°. For peaks 

19.16° and 59.68°, they refer to Zn2Te3O8 based on the ICCD reference code: 04-

012-2189 with each having miller indices of ( 111 ) and (332) while, for peaks 28.86° 

and 49.02°, they matched with Na2TeO3 with miller indices of (022) and (242), 

respectively (ICDD reference code:00-035-1263).  

 

PL emission spectra for a substrate heated by various temperatures are represented 

in Figure 4.14. It is clear that for sample B400, spectrum shape obtained is different 

from sample B570 and B700. FWHM for sample B400 is broader in comparison to 

samples B570 and B700 and is almost similar to reported tellurite glasses 

[53,205,206]. For sample B570 and B700, the obtained FWHM is 20 nm, and this is 

similar to FWHM of other silicate glasses as discussed in Section 4.1. Table 4.8 also 

reports the PL lifetime for samples B400, B570 and B700. Sample B400 had the 

lowest PL lifetime (5.26 ms) compared to sample B570 (12.29 ms) and B700 (11.12 

ms). The obtained PL lifetime for erbium-doped tellurite glass obviously is much lower 

than erbium-doped silicate glass as reported for other erbium-doped tellurite glasses 

which are TeO2–GeO2–Na2O–ZnO–Er2O3 [19], TeO2-WO3-Na2O-Er2O3 [51] and 

TeO2–WO3–Na2O-Nb2O5-Er2O3 [207]. The lower PL lifetime for sample B400 is due 

to it being essentially a tellurite host material with stoichiometry similar to the target 

glass. It is well known that PL lifetime also depends strongly on host material 

[208,209] which is closely related to the refractive index of the host material based on 

the Judd-Ofelt theory. According to the theory, lifetime has an inverse relationship 

with refractive index [210–212]. Because tellurite glass has a higher refractive index 

than silicate glass, therefore it exhibits a lower lifetime, and this is the main reason 

that PL lifetime for sample B400 was far lower than for samples B570 and B700. 
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Figure 4.13: XRD patterns for samples prepared using temperature of (a) 400 C 

(B400), (b) 570 C (B570) and (c) 700 C (B700). 
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Figure 4.14: PL spectra of upper layer prepared at different substrate temperatures. 

 

Table 4.8: FWHM and PL lifetime for film fabricated at different substrate 

temperatures.  

 

Sample FWHM (nm) PL lifetime (ms) 

B400 38 5.26 

B570 20 12.29 

B700 20 11.12 

 

4.3 Dependence fs-laser repetition rate on the EDTS 

The effect of fs-laser repetition rate on EDTS properties was also analysed. Both 

samples were prepared according to parameters detailed in Table 4.9 and samples 

C0.5 and C1 were named according to the fs-laser repetition rates (0.5 kHz and 1 

kHz) used. 

 

Table 4.9: List of parameters used to dope Er-TZN into SOS substrate by using 

various fs-laser repetition rates. 

 

Process parameter Operating conditions 

Substrate Silica (t=1 µm)-on-silicon (SOS) 

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 50 µJ 
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Fs-laser repetition rate 

(sample name) 

0.5 kHz (C0.5) and 1.0 kHz (C1) 

Substrate temperature 570 °C 

Ablation period 4 hours 

Background gas pressure 70 mTorr O2 

 

The different repetition rates used in this work for sample preparation were 0.5 kHz 

and 1 kHz. Only two repetition rates are reported due to the limitation on the fs-PLD 

instrument used for this work. The XRD measurement results in Figure 4.15 showed 

that both samples are amorphous in nature. As seen in Figure 4.16 (a) and (b) and 

also in Table 4.10, the EDTS layer thickness produced for samples 0.5 kHz is 0.412 

µm which is almost half of the thickness of the sample fabricated using an fs-laser 1 

kHz (0.806 µm). When the repetition rate is doubled, the collision cascade density is 

expected to increase as the plasma fluence is higher [213]. Therefore, the thickness 

of the doped layer is increased when a higher repetition rate is used. The refractive 

index of the EDTS also increases when a higher fs-laser repetition is used as 

illustrated in Table 4.10. This phenomenon is well predicted as more elements from 

the target material are removed and interacted with the silica. Therefore, the doping 

concentration is higher for 1 kHz as measured using EDX-SEM in Table 4.11. As 

there is more Er content in the EDTS for sample C1, the PL intensity for this sample 

is higher when compared to sample C0.5 (Figure 4.17). The FWHM for these two 

samples are almost the same (19-20 nm) and matched with other erbium-doped 

silicate glass. Again, due to the lower Er density in the EDTS for sample C0.5, the PL 

lifetime is longer at 14.07 ms as compared to sample C1 which is only 12.29 ms.  
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Figure 4.15: X-ray diffraction patterns of samples prepared by using two different fs-

laser repetition rates: (a) 0.5 kHz (C0.5) and (b) 1.0 kHz (C1). 

 

   
                             (a)                                                                (b) 

Figure 4.16: Backscattered cross-section SEM image for samples doped with Er-

TZN by using fs-laser repetition rates of (a) 0.5 kHz (C0.5) (b) 1.0 kHz (C1). 
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Table 4.10: Thickness of the EDTS layer and remaining silica layer underneath the 

EDTS and the refractive index of the EDTS prepared at different fs-laser repetition 

rates.  

 

Sample EDTS 

thickness 

measured 

with SEM 

(µm) 

EDTS 

thickness 

measured 

with prism 

coupler (µm) 

SiO2 

thickness 

below EDTS 

layer 

measured 

with SEM 

(µm) 

 

Refractive 

Index 

C0.5  0.41 ± 0.09 0.47 ± 0.03 0.83 ± 0.06 1.5300 ± 0.0003 

C1 0.81 ± 0.06 0.83 ± 0.05 0.56 ± 0.06 1.5587 ± 0.0004 

 

Table 4.11: Elemental composition of the EDTS layer measured by EDX-SEM for 

samples C0.5 and C1. 

 

Element 
Elemental concentration (at. %) 

C0.5 C1 

O 62.57 61.01 

Si 29.78 21.47 

Na 4.17 8.57 

Zn 2.13 6.77 

Te 1.06 1.74 

Er 0.29 0.44 
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Figure 4.17: PL pattern of the EDTS layer prepared with fs-laser repetition rates of 

0.5 kHz and 1.0 kHz. 

 

4.4 Dependence ablation period on the EDTS 

Two types of substrates were used to study the influence of different ablation periods 

on the properties of the EDTS. The substrates used were SOS and silica on silicon-

on-insulator (SOI) substrate. For the substrate silica on SOI, three different silica 

thicknesses were used which were 10 nm, 15 nm, and 25 nm.  

 

4.4.1 Silica-on-silicon (SOS) substrate with silica thickness of 1 µm  

Four samples were prepared with SOS substrate having 1 µm silica layer. The 

ablation period was varied between four to ten hours. Parameters used in this 

experiment are summarised in Table 4.12. Sample ID of F4, F6, F8, and F10 with 

respect to the ablation period of 4 hours, 6 hours, 8 hours and 10 hours are also 

included in Table 4.12.  

 

Table 4.12: List of parameters used to dope Er-TZN into SOS substrate using different 

ablation periods. 

 

Process parameter Operating conditions 

Substrate Silica (t=1 µm)-on-silicon (SOS) 

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 50 µJ 
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Fs-laser repetition rate 1.0 kHz 

Substrate temperature 570 °C 

Ablation period 

(sample name) 

4 hours (F4), 6 hours (F6), 8 hours (F8) and  

10 hours (F10) 

Background gas pressure 70 mTorr O2 

 

Figure 4.18 (a)-(c) showing a backscattered cross-section SEM for three samples 

fabricated with different ablation periods (4, 6 and 8 hours). The EDTS layer thickness 

measured using SEM and also the prism coupler are listed in Table 4.13. As 

anticipated, the thickness of the EDTS increased when a longer ablation period was 

used as more elements from Er-TZN entered into the silica. Unfortunately, sample 

F10 broke into pieces in the UHV chamber during the process. This could have been 

due to a substrate which exceeded its limit and could no longer withstand the 

bombardment of a high energy plume. At a certain limit, the substrate became fragile 

and finally shattered. No characterisation could be done for this sample.  

 

Interestingly, in sample F8, the silica layer was completely modified, and small 

crystallites appeared at the interface between the silicon and the EDTS. This 

phenomenon could have happened due to the failure of elements from Er-TZN to 

penetrate into the silicon and accumulate at the silicon border. Elements from Er-

TZN, which is rich with oxygen, would have difficulty to modify the silicon and 

subsequently crystallised at the interface due to oxygen deficiency at the interface. 

Furthermore, the resultant EDTS layer for this sample had an adhesion problem. This 

can be seen in Figure 4.19 where the film disengaged slightly from silicon when 

conventional TEM sample preparation was done for that sample. The problem did not 

persist for other samples that had no small crystallite on the interface as shown in 

Figure 4.4 previously.  

 

Wax that was used to stick the sample back to back, which is one of the conventional 

procedures to prepare a TEM sample, is believed to have pulled the doped layer away 

from the substrate. This case is often associated with intrinsic tensile stress that might 

have been due to lattice mismatch between the film and substrate, incorporation of 

foreign atoms, crystallite coalescence at the grain boundaries, a variation of 

interatomic spacing with crystal size and phase transformation [214,215]. Figure 4.20 

shows the line scan EDX-STEM that is performed at the area. It clearly showed that 

the black area in the image to be the empty space with very high noise surrounding 

the area.  
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(a)                                                             (b) 

 

 
(c) 

Figure 4.18: Backscattered cross-section SEM image of samples doped with Er-

TZN when target had been ablated for (b) 4 hours (F4), (b) 6 hours (F6) and  

(c) 8 hours (F8). 

 

Table 4.13: Thickness of the EDTS layer and remaining silica layer underneath the 

EDTS and the refractive index of the EDTS prepared with different ablation periods. 

 

Sample EDTS 

thickness 

measured 

with SEM 

(µm) 

EDTS 

thickness 

measured 

with prism 

coupler (µm) 

SiO2 

thickness 

below 

EDTS layer 

measured 

with SEM 

(µm) 

Refractive Index 

F4  0.81 ± 0.06 0.834 ± 0.05 0.56 ± 0.06 1.5587 ± 0.0004 

F6 1.36 ± 0.03 1.307 ± 0.05 0.11 ± 0.03 1.5915 ± 0.0005 

F8 1.94 ± 0.02 1.928 ± 0.05 - 1.6172 ± 0.0003 
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Figure 4.19: Doped layer is observed been peeled off after conventional TEM 

preparation. The black area between the film and silicon substrate is an empty 

space.  

 

 
Figure 4.20: Line scan obtained from EDX-STEM showing that no element was 

detected at the empty space between the film and silicon substrate. 

 

Despite this, the primary element for a crystallite particle is Te as the line scan shown 

in Figure 4.20. In order to investigate more about the element that might be present 

for the small crystallite, an area scan measurement using EDX-STEM was made. 

Figure 4.21 (a) – (g) shows the cross-section and the area scan for an element that 

is present in the sample. This small crystallite was identified again to be Te as shown 

in the area scan in Figure 4.21 (d). Te concentration is at the highest around the area 

where the small crystallite accumulated. The point scan measured from EDX-SEM 

also showed that Te concentration is as high as 8.81 at. % in the area as illustrated 
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in Figure 4.22 and Table 4.14. Commonly, Te concentration in a typical EDTS is within 

the range 1-3 at. % depending on the parameter used. Apart from the adhesion issue, 

the presence of crystallite particles needed to be avoided as it would only contribute 

to the escalation of optical propagation loss for waveguide application [216].  

 

 
(a) 

 

          
                                     (b)                                                       (c)  

 

          
                                (d)                                                       (e) 
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                                     (f)                                                       (g) 

Figure 4.21: Area scan measured by EDX-STEM for sample F8 with (a) the area 

being measured. The distribution of species present in it are (b) oxygen, (c) silicon, 

(d) tellurium, (e) sodium, (f) zinc and (g) erbium. 

 

 
Figure 4.22: Point EDX-SEM measurement done at crystallite particle accumulation 

area. 

 

Table 4.14: Elemental concentration at measured area shown in Figure 4.22 obtained 

by EDX-SEM. 

 

Element Atomic percent (at. %) 

O 51.05 

Si 27.64 

Na 6.78 

Zn 4.69 

Te 8.81 

Er 1.03 

 

The prism coupler measurement also showed that the EDTS refractive index 

increased in parallel with the ablation period increment (Table 4.13). This was due to 

the increased amount of elements from Er-TZN entering the silica over time, as 

exemplified in Table 4.15.  

 

Measured area 
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Table 4.15: Elemental density of the EDTS layer measured by EDX-SEM for different 

ablation period samples. 

 

Element 
Elemental concentration (at. %) 

Sample F4 Sample F6 Sample F8 

O 61.01 60.96 57.81 

Si 21.47 19.24 18.50 

Na 8.57 10.50 11.45 

Zn 6.77 6.86 7.98 

Te 1.74 1.82 3.15 

Er 0.44 0.62 1.11 

 

From the XRD patterns, as shown in Figure 4.23, the halo around 30ºC is more visible 

for the longer ablation period because EDTS network that better resembles a silicate 

network due to the entrance of a generous amount of materials from Er-TZN into 

silica. However, for sample F8, a few peaks pointed to the presence of crystallite 

particle in the EDTS which are believed originated from small crystallite located at the 

border of the EDTS and silicon. For these patterns, twelve peaks which corresponded 

to 2θ of 23.05º, 27.62º, 38.40º, 40.44º, 43.31º, 46.22º, 49.62º, 51.28º, 56.88º, 62.95º, 

63.74º and 82.19º were observed. All peaks corresponded to Te (ICCD reference 

code: 00-036-1452) and this matched with the inference of Te crystal formation on 

analysing EDX-SEM and EDX-STEM. 

 

The PL spectra as exhibited in Figure 4.24, showed that the PL intensity increased 

with ablation period. The intensity of the sample with an ablation period of 8 hours to 

be the most followed by those with 6 and 4 hours. This is a direct consequence of the 

increase in Er3+ ions with a longer ablation period. All samples had similar FWHM 

which was ~20 nm while the PL lifetime decreased with ablation period as shown in 

Table 4.16. This decrease clearly indicates that the ablation period not only affects 

the thickness of the layer but also the doping concentration. The decrease in lifetime 

is a direct consequence of an increase in Er3+ ion concentration and associated 

concentration quenching discussed in Section 4.1. 
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Figure 4.23: XRD patterns for the EDTS layer prepared by ablating the Er-TZN for  

(a) 4 hours (F4), (b) 6 hours (F6) and (c) 8 hours (F8).  
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Figure 4.24: Comparison of the photoluminescence intensity of the EDTS layer with 

ablation period. 

 

Table 4.16: FWHM and PL lifetime for sample fabricated using different ablation 

periods. 

 

Sample FWHM (nm) PL lifetime (ms) 

F4 20 12.29 

F6 20 10.69 

F8 20 9.71 

 

4.4.2 Silica on silicon-on-insulator (SOI) substrate 

This section reports on the results for the samples prepared using silica on silicon-

on-insulator (SOI) with various silica thicknesses used as substrates. The silica 

thicknesses were 10, 15 and 25 nm. As the thicknesses of the silica were very low 

and varied, the ablation period for each was very short and differed depending on the 

silica thickness. The parameters used to fabricate the samples are tabulated in Table 

4.17. Samples with different silica thicknesses 10 nm, 15 nm and 25 nm are labelled 

as G10, G15, and G25.  
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Table 4.17: List of parameters used to dope Er-TZN into silica on SOI substrate using 

different ablation periods and silica thicknesses. 

 

Process parameter Operating conditions 

Substrate Silica (t=10 nm, 15 nm and 25 nm) on silicon-on-

insulator (SOI) 

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

fs-laser energy 50 µJ 

Repetition rate 1.0 kHz 

Substrate temperature 570°C 

Ablation period 

(sample name) 

2 minutes for 10 nm (G10), 6 minutes for 15 nm 

(G15) and 11 minutes for 25 nm (G25) 

Background gas pressure 70 mTorr O2 

 

Cross section images for these three samples were recorded under bright-field TEM 

as the EDTS layer created for each sample was extremely thin. The images obtained 

are shown in Figure 4.25 (a)-(c). On observing these images it is evident that there 

are some darker regions/spots in the EDTS layer. It can be concluded that the mixing 

of Er-TZN and silica is not homogeneous in these samples. The very short process 

duration has caused the elements of Er-TZN to be crystallised or phase separated 

within the silica. Further tuning of the laser pulse energy and duration of the process 

would be required to optimise such very thin EDTS layers.  

 

  
                             (a)                                                              (b) 
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(c) 

Figure 4.25: Bright-field image of the sample prepared using different silica 

thicknesses on SOI substrate. For (a), it is the sample which has an initial silica 

thickness of 10 nm while (b) and (c) have initial silica thicknesses of 15 nm and 25 

nm. 

 

Because of the very low concentration of elements from Er-TZN and their uneven 

distribution in the EDTS due to the very short ablation period, quantitative estimations 

from EDX-STEM are prone to errors. Furthermore, the very low concentration of 

elements from Er-TZN in sample G10 resulted in the area scan for this sample having 

too much noise contributing to unreliable and inaccurate results. Therefore, an area 

scan to detect the presence of species from Er-TZN in the EDTS was only done for 

samples G15 and G25 (Figure 4.26 and Figure 4.27). Comparing the image contrast 

in Figure 4.26 and Figure 4.27, it can be inferred that more Er-TZN elements are 

present in the EDTS layer when the ablation period is longer. A line scans, as shown 

in Figure 4.28 and 4.29, also confirmed the presence of Er-TZN elements in the doped 

layer. Iridium presence is due to the use of it as a surface protective layer when FIB 

sample preparation was performed. Furthermore, the thickness of the upper layer as 

shown in Table 4.18 increased from the initial thickness. It could be ascertained that 

there is an expansion of the silica layer because of the doping process. For this 

sample set, PL characterisation could not be done accurately because of the very thin 

EDTS and very low PL intensity.  
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Figure 4.26: Area scan for sample using silica (15 nm) on SOI substrate that underwent an ablation period of 6 minutes (G15). 

9
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Figure 4.27: Area scan for sample using silica (25 nm) on SOI substrate that underwent an ablation period of 11 minutes (G25). .

 

 

9
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Figure 4.28: Line scan of the sample using silica (15 nm) on SOI substrate that underwent an ablation period of 6 minutes (G15). 

 

9
8
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Figure 4.29: Line scan of the sample using silica (25 nm) on SOI substrate that underwent an ablation period of 11 minutes (G25). 

 

9
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Table 4.18: EDTS layer thickness for different ablation periods used for different silica 

thicknesses on SOI substrate determined by TEM. 

 

Sample EDTS thickness measured with TEM (nm) 

G10 24.0 ± 0.4 

G15 40.2 ± 0.1 

G25 65.3 ± 0.4 

 

4.5 Dependence ambient oxygen gas pressure on the EDTS 

The ambient gas pressure in the process chamber is an important parameter in the 

ULPD technique. Generally, plasma plume can be distributed much more widely with 

background gas pressure during the ablation process. For this work, since the target 

material used was oxide glass and the substrate was SiO2, oxygen was chosen as 

the background gas to ensure a surrounding rich with oxygen thus facilitating the 

formation of defect free Er-TZN and SiO2 glass formation. Even though ambient 

pressure does not affect the path or laser beam absorption, the produced plasma 

plume characteristics depended heavily on it. Parameters selected to study the 

relationship between background oxygen gas pressure and EDTS characteristics are 

reported in Table 4.19. Samples with the names H50, H70, H90, and H100 represent 

those prepared at oxygen gas pressures of 50 mTorr, 70 mTorr, 90 mTorr and 100 

mTorr respectively. As shown in Figure 4.30 (a)-(d) and Table 4.20, the EDTS layer 

thickness increased when low oxygen gas pressure was used. This is a direct 

consequence of the surging kinetic energy of the plasma plume at lower pressures. 

The collision between ablated species (Er-TZN) with O2 species during the flight to 

substrate became fewer at lower pressures which, in turn, allowed for more elements 

from Er-TZN to reach the substrate and gained enough energy to penetrate into the 

silica layer [217]. The outcome is that the penetration of Er-TZN elements into silica 

became more aggressive thus increasing the EDTS thickness at lower oxygen gas 

pressures.  

 

Table 4.19: List of parameters used to study the relationship between background 

oxygen gas pressures and EDTS properties. 

 

Process parameter Operating conditions 

Substrate Silica (t=1 µm)-on-silicon (SOS) 

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

fs-laser energy 50 µJ 

Repetition rate 1.0 kHz 

Temperature 570°C 

Ablation period 4 hours 
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Background gas pressure 

(sample name) 

50 mTorr (H50), 70 mTorr (H70), 90 mTorr (H90) 

and 100 mTorr ( H100) O2 

 

 

   
                              (a)                                                              (b)  

 

   
                               (c)                                                             (d)  

 Figure 4.30: Backscattered cross-section SEM image of SOS doped with Er-TZN 

using background oxygen gas pressures of (a) 50 mTorr (H50), (b) 70 mTorr (H70), 

(c) 90 mTorr (H90) and (d) 100 mTorr (H100). 

 

The reduction in the measured refractive index and lower EDTS thickness as a result 

of lower doping concentration at higher O2 pressures was also verified by the prism 

coupler measurement results reported in Table 4.20. This variation seems reasonable 

because low gas pressures correspond to a higher kinetic energy of ablated materials 

which also correlates to higher plasma density at the substrate. The resulting plasma 

density is believed to obey Beer's law behaviour which is given by 

                                                        
tPeDD  0                                                              (4.1) 

 

 where Do is the initial plasma density at the target, P is ambient gas pressure,  is 

the total cross section for plasma-to-ambient gas collisions and t  is the distance from 



102 
 

 

the target. The density of the plasma might be exponentially decreased as the 

background gas pressure increases [218,219]. Consequently, more elements from 

Er-TZN can be integrated with silica on the substrate surface when lower O2 gas 

pressure is used. This inverse relationship between refractive index and background 

process gas pressure is also reported before for pulsed laser deposited thin films 

[220–223]. The oxygen deficiency and increased of Te, Zn, Na and Er concentration 

for low oxygen gas pressures is also evident from the data reported in Table 4.21.  

 

Table 4.20: EDTS layer and remaining silica thickness underneath the EDTS and the 

refractive index measured by SEM and prism coupler for the sample prepared using 

various oxygen gas pressures. 

 

Sample EDTS 

thickness 

measured with 

SEM (µm) 

EDTS 

thickness 

measured 

with prism 

coupler 

(µm) 

SiO2 

thickness 

below 

EDTS layer 

measured 

with SEM 

(µm) 

Refractive Index 

H50 1.86 ± 0.03 1.71 ± 0.01 0.07 ± 0.01 1.6484± 0.0001 

H70  1.64 ± 0.09 1.67 ± 0.03 0.13 ± 0.03 1.6356 ± 0.0009 

H80 1.12 ± 0.07 1.18 ± 0.01 0.27 ± 0.03 1.5990 ± 0.0003 

H100 0.81 ± 0.05 0.85 ± 0.02 0.57 ± 0.05 1.5987 ± 0.0003 

 

Table 4.21: Elemental composition of the EDTS layer measured by EDX-SEM for 

samples prepared at different oxygen gas pressures. 

 

Element 
Elemental concentration (at. %) 

Sample H50 Sample H70 Sample H90 Sample H100 

O 55.15 57.29 60.52 62.16 

Si 20.01 20.46 21.01 22.63 

Na 11.19 10.41 9.89 7.85 

Zn 8.91 7.62 5.88 5.23 

Te 3.38 2.92 1.98 1.60 

Er 1.36 1.30 0.72 0.53 

 

The XRD patterns shown in Figure 4.31 shows that samples fabricated with oxygen 

pressures of 70 mTorr, 90 mTorr, and 100 mTorr are amorphous with a diminishing 

halo of silicate with increasing oxygen gas pressure. This relative decrease in silicate 

halo is caused by a lesser concentration of Er-TZN element that enters into silica at 

higher gas pressures. Nevertheless, for sample H50, it exhibited a mixed amorphous-

crystalline phase. There are crystallite peaks at angle 2θ of 23.05º. 27.62º, 38.40º, 
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40.44º, 43.31º, 46.22º, 49.62º, 51.28º, 56.88º, 62.95º, 63.74º and 82.19º which 

referred to Te (ICDD reference code: 00-036-1452). Those crystallite peaks are 

attributed as resulting from crystallite particles which are present at the interface 

between the EDTS and silicon as shown in Figure 4.32. As the thickness is slightly 

uneven throughout the whole sample, at certain areas, Er-TZN approached silicon 

and formed these crystallite particles.  

 

The PL spectra for all samples in this section still retained the line shape like other 

erbium-doped silicate glasses [203,204] and as illustrated in Figure 4.33. They also 

had FWHM of ~ 20nm (Table 4.22). As anticipated, samples H50 and H70 had the 

highest PL intensity and lowest PL lifetime caused by very high numbers of Er3+ ions 

compared to samples H90 and H100.  
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Figure 4.31: XRD patterns for samples prepared by using background oxygen gas 

pressures of (a) 50 mTorr (H50) (b) 70 mTorr (H70) (c) 90 mTorr (H90) 

 (d) 100 mTorr (H100). 
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Figure 4.32: Crystallite particle at the interface between silicon and the EDTS at a 

certain area when 50 mTorr oxygen gas pressure was used. The appearance of 

crystallite particles is not visible for samples H70, H90 and H100 under the same 

magnification. 

 
Figure 4.33: PL pattern of the 4I13/2-4I15/2 transition of erbium ions with varying 

oxygen gas pressures. 

 

Table 4.22: FWHM and lifetime for sample fabricated using different oxygen gas 

pressures. 

 

Sample FWHM (nm) PL lifetime (ms) 

H50  20 9.34 

H70 20 9.39 

H90 20 10.25 
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H100 20 10.64 

 

4.6 Conclusion 

This chapter clearly demonstrates that the process parameters are closely related to 

the properties of the EDTS. The energy of the fs-laser plays an important role 

because it affects the dynamics of layer formation. EDTS thickness and refractive 

index increased when a higher fs-laser was used due to more elements of Er-TZN 

managing to get into the silica. The substrate heating is also significant because it 

provides the activation energy required to initiate the doping process and dynamically 

break Si-O covalent bonds in the SiO2. This assists the high energy ions from Er-TZN 

in penetrating into the silica and modifies the original silica structure network resulting 

in a well-defined metastable homogeneous EDTS layer. However, when Er-TZN 

approaches silicon in the substrate, crystallite particles of Te are formed at the 

interphase between the silica and the silicon due to a lack of oxygen. For other 

process parameters such as different fs-laser repetition rates and ablation periods, 

both process parameters exhibit a linear relationship between EDTS thickness and 

refractive index. Nevertheless, as higher oxygen pressure is used, fewer elements 

can gain access into the silica, and this contributed to a lower EDTS thickness and 

refractive index. On the other hand, the failure to obtain a homogeneous EDTS layer 

for a very thin layer of silica on SOI suggests that further parameter optimisation is 

required.  
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CHAPTER 5 

X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) AND RAMAN 

SPECTROSCOPY OF AN EDTS ON SOS SUBSTRATE 

 

Although certain optical and physical properties have been extensively studied for an 

EDTS on a silica-on-silicon substrate in Chapter 4, its chemical properties, on the 

other hand, are yet to be fully understood. In this chapter, a chemical analysis of an 

EDTS was carried out using X-ray photoelectron spectroscopy (XPS). This technique 

can be employed to elucidate the elemental surface composition and the oxidation 

state of the cations [224,225]. Indeed, XPS is also able to resolve the contribution of 

bridging oxygen (BO) and non-bridging oxygen (NBO) peak in O 1s core level spectra 

in binary glasses [226–228] and also a complex oxide glasses system [224,229,230]. 

The survey scan mode for XPS is utilised to detect the presence of elements on the 

EDTS surface. However, Er 4d peak could not be detected in the XPS survey scan, 

so the high-resolution scan is used instead to determine the elemental concentration 

in the EDTS. The value obtained is then compared with EDX results. Based on the 

XPS analysis obtained, a structural network of the EDTS could be estimated. Also, 

depth profiling during XPS measurement can investigate the distribution of various 

elements in the EDTS as a function of EDTS layer thickness. In addition, a Raman 

spectroscopic study is also conducted to investigate the structural properties of the 

EDTS.  

 

5.1 XPS study of silica-on-silicon substrate 

Table 5.1 shows the elemental composition of the top surface of SOS substrate 

measured by XPS and EDX-SEM. Ideally, the elemental composition of SiO2 is 66.67 

at. % for O and 33.33 at. % for Si. Unfortunately, the value that was measured by 

XPS had a huge difference from the ideal case which is supposedly 61.73 at. % for 

O and 38.27 at. % for Si. This caused the relative error for Si and O to be 7.41% and 

14.82%, respectively. This similar case was also observed by Smith [231] for SnO2. 

Based on stoichiometry, the actual atomic concentration should have been 33.33 at. 

% for Sn and 66.66 at. % for O. However, the measured value obtained from XPS 

was 38.61 at. % and 61.39 at. % for Sn and O respectively. Thus the relative error 

obtained for Sn was 7.92 at. % and O was 15.85 at. %. Other than SnO2, Smith also 

studied a few other materials such as K2SO4, ZnO, ZrO2, Al2O3 and MoO3 [231]. All 

of them showed the concentration of oxygen to be less than the expected value based 

on stoichiometry. The result of 100% normalisation caused the concentration cation 

species to overestimate the true value. This phenomenon might have occurred due 
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to oxygen loss which contributed to the residual error obtained in the analyses. 

Radiation-induced oxygen loss which occurred from maximum valency oxides has 

been observed on surface analysis using X-ray beams [231,232]. This is most likely 

the cause of inaccuracy in the elemental quantification from XPS analysis of an 

inorganic compound containing oxygen. 

 

Table 5.1: Elemental concentration of silica surface on silicon substrate measured by 

XPS and EDX-SEM. 

 

Elements XPS EDX-SEM 

O 61.39 74.48 

Si 38.61 25.52 

 

Table 5.1 also shows a comparison of the EDTS elemental composition measured by 

XPS and EDX. There is a difference in the value of the elemental concentration 

between EDX and XPS. Apart from the limiting factor experienced by XPS, the 

difference in value may also be due to the limitation of EDX having the unfortunate 

reputation as a method of semi-quantification [233] rather than absolute 

quantification. However, the error from actual value is less for XPS than EDX [234].  

 

5.2 XPS and Raman study of the EDTS surface prepared using different 

background oxygen pressures 

From the XPS survey scan, as shown in Figure 5.1, surface EDTS once again proved 

that it is a mixture of elements from target materials (except erbium) and silica from 

the substrate. Unfortunately, the Er concentration is too low to be detected in survey 

spectra. Erbium that is commonly detected from an Er 4d peak is overshadowed by 

the more prominent background Si 2s peak due to much higher Si concentrat ion 

compared to Er. The absence of a distinctive peak other than peaks for carbon (C 1s) 

and species from silica and Er-TZN (except erbium), in the survey spectra, showed 

that no contaminant was present at the surface of the EDTS. Moreover, the intensity 

of Na 1s, Te 3d and Zn 2p were the highest for sample H50, and this confirms that, 

at a low O2 pressure, more elements from the target gets embedded into the 

substrate. The determination of elemental compositions from the XPS survey data is 

according to the assumption that adventitious carbon levels, morphology and surface 

sensitivity across the survey spectrum are consistent for all samples.  
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Figure 5.1: XPS survey scans from the surface of the SOS substrate and samples 

H50, H70, H90 and H100 using monochromatic Al Kα (1486.6 eV). 

 

As the survey scan failed to detect the presence of erbium, a high-resolution scan for 

core level of O 1s, Si 2p, Te 3d5/2, Zn 2p, Na 1s and Er 4p3/2 was carried out to 

determine the elemental composition present at the EDTS surface. The elemental 

quantification obtained from the high-resolution scan for core level O 1s, Si 2s, Te 4d, 

Na 1s, Zn 2p and Er 4p3/2 are shown in Table 5.2. Even though the exact value for 

elemental concentration could not be obtained accurately because of oxygen loss as 

described previously, the presence of elements from silica and target material at the 

EDTS surface indicated there is a mixing of elements from the target material and the 

substrate surface (SiO2). Table 5.2 clearly shows an increase in O and Si elements 

and also the decline of Te, Zn, Na and Er species for samples prepared with higher 

O2 pressure. This condition caused the decrease of the refractive index as tabulated 

in Table 4.20.  

 

 

 

 

 



110 
 

 

Table 5.2: Elemental composition of the EDTS layer for samples H50, H70, H90 and 

H100 obtained from a high-resolution scan.  

 

Elements 

Sample 

H50 (at. 

%) 

Sample 

H70 (at. 

%) 

Sample 

H90 

 (at. %) 

Sample 

H100 

(at. %) 

O 54.94 55.83 58.61 61.97 

Si 23.74 24.85 26.81 27.53 

Na 10.07 9.47 6.75 4.52 

Zn 6.61 6.02 4.44 3.61 

Te 3.47 2.86 2.77 1.78 

Er 1.17 0.97 0.62 0.59 

 

Figure 5.2 (a)-(d) show the high-resolution scan and the fitted peak for O 1s spectra. 

As seen in Figure 5.2 (a)-(d), the spectra consisted of bridging oxygen (BO) and non-

bridging oxygen (NBO) components which are situated at the binding energy (BE) of 

~532 eV and ~530 eV respectively. An oxygen atom that is bonded with two network 

formers is called bridging oxygen (e.g., -Si-O-Si-) while non-bridging oxygen 

represented oxygen that is attached with only one network former and another one 

with the network modifier (e.g., -Si-O: Na). Apart from BO and NBO peak, there is a 

Na KL1L2,3 peak at ~536 eV which arose due to the Auger process and is not 

associated with O 1s. The assessments pertaining to the NBO and BO peaks are 

consistent with electronegative and electron density arguments. The values for 

electronegativity for oxygen, silicon, tellurium, zinc, sodium, and erbium are 3.44, 

1.90, 2.10, 1.65, 0.93 and 1.24, respectively. BO peak always has higher BE than 

NBO as BO is bonded with a glass former such as Si and Te which has higher 

electronegativity compared to Na and Er that are glass modifiers. Higher 

electronegativity atoms such as Si and Te, will attract electrons towards them when 

forming bonds with O [224]. This makes the surrounding BO electron density 

decrease and ultimately causes the repulsive force experienced by the outer electron 

to also decrease. Due to this, the attractive force that pulls inner electrons from the 

nucleus increases and higher energy is required to eject BO's orbital photoelectron 

from O 1s orbital. As a result, BE for BO is higher. For NBO though, this situation is 

reversed, and this made the NBO to have a lower BE [155].  

 

The best fitting result for BE from the O 1s spectra corresponding to BO and NBO is 

reported in Table 5.3. From Figure 5.2 and Table 5.3, it can be seen that BO looked 

more dominant than NBO in the EDTS network. The position of the BO and NBO 
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peak of O 1s spectra from this work is just like other silicate glass that has been 

reported on [225,228,229]. It again proved that elements from the target material had 

been penetrated and mixed with a silica layer resulting in a silicate compound. The 

concentration of Si that acted as a primary glass former in the EDTS network is far 

higher than other cations which caused BO to be dominant in the EDTS. However, 

the amount of NBO increases when a lower background gas pressure is used due to 

more modifier atoms being present in the doped layer. The increment of these 

modifier atoms also caused O 1s signal shift to lower BE as shown in Figure 5.2 and 

Table 5.3. This is because the increment of modifier density increases the electron 

population at the oxygen atom that can bring down its binding energy. As a 

consequence, the sample that had a higher modifier concentration exhibited lower 

BE.  

 

Figure 5.3 shows a deconvoluted Si 2p core level peak with different oxygen gas 

pressures. Each Si 2p peak consisted of two peaks which are 2p1/2 and 2p3/2 due to 

spin-orbit splitting. These two peaks had been fitted with area ratio 2p1/2/2p3/2 = ½ 

based on the theory of splitting of the 2p level [235]. The BE for both peaks for 

samples prepared at different O2 pressures is shown in Table 5.4. Si 2p1/2 and Si 2p3/2 

appeared to be shifted to lower BE for a sample fabricated using lower O2 pressure. 

The drop of the BE is believed to be attributable to a Si atom which is attached to an 

NBO atom. NBO bonded with Na, Zn or Er has higher ionicity compared to Si which 

is attached with BO by the covalent bond. This caused oxygen to relax its attractive 

potential against the Si atom which, in turn, resulted in an increase in electron density 

in the Si-O tetrahedron. Correspondingly, an increase in electron density on a Si atom 

caused BE for Si 2p to decrease [229,236]. Therefore, with the increase of Na, Zn, 

and Er in the EDTS due to the lower use of O2 pressure, the BE for Si 2p decreased. 

Although Te had a higher electronegativity than Si and the possible Si-O-Te bond 

might cause electron population decrease in Si, but its lower concentration than Na 

and Zn might overshadow its role. 
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Figure 5.2: High-resolution core level spectra of the O 1s of the surface of the EDTS 

layer for samples (a) H50, (b) H70, (c) H90 and (d) H100. 
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Table 5.3: Fitted peak information for BO and NBO resulting from O 1s core level of 

the EDTS for samples H50, H70, H90 and H100. 

 

Sample 
Peak position (eV) Area (%) 

BO NBO BO NBO 

H50 531.48 529.93 61.90 38.10 

H70 531.51 529.99 68.35 31.65 

H90 532.29 530.58 74.84 25.16 

H100 532.44 530.69 77.44 22.56 
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Figure 5.3: High-resolution Si 2p spectra of the surface of the EDTS layer for 

samples (a) H50, (b) H70, (c) H90 and (d) H100. 
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Table 5.4: XPS binding energy for the core levels of Si 2p, Na 1s and Zn 2p for 

samples H50, H70, H90 and H100. 

 

Sample  
Si 2p 

Na 1s 
Zn 2p 

Si 2p1/2 Si 2p3/2 Zn 2p1/2 Zn 2p3/2 

H50 102.35 101.75 1071.67 1044.82 1021.74 

H70 102.54 101.94 1071.35 1044.43 1021.34 

H90 102.88 102.28 1070.86 1044.11 1021.02 

H100 103.20 102.60 1070.55 1043.84 1020.77 

 

Meanwhile, no deconvolution was done for Na 1s (Figure 5.4) as it had no spin-orbit 

splitting for orbital S. From Table 5.4 and Figure 5.4, Na 1s peak was observed to 

shift to lower BE which corresponds to the increase in background gas pressure. It is 

strongly believed that Na, which is the most electropositive element in the doped 

layer, will lose the attractive force towards electrons which made electrons 

congregate at NBO. Due to this, the electron density was lower around Na, and it 

further increased the attractive force between the nucleus and O 1s electrons and 

also binding energy. Consequently, the sample with the higher concentration of Na 

tended to exhibit higher binding energy.  

 

On the other hand, Zn 2p was also fitted like peak Si 2p except that it did not need to 

be deconvoluted because peak Zn 2p1/2 and Zn 2p3/2 are far from one another and do 

not overlap (Figure 5.5). From Table 5.4, peak Zn 2p shifted to the opposite direction 

from Si 2p. In an EDTS, it is assumed that the Zn atom acts as a modifier agent to 

make chemical bonds with Si and Te through the NBO. Like Na, Zn also loses the 

attractive force towards electrons due to its high electropositivity. This caused the 

electron density to be lessened around Zn and also caused Zn to move towards 

higher BE. Zn reduction in a sample prepared with a higher gas pressure caused the 

H100 sample to have the lowest binding energy. 
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Figure 5.4: High-resolution Na 1s spectra of the surface of the EDTS layer for 

samples (a) H50, (b) H70, (c) H90 and (d) H100. 
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Figure 5.5: Zn 2p photoelectron peaks of the samples (a) H50, (b) H70, (c) H90 and 

(d) H100 showing the spin-orbit split into the Zn 2p3/2 and Zn 2p1/2 levels. 
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For Te 3d5/2 spectra, there are two distinct peaks that corresponded to Te oxide and 

Te metal as shown in Figure 5.6. The Te oxide peak is deconvoluted into two 

corresponding of TeO4 and TeO3. TeO4 indicated that Te is bonded to BO while for 

TeO3, Te is often associated with NBO. As clearly shown in Figure 5.6 and Table 5.5, 

the number of Te bonded to NBO is far higher compared to BO, and this clearly shows 

the difficulty of Te making a bond with Si-O to form the bond of Si-O-Te. It would be 

easier for Te to bond with Si if there is a modifier element close to it because it 

requires the agent to break the strong bond of Si-O-Si. However, the number of BO 

is higher for samples prepared with a lower background gas pressure. This is 

probably because Te has higher kinetic energy at lower gas pressures and is more 

capable of breaking Si-O-Si bonds by itself and attaching to BO. Therefore, sample 

H50 has the highest number of TeO4. Nevertheless, the total TeO oxide increased in 

tandem with background gas pressure as an amount of oxygen is higher and this 

condition facilitated Te participating in the main glass network. 

 

Interestingly, there is a Te metal peak detected in the EDTS as shown in Figure 5.6. 

Because the EDTS is amorphous in nature [24,85] and the presence of Te metal 

appeared to be undetectable by XRD, it is assumed that one or more Te atoms are 

situated in the interstitial site, and their sizes are below the XRD detection limit (< 5 

nm) [237,238]. The total amount of these Te atoms present in the interstitial sites is 

supposed to be quite low because the entire range should fit into an interstitial site 

that had limited space. Due to this, the total size of these crystallite particles in the 

EDTS is below the XRD detection limit. 

 

BE shift for Te metal showed a similar trend to that of Te oxide. The decline of BE for 

Te metal with background gas pressure increment is believed to be related to 

particulate size. The use of high pressure caused a higher incidence of collision to 

occur by vapour species, and the nucleation and growth of these vapour species 

promoted the formation of nanoparticulates. Increased gas pressure caused the 

velocity of vapour species to decrease, which in turn, caused the particulates to 

become larger when they reached the substrate. With the presence of background 

gas, ultrafine particulates are formed from vapour species instead of liquid droplets 

[239]. Based on Figure 5.6 and Table 5.5, such smaller particulates result in higher 

measured BE, and this kind of relationship has been reported in some literature [240–

242]. These phenomena have to do with the relaxation energy of atoms involved. 

When a photoelectron leaves the core level, an electron-hole will be formed. This 

causes the atoms to be in an unstable state. It will return to its stable state through 
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the process of reorganisation or charge distribution (relaxation). Eventually, an 

electron in the surrounding will fill the hole and so the photoemission process takes 

place. Relaxation can be divided into two  way which are a rearrangement of electrons 

from the atom (intra-atomic relaxation) and extra-atomic relaxation corresponding to 

the movement of electrons among neighbouring atoms [243]. This relaxation energy 

is produced due to the movement of electrons to the lower energy level which helps 

increase the kinetic energy of the ejected photoelectron and, at the same time, 

decrease the binding energy [244,245]. When the particle size become smaller, the 

number of overlapping energy levels decreases, and the band gap becomes larger. 

The relationship between the energy band gap and particle size can be simplified by 

the Brus equation [246,247] (with the assumption that nanoparticles are in a spherical 

form): 
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Here, 
*

gE  is the band gap of the nanoparticle, 
bulk

gE  is the band gap of the bulk 

material (for Te is 0.33 eV), h is the Planck constant, r is the nanoparticle radius, 
*

em  

is the effective mass of electrons, 
*

hm  is the effective mass of holes, e  is the standard 

unit charge, 0  is the permittivity of free space and s  is the relative permittivity of the 

solid. From equation (5.1), again it shows that band gap increases when the particle 

size is decreased. The broader band gap makes it more difficult for electrons to travel 

to the lowest occupied level and this causes the likelihood of the relaxation process 

to be low. When the relaxation process decreases, it causes the kinetic energy of the 

photoelectron to decrease and instead increases binding energy [248]. Therefore, 

sample H50 had the highest binding energy for the Te metal component compared to 

other samples. 

 

The area percentage of Te metal appeared to be higher when a lower gas pressure 

was used (Table 5.5). The presence of more elements from the target material due 

to the use of lower background gas pressure made it harder for Te to incorporate with 

the main glass network. 
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Figure 5.6: Te 3d5/2 spectrum of the surface of the EDTS layer for samples (a) H50, 

 (b) H70, (c) H90 and (d) H100. The fitted peak suggests that the EDTS contains Te 

metal and two forms of Te oxide which are TeO3 and TeO4.  
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Table 5.5: Peak positions (eV) and area percentage (%) for the component in core 

level Te 3d5/2. 

 

Sample  

Te 3d5/2 

Peak position (eV) Area (%) 

Te oxide 

(TeO4) 

Te oxide 

(TeO3) 

Te 

metal 

Te oxide 

(TeO4) 

Te oxide 

(TeO3) 

Te 

metal 

H50 577.34 576.13 573.01 8.35 57.97 33.68 

H70 577.33 575.82 572.83 7.02 59.69 33.29 

H90 577.26 575.45 572.41 4.96 64.45 30.59 

H100 577.04 575.18 571.63 4.36 69.97 25.67 

 

Figure 5.7 shows the high-resolution XPS spectra of Er 4p3/2. From the spectra, it can 

be deconvoluted into two components. The peak which has higher BE corresponded 

to the Er trivalent ions (Er3+) while the peak associated with Er metal is situated at 

lower BE energy. Er3+ is believed to contribute to the formation of an Er-O bond and 

participate with the main glass network. Like Te, Er metal, which also consists of one 

or several Er atoms, is predicted to be situated in an interstitial site, and their size is 

below the XRD detection limit. Figure 5.7 and Table 5.6 also indicate that Er metal 

was much higher compared to Er3+ and its concentration seemed to increase with 

decreasing background gas pressure as more Er was present in the EDTS. 

Competition became increasingly intense among target material cations to form a 

bond with the oxygen in the silica making it easier for the majority of Er atoms to 

position themselves in interstitial sites especially when lower background gas 

pressure was used. However, BE for each component of each sample shows almost 

the same value. This may be due to a very low concentration of erbium that did not 

impact significantly on the amount of electron density. 



122 
 

 

 

 
Figure 5.7: Er 4p3/2 core level spectra with peak fitting for samples prepared with 

oxygen gas pressures of (a) 50 mTorr (H50), (b) 70 mTorr (H70), (c) 90 mTorr (H90) 

(d) 100 mTorr (H100). 
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Table 5.6: Peak parameter (peak position (eV) and area percentage (%)) derived 

from fitting Er 4p3/2. 

 

Sample 
Peak position (eV) Area (%) 

Er oxide Er metal Er oxide Er metal 

H50 325.26 319.89 34.09 65.91 

H70 325.29 319.88 36.02 63.98 

H90 325.29 319.85 39.69 60.31 

H100 325.30 319.81 41.37 58.63 

 

Subsequently, depth profiling was done to investigate the trend of semi-quantification 

values as a function of etching time or EDTS depth. Figure 5.8 displays the depth 

profile for sample H70. It was found that the concentration of all the elements, except 

Er, were almost consistent and this clearly showed that the distribution of elements 

for O, Te, Zn, Na, and Si are almost uniform in the EDTS. Figure 5.8 also showed 

that, other than Er, all species from tellurite glass mixed well with silica. However, as 

the EDTS is too thick and the etch rate is low, the etching process could not reach 

the interface between the EDTS and silica. Nevertheless, the depth profiling done 

was only a survey scan at every 30 s. Thus, the element Er failed to be detected. 

 

Due to the failure of detecting erbium through conventional depth profiling, sample 

H70, later on, was etched for 120, 240, 360, 480, 600 and 720 s and high-resolution 

for each core level O 1s, Si 2p, Na 1s, Te 3d, Zn 2p and Er 3d3/2 were scanned at 

particular etch times/depths. However, the concentration of Er obtained was very 

high, at a value considered not quite logical. A probable explanation for this is that 

some of the argon used to etch the EDTS surface had unexpectedly been implanted 

into the EDTS. Because the BE peak for Ar 2s is almost equal to Er 4p3/2 and the 

concentration is believed to be higher than Er in the doped layer, this caused its peak 

to overlap with Er. This, once again, caused a failure to detect Er, but from Figure 5.9, 

it still shows that elements other than Er are fairly consistent. 
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Figure 5.8: XPS depth profile for sample H70. The in-depth distributions of silicon, 

oxygen, tellurium, zinc and sodium are reported. 

 
Figure 5.9: The concentration of silicon, oxygen, tellurium, zinc, and sodium 

obtained from a high-resolution scan when etching for 120, 240, 360, 480, 600 and 

720 s. 
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Besides that, a Raman study was also done in order to further investigate the 

structural properties of the EDTS. Figure 5.10 shows the Raman spectra for SOS 

substrate and samples H50, H70, H90, and H100. All samples including the SOS 

substrate reported the peak of the wavenumber of 521 cm-1 attributed to single 

crystalline silicon [249,250] derived from the substrate. This peak appeared to be the 

lowest for sample H50 because the EDTS for this sample was the thickest which, in 

turn, caused the signal from the Si substrate to be weak. However, there were peaks 

at the wavenumber 122 and 141 cm-1 for sample H50 which corresponded to metallic 

tellurium that matched with the XRD result (Figure 4.31) [251,252]. For peaks located 

at a high wavenumber, 1160 and 1544 cm-1, these two peaks are linked with erbium 

fluorescence emission [253].  

 

Next, the Raman spectra for sample H70 were deconvoluted into eight Gaussian 

bands (A, B, C, D, E, F, G, and H) and the results are shown in Figure 5.11. The peak 

at energies lower than 200 cm-1 is named band A, and is considered a boson peak 

[254,255]. The Raman peak observed near band B (272 cm-1) is associated with a 

bending vibration of the TeO3 trigonal pyramid (tp) [256–258]. The appearance of 

TeO3 is also detected by XPS as shown in Figure 5.6. Band C, which is in the range 

of 430-500 cm-1, is commonly associated with Si-O-Si bending of Q4 species 

[249,259,260]. The peak around band E (590-650 cm-1) is attributed to the Si-O-Si 

bridges (bending vibration) between two Q2 species [259,261]. The emergence of a 

peak in the region of band F (770-790 cm-1) and G (900-1000 cm-1) are often assigned 

as antisymmetric Si vibration in tetrahedral oxygen cage (Q4) [249,259,262] and Si-

O-Si stretching of Q2 components, respectively [259,263]. As mentioned before, the 

bands at a higher frequency that are located at band H (~1160 cm-1) and I (~1544 cm-

1) are associated with Er-related fluorescence while the prominent peak at band D 

(521 cm-1) is referred to silicon from the substrate.  
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Figure 5.10: Raman spectra of (a) SOS substrate and samples (b) H50, (b) H70,  

(c) H90 and (d) H100. 
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Figure 5.11: The deconvolution Raman spectra for sample H70.  

 

5.3 XPS and Raman study of the EDTS surface fabricated at various SOS 

substrate temperatures. 

Figure 5.12 shows the XPS survey scan for samples that were fabricated using 

different substrate temperatures. Obviously, for sample B400, Te peak is the highest 

compared to other samples, and this proved that tellurite is the host network for the 

upper layer. The absence of Si in the sample B400 also proved this. Because the Si 

element is absent or very low in the surface layer of sample B400, this allowed the 

peak for Er 4d (168 eV) to be detected in the survey scan. For sample B700, Te peak 

is very low, and this validates the discussion in the previous chapter (Section 4.2).  
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Figure 5.12: XPS survey scan for samples B400, B570 and B700. 

 

Table 5.7 tabulates the element concentration for the surface layer of samples B400, 

B570, and B700 which are calculated using a high-resolution scan of O 1s, Si 2p, Na 

1s, Zn 2p3/2, Te 3d5/2 and Er 4p3/2. Again, even though the value for the element 

concentrations derived from XPS is slightly different from EDX-SEM but the trend is 

still quite similar. The presence of element Si, which could be detected in high-

resolution scans, indicated that few Si atoms managed to diffuse into the deposited 

layer for sample B400.  

 

Table 5.7: Elemental composition of the EDTS layer for samples B400, B570 and 

B700 obtained from a high-resolution scan.  

 

Elements 

Sample 

B400 

(at. %) 

Sample 

B570 

(at. %) 

Sample 

B700 

(at. %) 

O 52.24 58.51 58.40 

Si 1.85 28.90 28.79 

Na 10.18 5.72 7.08 

Zn 6.95 3.50 4.57 

Te 27.08 2.89 0.59 

Er 1.70 0.48 0.57 
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Figure 5.13 shows a high-resolution scan of Te 3d5/2 for a sample fabricated with 

different substrate temperatures. Interestingly, the high-resolution scan of Te 3d5/2 for 

B400 is slightly different from that of the EDTS. No Te metal could be detected for 

this deposited layer, and this indicated that the amount of oxygen is sufficient in the 

layer. Surprisingly, TeO3 is dominant in this network. The peak that located at ~574 

eV is normally attributed to tellurium sub-oxide [264,265]. For the B700 sample, the 

very low density of the EDTS made the scan results to have much noise and made 

deconvolution processes difficult possibly causing it to be less accurate. NBO which 

is dominant in the deposited layer structure was also detected in high-resolution O 1s 

as shown in Figure 5.14.  

 

Figure 5.15 shows the Raman spectra of samples prepared at different substrate 

temperatures. Both samples B570 and B700 showed the typical EDTS on silica-on-

silicon Raman spectra. However, the peak around ~250-280 cm-1 associated with 

TeO3 seems more pronounced for the B570 sample compared to the B700. This might 

be due to higher Te density in B570. For B400, the Raman spectra is a bit different 

from others. The Si peak is invisible for this sample. Since the Raman spectrum for 

K400 is somewhat different, this spectrum had been deconvoluted into seven 

Gaussian bands (A, B, C, D, E, F, and G) and its results are depicted in Figure 5.16. 

The presence of a peak at 258 cm-1 at location A is allocated to trigonal pyramid TeO3 

(tp) unit (bending vibration) while band B, which consisted of wavenumber 381 cm-1, 

corresponded to Zn-O vibrations [256,257]. The observed peak at 532 cm-1 (band C) 

is assigned to the vibration bond in the Te-O-Te bridging structure between various 

Te-based structural units. This band originated from the stretching modes and 

symmetrical bending of continuous chains of TeO4, TeO3+1 and TeO3 polyhedra at the 

shared corner [256]. The peak located around 660 cm-1 (band D) resulted from the 

asymmetrical stretching vibrations of the Te-O bond in TeO4 trigonal bipyramids (tbps) 

units. Band E which consisted of a peak of 786 cm-1 is assigned to the asymmetric 

vibrations of linkages related to the TeO3 structural units [266,267]. As mentioned 

before, bands F and G are Er3+ ion PL emission related.  
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Figure 5.13: Te 3d5/2 spectra of the surface of the EDTS layer for samples (a) B400, 

(b) B570 and (c) B700. 
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Figure 5.14: High-resolution spectra of O 1s for sample B400. This clearly shows 

that NBO is dominant in the network. 
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Figure 5.15: Raman spectra of samples (a) B400, (b) B570 and (c) B700. Both B570 

and B700 samples show typical EDTS Raman spectra. 
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Figure 5.16: Deconvolution of Raman spectra of sample B400 in various Gaussian 

bands. The bands investigated in this work labelled as 

 A, B, C, D, E, F and G are marked. 

 

5.4 Elemental concentration of the EDTS surface fabricated using silica on 

silicon-on-insulator (SOI) substrate. 

A very thin EDTS made it hard for the elemental concentration measurement to be 

carried out by EDX-STEM. Alternatively, the XPS measurement could measure 

elemental concentration on this thin EDTS surface. Table 5.8 shows the elemental 

concentration in samples G10, G15, and G25. As expected, the species from Er-TZN 

increased when thicker silica was used due to the longer ablation period. 
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Table 5.8: Elemental composition of the EDTS layer for samples G10, G15 and G25 

obtained from a high-resolution scan. 

 

Elements 

Sample 

G10 (at. 

%) 

Sample 

G15 (at. 

%) 

Sample 

G25 

(at. %) 

O 59.63 59.17 58.22 

Si 37.70 34.44 32.95 

Na 2.12 4.29 5.48 

Zn 0.32 1.42 2.50 

Te 0.08 0.20 0.30 

Er 0.15 0.48 0.55 

 

5.5 Conclusion 

The XPS study in this chapter contributes to a better understanding of the chemical 

composition and the local structure of the EDTS layer. According to the curve fitting 

of O 1s core spectra, it is noticed that bridging oxygen (BO) is more dominant 

compared to non-bridging oxygen (NBO) in the EDTS network. Result fitted peak of 

Te 3d5/2, and Er 4p3/2 exposed the presence of Te and Er metals in the EDTS, and 

from these findings, it is believed that they are situated in the interstitial site. From the 

XPS measurement also, it gives the concentration of each element present in the 

upper layer of the sample. However, the concentration of each element obtained 

through XPS might be less precise due to oxygen loss. Besides this, XPS depth 

profiling performed proves that the EDTS consists of a homogeneous mixture of 

elements from the target material and silica from the substrate. On the other hand, 

Raman spectra obtained also give a deeper understanding about the structure 

properties of the upper layer on the substrate and, in particular, substantiate the 

presence of Te metal and TeO3 structural units in the material. 
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CHAPTER 6 

DOPING TeO2-ZnO-Na2O-Er2O3 (Er-TZN) INTO SILICON NITRIDE (Si3N4)-ON-

SILICON SUBSTRATE 

 

The success of Er-TZN doping into silica has inspired the extension of the ULPD 

technique to other substrate materials, which is the subject of this work. Among 

various available substrates, Si3N4-on-silicon seems an interesting candidate due to 

the fascinating properties of Si3N4 such as its high refractive index (1.99), and the fact 

that it is also a Si-based material like SiO2 which compatible with CMOS processing. 

A number of process parameters have been varied to ensure that the resulting doped 

layer at least replicates the quality of the EDTS. The process parameters investigated 

were different substrate temperature, type of background gas, fs-laser energy, fs-

laser repetition rate, background gas pressure and ablation period.  

 

6.1 Substrate temperature 

Five samples were fabricated with different substrate temperatures following the 

procedures reported for ULPD before. These samples are labelled as K470, K520, 

K570, K600 and K650 based on the applied substrate temperatures of 470 °C, 520 

°C, 570 °C, 600 °C and 650 °C, respectively. All process parameters used to prepare 

these samples are listed in Table 6.1. 

 

Table 6.1: The parameters used to dope Er-TZN into Si3N4-on-silicon substrate by 

using various temperatures to heat the substrates.  

 

Process parameters Operating conditions 

Substrate Si3N4 (t=1 µm)-on-silicon  

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 50 µJ  

Fs-laser repetition rate 1.0 kHz 

Substrate temperature 

(sample name) 

470 °C (K470), 520 °C(K520), 570 °C (K570), 600 °C 

(K600) and 650 °C (K650) 

Ablation period 4 hours 

Background gas pressure 70 mTorr O2  

 

As discussed previously in Chapter 4, the substrate temperature is a significant 

parameter in ULPD because it activates the mobility of the ablated species so that it 

penetrates into the substrate and modifies the host Si3N4 network. Before further 

optimisation of the process can be undertaken, however, a suitable temperature 

needs to be identified. Figure 6.1 (a) shows a backscattered (BSE) cross-sectional 
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SEM image for a Si3N4-on-silicon substrate prior to ULPD trials while SEM images for 

samples K470, K520, K570, K600 and K650 are shown in Figure 6.1 (b)-(f). As Figure 

6.1 (b) illustrates, deposition of Er-TZN onto the substrate has occurred. The layer 

formed on the Si3N4 substrate appeared uniform and smooth. However, it appears 

that only a small amount of the Er-TZN has successfully penetrated the Si3N4. This 

signifies that a temperature of 470 °C is not high enough to break the Si-N bond. Only 

a few of the energetic elements of the Er-TZN have managed to enter into the Si3N4 

molecular network as can be seen around the materials interface. On the other hand, 

according to the SEM images of Figure 6.1 (c) – (f), for samples that were fabricated 

with a higher temperature of 520 °C - 650 °C, it is found that the Er-TZN successfully 

penetrated the Si3N4. From the cross-sectional SEM, it can be seen that at the edge 

of sample K600, as shown in Figure 6.2, doping occurred. Nevertheless, from all of 

the images of the doped layer, it is clear that the doping was not as uniform as doping 

silica with Er-TZN. Although elements from the target material managed to penetrate 

the Si3N4, it is discretely distributed as depicted by the grayscale variations in the 

doped layers. This largely inhomogeneous layer appeared to be partly porous, and, 

in certain areas, there was an accumulation of specific elements. The SEM images 

of the surface of the doped layer also show that it is very uneven and rough as shown 

in Figure 6.3. 

 

  
                             (a)                                                              (b) 
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                             (c)                                                               (d) 

 

  
                             (e)                                                                (f) 

Figure 6.1: Backscattered cross-sectional SEM images of (a) bare Si3N4-on-silicon 

substrate, and samples doped with Er-TZN into Si3N4-on-silicon when substrate was 

heated at (b) 470 °C (K470) (c) 520 °C (K520), (d) 570 °C (K570), (e) 600 °C (K600) 

and 650 °C (K650). 

 

 
Figure 6.2: Doping of Er-TZN into silicon nitride at the sample edge for sample 

K600. It is divided into two main parts which are (a) the formation of a doped layer 

on Si3N4 and (b) an area where substrate has been covered by the substrate holder. 
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Figure 6.3: SEM surface morphology of the top surface of the doped layer for 

sample K600. 

 

The thicknesses of the upper layers for all of the samples are summarised in Table 

6.2. For sample K470, the thickness of the Si3N4 underneath the upper layer was less 

than the original thickness of 1 µm, and this indicated that doping had occurred, even 

though there was only a small amount on the Si3N4 surface. For samples K520, K570, 

K600 and K650, the upper layer thicknesses cannot be precisely determined and 

have large errors due to their very rough surfaces. However, the estimated thickness 

obtained showed a linear relationship between thickness and the temperature used 

to heat the substrate. Additionally, the thickness of the Si3N4 underneath the doped 

layer became smaller with an increase of substrate temperature. This meant that the 

material target could react with the Si3N4 more thoroughly at higher temperatures. 

The refractive index and thickness, which were measured using a prism coupler in 

this thesis, could not be measured due to the uneven surface of the doped layer. 

 

Table 6.2: Thickness of upper layer and Si3N4 underneath, measured by SEM for 

samples K470, K520, K570, K600 and K650. 

 

Sample 
Thickness (µm) 

Upper layer Si3N4 under upper layer 

K470 1.1 ± 0.1 0.87 ± 0.04 

K520 1.5 ± 0.4 0.74 ± 0.03 

K570 1.5 ± 0.3 0.66 ± 0.03 

K600 1.8 ± 0.3 0.60 ± 0.05 

K650 2.0 ± 0.3 0.57 ± 0.09 

 

Figure 6.4 shows two different positions in the K470 sample measured by EDX-SEM 

in order to obtain the elemental concentrations at these particular positions, and the 
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results are shown in Table 6.3. Because the upper layer of the sample K470 is only 

a deposited layer, it is expected to have the properties of tellurite-based glass used 

as a target material. The high concentration of Te at position 1 confirmed this. For 

position 2, which is located near the interface of deposited region and Si3N4 but within 

the Si3N4 have some elements from the target material, mostly oxygen. The smaller 

atomic size of oxygen compared to Te, Zn, Na and Er enabled a few energetic 

ions/atoms of oxygen to successfully penetrate the Si3N4 and oxidise some of it. 

However, it is evident that the lower temperatures hindered deeper modification of 

the Si3N4 layer further. An area scan done for the sample to determine the distribution 

of elements in sample K470 is shown in Figure 6.5.The negligible presence of 

elements Si and N in the upper layer confirms that the upper layer consists of just 

elements from Er-TZN. Apart from this, the area scan obtained also shows an 

intermediate region between the deposited layer and Si3N4 composed of Si, O, Te, 

Zn, Na, Er and N.  

 

 
Figure 6.4: EDX-SEM measurement at two different locations for sample K470. 

 

Table 6.3: Elemental concentration of sample K470 at two locations as shown in 

Figure 6.4.  

Element 
Concentration (at. %) 

Position 1 Position 2 

O 58.79 15.86 

Si 2.25 39.49 

Te 23.7 2.83 

Zn 5.78 1.23 

Na 8.45 1.54 

Er 0.65 0.02 

N 0.38 39.03 
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      (a)            (b)             (c)            (d)             (e)            (f)             (g)             (h) 

Figure 6.5: Area scan measured by EDX-SEM for sample K470 with (a) the area 

being measured. The distribution of species present in it which were (b) silicon, (c) 

oxygen, (d) tellurium, (e) sodium, (f) zinc, (g) erbium and (h) nitrogen. 

 

Figure 6.6 shows the EDX-SEM measurement results performed at several locations 

in the doped layer for samples prepared at a higher temperature, i.e. 600 C. The 

composition at each position is also provided in Table 6.4. Clearly, the elements are 

distributed unevenly. Surprisingly, the concentration of N in the doped layer is very 

low when compared to its concentration in Si3N4 which is supposedly around ~57.1 

at. % . It is considered that nitrogen was lost in the form of nitrogen gas when the 

tellurite glass reacted with Si3N4 and this phenomenon was also reported by 

Watanabe et al. [268].  

 

For the darkest regions in the doped layer, it is found that the concentration of Te is 

higher than that at the other positions. This is likely due to Te accumulation at position 

1 but, as discussed previously in Chapter 4 (Section 4.4.1), Te accumulation should 

show as a brighter region because Te is a heavy atom. To identify the reason for this 

discrepancy, an area scan was performed to view the entire elemental distribution 

present in the K600 sample. Interestingly, through the area scan (Figure 6.7), it was 

discovered that the Te had an even distribution over the entire doped layer. 

Concentration elements other than Te were very low in the dark regions. The area 

scan for Er is less obvious because of its very low concentration, resulting in a lot of 

noise in the scan results. The scarcity of elements Si, O, Zn, Na, Er and N in the dark 

areas caused at. % for Te to be higher in these regions. 
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Figure 6.6: EDX-SEM measurement at two different locations for sample K600. 

 

Table 6.4: Elemental concentration of sample K600 at two locations as shown in 

Figure 6.6. 

 

Element  
Concentration (at. %) 

Position 1 Position 2 Position 3 

O 34.52 41.17 63.17 

Si 38.10 37.39 17.59 

Te 19.64 9.15 4.79 

Zn 1.84 5.73 3.22 

Na 3.89 5.75 8.14 

Er 0.55 0.79 0.91 

N 1.46 0.02 2.18 

 

 

  
                             (a)                                                              (b)  
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                             (c)                                                               (d)  

 

  
                             (e)                                                               (f)  

 

  
                             (g)                                                             (h)  

Figure 6.7: Area scan measured by EDX-SEM for sample K570 with (a) the area 

being measured. The distribution of species present in it which were (b) silicon, (c) 

oxygen, (d) tellurium, (e) zinc, (f) sodium, (g) erbium and (h) nitrogen. 

 

Failure to obtain a very uniform doped layer, such as is the case with the EDTS, was 

probably due to the substrate temperature not being sufficiently high. The melting 

temperature of Si3N4 (1900 °C) is higher than that for silica (1710 °C). Therefore, 

higher temperatures might be required to allow the dissolution of Er-TZN into Si3N4 

with homogeneous layer formation. However, one of the limitations of the equipment 
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used in this research was that it could only reach 650 °C. Additionally, the failure to 

obtain homogeneous doped layers might be due to the SiO2 amorphous network 

which is somewhat different to that of Si3N4. Unlike the local structure of silica which 

contains adjustable and flexible -Si-O-Si- bridging bonds, Si3N4, on the other hand, 

consists of- Si-N-Si- bonds that is rendered rigid as nitrogen requires bonding with 

three Si rather than two to form a stable configuration. As a consequence, its network 

structure is much more constrained compared to silica [269]. This made it difficult for 

the elements from Er-TZN to diffuse into Si3N4 and modify it. A higher temperature 

would be expected to help loosen the strong Si-N bonds. Furthermore, the more rigid 

Si3N4 structure caused it to have higher internal stress levels and therefore to crack 

more easily. This problem was not observed for samples fabricated using a silica-on-

silicon substrate. Figure 6.8 (a)-(b) shows the surface images of samples that used 

different substrates (SiO2 and Si3N4) with the same process parameters and target 

material. The images were taken under an optical microscope near the edge of the 

doped layer. This clearly shows that the undoped Si3N4 layer on silicon cracked after 

the sample fabrication process.  

 

  
                              (a)                                                               (b)  

Figure 6.8: Surface image was taken by optical microscope for samples fabricated 

with the same process parameters and a target material for (a) silica-on-silicon and 

(b) Si3N4-on-silicon substrate. 

 

Figure 6.9 shows the XRD patterns of the substrate and samples K470, K520, K570, 

K600 and K650. The patterns show that all samples are in a mixed amorphous-

crystalline phase. The indexed peaks assigned to the possible crystalline structures 

are also shown in Figure 6.9. The 2θ peak located at approximately ~69 is a 

crystalline Si (100) peak that originates from the silicon substrate. For sample K470, 

there are eleven peaks detected which are 23.38°, 27.87°, 38.63°, 40.61°, 43.61°, 

46.42°, 48.73°,49.95°, 57.24°, 63.11° and 65.98° that corresponds to Te (ICCD 
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reference code: 00-036-1452). It is believed that the appearance of Te crystallite 

peaks is attributable from the transition layer between the deposited and Si3N4 layers. 

On the other hand, for the doped layer of samples K520-K650, the intensity and 

number of crystalline peaks increase when higher substrate temperatures are used. 

This is because crystallisation occurs more easily at high temperatures [270,271]. 

The crystalline peaks for SiO2 (ICCD reference code: 00-039-1425) and Na2Zn3 

(SiO4)2 (ICCD reference code: 00-012-3700) start to appear when the sample is 

heated at 600 °C and become more pronounced at higher temperatures. In addition, 

for the doped layer, the crystalline phase of Te also increases in both number and 

intensity with respect to increasing temperature.  

 

Figure 6.10 presents the Raman spectra for the Si3N4-on-silicon substrate and 

samples fabricated with various substrate temperatures. The Raman spectra for 

sample K470, which is comprised of tellurite-based glass, was different (Figure 6.10 

(a)) compared to samples prepared at higher temperatures. From Figure 6.10 (b)-(f), 

all Raman spectra showed metallic tellurium peaks (122 and 141 cm -1). This indicates 

that the tellurium cluster is likely to form within this doped layer and coincides with the 

findings from XRD. However, these two peaks are less pronounced in sample K470. 

This suggests that most of the Te in this sample is present in oxide form rather than 

metallic form. The stoichiometry of the Er-TZN is better preserved in the deposited 

film than in the doped layer. The Raman spectrum for K470 is similar to those for 

sample B400 (Figure 5.15 (a)) excepting the peak for metallic tellurium because both 

of them are deposited layers of tellurite-based. The assignment of all the peaks in this 

sample has already been discussed in the previous Chapter 5 (Section 5.3). The 

decrease of the Si peak intensity from samples K520 to K650 indicated that the 

thicknesses of the doped layer increase for samples fabricated at higher substrate 

temperatures. The Raman spectra for samples K520, K570, K600 and K650 (Figure 

6.10 (b)-(e)) are similar to the EDTS (without Te metal), and only the appearance of 

peaks at 122 and 141 cm-1, in fact, distinguished them. Therefore the assignment of 

all other peaks in the spectra is the same as discussed in Chapter 5 (Section 5.2) for 

the EDTS as the contribution of N is not detectable.  
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Figure 6.9: XRD patterns of (a) Si3N4-on-silicon substrate and samples (b) K470,  

(c) K520, (d) K570, (e) K600 and (f) K650.  
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Figure 6.10: Raman spectra of (a) Si3N4-on-silicon substrate and samples (b) K470, 

(c) K520, (d) K570, (e) K600 and (f) K650. 

 

Figure 6.11 displays the XPS survey spectrum for the sample prepared using a 

substrate temperature of 570 °C. The spectrum pattern obtained resembles that of 
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the EDTS. The absence of the element nitrogen confirmed that nitrogen is released 

when Er-TZN reacts with Si3N4. The distinct peak of N 1s that is expected at a binding 

energy of around 398 eV is not observed in the obtained spectra. Therefore, it is 

evident that nitrogen is present only in very small quantities, or is virtually absent in 

the doped layer. The presence of Si in the spectral survey verified once again that Er-

TZN had successfully entered into the Si3N4 layer and formed a predominantly 

silicate-based layer.  

 
Figure 6.11: XPS survey spectrum for the sample prepared using a substrate 

temperature of 570 °C. 

 

PL emission spectra for the samples are shown in Figure 6.12. For the K470 sample, 

the FWHM of the spectra is broader compared to others, which also indicated that 

the upper layer is a tellurite-based material. The low PL lifetime (4.97 ms) and a 

FWHM value of around 33 nm (Table 6.5) obtained are comparable to that reported 

for tellurite glass [53,272]. On the other hand, as shown in Table 6.5, samples K520, 

K570, K600 and K650 had a PL lifetime of between 9 and 10 ms and FWHMs of 20 

nm, and this indicated that the doped layer is silicate based, as with the EDTS. If the 

doped layer is Si3N4 based, it will show a lower lifetime, in the range of 0.2-7 ms with 

a FWHM broader than a typical erbium-doped silicate base material [273–275]. From 

Table 6.5, the higher PL intensity and lower lifetime of samples prepared at higher 

substrate temperatures signifies that the Er density is higher in the doped layer when 

the substrate is heated to a higher temperature. 
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Figure 6.12: Room temperature PL spectra of samples K470, K520, K570, K600 

and K650. The broad shape for sample K470 indicates it has a different host from 

the others. 

 

Table 6.5: PL lifetime and FWHM of samples K470, K520, K570, K600 and K650. 

 

Samples PL lifetime (ms) FWHM (nm) 

K470  4.97 33 

K520  10.43 20 

K570  9.94 20 

K600  9.71 20 

K650  9.59 20 

 

6.2 Ambient atmosphere 

Another important condition in the ULPD technique is an ambient atmosphere in the 

chamber, as this can influence the behaviour of the plasma plume which can, in turn, 

affect the characteristics of the doped layer obtained. The ambient atmosphere 

determines the plume particle dynamics (velocity, scattering, collision and kinetic 

energy) and the amount of time that particles remain in the plume [276–278]. The 

process can be carried out under high vacuum or in the presence of another 

background gas that can be inert, reactive or a mixture of different gases [279]. Four 

samples were fabricated under different ambient atmospheres, and the process 

parameters used to prepare all of these samples are reported in Table 6.6. The 
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sample that was fabricated in a vacuum is labelled SV while SO, SN and SA represent 

oxygen, nitrogen and argon environments, respectively.  

 

Table 6.6: The parameters used to dope Er-TZN into Si3N4-on-silicon substrate under 

different ambient atmospheres.  

 

Process parameters Operating conditions 

Substrate Si3N4 (t=1 µm)-on-silicon  

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 80 µJ  

Fs-laser repetition rate 1.0 kHz  

Substrate temperature 650 °C  

Ablation period 4 hours 

Background gas pressure 

(sample name) 

Vacuum – 6 x 10-5 Torr (SV), 70 mTorr O2 (SO), 70 

mTorr N2 (SN) and 70 mTorr Ar (SA) 

 

The micrographs obtained, Figure 6.13 (a)-(d), show the doped layer on Si3N4-on-

silicon with different background atmospheres whilst the thickness of each doped 

layer together with the Si3N4 layer underneath it are presented in Table 6.7. It can be 

seen that the doped layer under vacuum (SV) is the thinnest among all of the samples. 

The thinner doped layer recorded for the SV is believed to be related to the plume 

dynamics during the process. In such high vacuum conditions, when the laser ablates 

the target, the generated plume leaves the target with very high energy towards the 

substrate surface. The bombardment of these very energetic particles/ions onto the 

substrate/doped layer surface induces these particles to be re-sputtered or reflected 

when they bombard the substrate of the already formed film [280,281].  

 

  
                             (a)                                                                 (b) 

 

Doped layer 

Si3N4 

Silicon 

Doped layer 

Si3N4 

Silicon 

Doped layer 
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                            (c)                                                                 (d) 

Figure 6.13: Backscattered cross-section SEM image of samples doped with Er-

TZN under (a) vacuum (SV) and a background gas of (b) oxygen (SO), (c) nitrogen 

(SN), and (d) argon (SA).  

 

Table 6.7: Thickness of upper layer and Si3N4 underneath measured by SEM for 

samples SV, SO, SN and SA.  

 

Sample 
Thickness (µm) 

Upper layer Si3N4 under upper layer 

SV 2.1 ± 0.2 0.62 ± 0.04 

SO 5.4 ± 0.4 0.34 ± 0.04 

SN 4.5 ± 0.3 0.35 ± 0.05 

SA 3.0 ± 0.2 0.40 ± 0.06 

 

The very high kinetic energy of a particle in the plasma plume can be reduced by 

deliberately introducing a background gas in the chamber at low pressures. The 

presence of the background gas creates collision events that occur between the 

ablated particle and background gas that will scatter the plumes from their initial 

trajectories [282,283] and increase the residence time of particles in the plume. This 

gives ample time for the particles to nucleate, agglomerate and enlarge their sizes 

prior to reaching the substrate [284]. As a consequence, they will be less mobile on 

the substrate surface [283].  

  

Since the argon atom is bigger than the nitrogen and oxygen atoms, the probability 

of a collision incident between particles in the plume with Ar atoms is higher, resulting 

in a shorter mean free path and bigger particle size. Therefore, a thinner layer is 

produced than for the samples fabricated under O2 or N2 atmospheres. The mean 

free path can be estimated by using equation 6.1 [284,285]: 

                                                     
Px

TkB
m 22

                                                             (6.1)  

Si3N4 

Silicon 

Doped layer 

Si3N4 

Silicon 

Doped layer 
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where 
Bk is the Boltzmann constant, T  is the temperature of the gas, x  is the 

collisional cross-section and P is the gas pressure. The mean paths for the Ar and O2 

environments are estimated to be around 1.767 x 10-7 m and 2.475 x 10-7 m 

respectively, and it is predicted to be higher under vacuum conditions [284]. For the 

N2 atmosphere, it is expected that the mean free path is quite similar to that of O2 

because both have almost similar mass density. However, it appears that the 

thickness of the doped layer for sample SO is higher than that of SN although SN is 

fabricated with a lighter background gas. This is probably because O2 is more reactive 

than N2 and chemical reactions between O2 and particles within the plume may have 

occurred. It is anticipated that the reaction between O2 from the background gas with 

the ablated particles will form single monoxide or multioxide molecules. These heavier 

monoxide or multioxide molecules experience less scattering to the flank side 

compared to lighter elements [286]. This might be the cause of the doped layer for 

the SO samples being thicker than that for the SN samples.  

 

The surfaces of the doped layers for the samples prepared under various 

environmental conditions were recorded by SEM and shown in Figure 6.14 (a)-(d). 

Figure 6.14 (a) displays a surface image sample prepared in a high vacuum 

environment while those prepared under oxygen, nitrogen and argon atmospheres 

are presented in Figure 6.14 (b) – (d). Among the images, the surface layer for SV 

seems to be relatively smoother. This was probably due to the particles that travelled 

to the substrate directly from the target (without or with very few collisions), and this 

resulted in the sizes of the particles which impinged on the substrate being smaller. 

The size of a bump on the surface increases when heavier gas is used. In addition, a 

heavier gas increases the residence time of the particles in the plume which makes 

the particle become bigger, the collisions between the background gas and the 

particles in the plume become more severe, leading to an increased broadening of 

the plume angular distribution. For a heavy background gas, the broadening is more 

critical than for a light gas. Light species in the plume tend to be much more scattered 

than heavy species, and this leads to the appearance of large particles on the film 

[280].  

 

Figure 6.15 (a)-(d) shows the XRD patterns of the doped layers on Si3N4-on-silicon 

fabricated in different atmospheres. The patterns show that all samples are still in a 

mixed amorphous-crystalline phase. The indexed peaks assigned to the possible 
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crystalline structures are also shown in Figure 6.15 (a)-(d). The sample prepared in 

an oxygen environment clearly exhibited a higher intensity of crystalline peak, which 

indicated a greater degree of crystallinity [287]. This is probably attributable to the 

interaction of oxygen gas with species in the plume. The energy exchange and heat 

generation associated with the oxidation process expedited the crystallisation of the 

doped layer and improved the crystallinity [288]. On the other hand, the longer 

residence stays time for plume particles in the argon atmosphere could also have 

enhanced the building of a more stable crystal bridge [289] and subsequently, 

therefore, increased the crystalline phase (Figure 6.15 (d)). Furthermore, the high 

interaction of ablated species with the argon atoms eventually increased the plasma 

plume temperature, which also helped to increase the crystallisation [290].  

 

   
                               (a)                                                             (b)  

  

  
                                (c)                                                            (d)  

Figure 6.14: SEM micrograph for the surface of doped layers prepared under (a) 

vacuum (SV), (b) oxygen (SO), (c) nitrogen (SN) and argon (SA). 

 

Figure 6.16 presents the Raman spectra for the samples doped under a vacuum and 

with various types of background gas. All the spectra exhibited a similar pattern, 

except the intensity of the Si peak (521 cm-1), which depended on the thickness of 
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the doped layer. As mentioned before, the Si peak will be more pronounced for the 

thinner film.  

 

The PL spectra for samples SV, SO, SN and SA are shown in Figure 6.17. The PL 

intensity for each sample corresponds to the amount of Er3+ ions embedded in the 

doped layer. The sample fabricated in a vacuum atmosphere (SV) experienced re-

sputtering incidents, causing a reduction of Er3+ ions in the doped layer. However, all 

samples still exhibited silicate-based characteristics according to the FWHM and PL 

lifetime, as listed in Table 6.8. As expected, the PL lifetime had an inverse relationship 

with PL intensity.  
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Figure 6.15: XRD patterns of doped layer on Si3N4-on-silicon fabricated under  

(a) vacuum (SV), (b) oxygen (SO), (c) nitrogen (SN) and (d) argon (SA) 

environment. 
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Figure 6.16: Raman spectra for samples doped under (a) vacuum (SV), (b) oxygen 

(SO), (c) nitrogen (SN) and (d) argon (SA) environment. 
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Figure 6.17: PL spectra for samples SV, SO, SN and SA.  

 

Table 6.8: PL lifetime and FWHM for doped layer prepared under different 

atmospheres.  

 

Samples PL lifetime (ms) FWHM (nm) 

SV 10.55 20 

SO 8.45 20 

SN 8.89 20 

SA 10.43 20 

 

6.3 Fs-laser energy 

Trialling of the process parameters continued by using various fs-laser energies to 

achieve a homogenous doped layer. Five samples were fabricated and labelled 

according to the fs-laser energy used. Sample N30 represents the sample fabricated 

with 30 µJ laser energy whilst the higher fs-laser energies at 40, 50, 60 and 80 µJ are 

labelled with codes N40, N50, N60, and N80 respectively. Table 6.9 exhibits the 

process parameters used to prepare samples employing different fs-laser energies.  
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Table 6.9: List of process parameters utilised to dope Er-TZN into a Si3N4-on-silicon 

substrate with different fs-laser energies.  

 

Process parameter Operating conditions 

Substrate Si3N4 (t=1 µm)-on-silicon  

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 

(sample name) 

30 µJ (N30), 40 µJ (N40), 50 µJ (N50), 60 µJ (N60) 

and 80 µJ (N80) 

Fs-laser repetition rate 1.0 kHz 

Substrate temperature 650 °C  

Ablation period 4 hours 

Background gas pressure 70 mTorr O2 

 

Figure 6.18 (a) - (e) shows SEM images of cross-sections for samples fabricated 

using different fs-laser energies. Table 6.10 gives the thickness of the doped layer, 

measured by SEM, for all samples. The images (Figure 6.18 (a)-(e)), together with 

the values stated in Table 6.10, clearly show that the higher fs-laser energy resulted 

in an increased thickness of the doped layer, as expected. This scenario is the same 

as that seen for the EDTS. However, lower energy ablation using fs-laser energies of 

30 and 40 μJ led to a more uniform layer and particle size reduction. This is because 

higher fs-laser energy caused the plasma plume to be denser and enhanced the 

molecular interactions that led to the formation of bigger particles [291]. Furthermore, 

when a higher fs-laser energy is used on the target material, the absorption depth 

becomes larger, and this could lead to superheating of a large volume. As a result of 

this heating process, the volume could transform into the melt phase due to rapid 

expansion thus increasing the number of molten droplets or particulates ejected from 

the target [292]. The very high measurement error for the thickness of sample N80 

compared to the other samples indicates that the surface of this sample is very rough. 

The large particle size that results from the use of high fs-laser energy causes the 

surface doped layer to be very rough. 
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                             (a)                                                               (b) 

 

  
                             (c)                                                             (d)  

  

 
(e) 

Figure 6.18: Backscattered cross-section SEM image of samples doped with Er-

TZN using fs-laser energy of (a) 30 µJ (N30) (b) 40 µJ (N40), (c) 50 µJ (N50),  

(d) 60 µJ (N60) and (e) 80 µJ (N80). 
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Table 6.10: Thickness of upper layer and Si3N4 underneath it measured by SEM for 

samples N30, N40, N50, N60 and N80. 

 

Sample 
Thickness (µm) 

Doped layer Si3N4 under doped layer 

N30 0.3 ± 0.1 0.81 ± 0.05 

N40 0.9 ± 0.2 0.75 ± 0.09 

N50 1.6 ± 0.3 0.60 ± 0.09 

N60 2.0 ± 0.3 0.55 ± 0.03 

N80 2.3 ± 0.9 0.47 ± 0.07 

 

Figure 6.19 (a)–(c) shows three different positions in the N30, N40 and N60 samples 

measured by EDX-SEM to obtain the elemental concentrations at those particular 

positions, which are given in Table 6.11. In Table 6.11, for sample N30, it is found 

that very few Er-TZN elements managed to penetrate into the Si3N4. The upper layer 

still has plenty of nitrogen species, and this proves that at an fs-laser energy of 30 µJ, 

species in the Er-TZN are unable to interact efficiently with the Si3N4 network due to 

species in the plasma plume having low kinetic energy and velocity. This causes the 

reaction between Er-TZN and Si3N4 to be very low for this sample. On the other hand, 

at position 3, concentrations of Na, Zn and Te are higher than at positions 1 and 2, 

and this might be the reason that position 3 appears brighter. Although the element 

concentrations present in the doped layer are uneven, decreasing levels of N could 

still be seen for samples prepared using higher fs-laser energy. This shows that the 

reaction between Er-TZN and Si3N4 increases when a higher fs-laser energy is used. 

 

Figure 6.20 displays the XRD patterns for samples that were fabricated with different 

fs-laser energies. The absence or almost invisible halo around 30° indicates that the 

doped layer for samples N30 and N40 is not really an amorphous silicate layer due 

to the scarcity of species from Er-TZN in it. The increase of Er-TZN in the doped layer 

(N50, N60 and N80) caused the crystalline phase SiO2 (21.34°) (ICCD reference 

code: 00-039-1425) to be destroyed, making it more likely to consist of amorphous 

SiO2. In addition, the increased intensity for the peak of Te when higher laser energy 

was used indicated that the level of Te clustering increased with laser energy. 

Furthermore, the Si2N2O peak at 2θ of 26.32° [293] appeared in the N30 sample, and 

this clearly showed that there is still a high nitrogen content in this layer. 

 

Figure 6.21 shows the Raman spectra for samples N30, N40, N50, N60 and N80. 

Peaks of Te-Te at 121 and 142 cm-1 are lower for the N30 sample compared to the 

other samples, which are similar to the levels of Te recorded via EDX-SEM. 
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Furthermore, peaks in the high wavenumber regime appeared to be unclear due to 

the very small concentration of Er in the N30 sample. In addition, the very thin doped 

layer of sample N30 caused the signal from crystalline Si (521 cm-1) to be prominent 

compared to the other samples. A broad peak around 900-1050 cm-1 also appeared, 

which is believed to be associated with Si-O bond, as reported in the literature 

[259,261,262]. This peak was generally overshadowed by the prominent Er PL like 

other samples reported in this thesis.  
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                            (a)                                                                    (b)                                                            (c)  

Figure 6.19: EDX-SEM measurement at three different locations for samples (a) N30, (b) N40 and (c) N60. 

 

 Table 6.11: Elemental concentration at three different positions in Figure 6.19 for samples N30, N40 and N60.  

 

Element  

Concentration (at. %) 

Sample N30 Sample N40 Sample N60 

Position 

1 

Position 

2 

Position 

3 

Position 

1 

Position 

2 

Position 

3 

Position 

1 

Position 

2 

Position 

3 

O 12.84 12.35 6.59 59.04 51.15 58.93 30.35 33.59 52.71 

Si 30.96 31.22 34.24 14.82 24.04 19.84 18.97 29.8 22.02 

Te 0.19 0.16 3.15 2.37 0.45 0.21 33.63 13.57 3.35 

Zn 1.61 1.46 1.98 6.67 5.3 4.07 6.97 10.14 8.95 

Na 2.61 2.53 3.04 10.81 8.48 8.13 8.45 10.23 9.36 

Er  0.07 0.10 0.12 0.34 0.25 0.25 1.17 1.51 2.03 

N 51.72 52.18 50.88 5.95 10.33 8.57 0.46 1.16 1.58 

1
6
1
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Figure 6.20: XRD patterns of doped layer on Si3N4-on-silicon fabricated using an fs-

laser energy of (a) 30 µJ (N30), (b) 40 µJ (N40), (c) 50 µJ (N50), (d) 60 µJ (N60) 

and (e) 80 µJ (N80). 
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Figure 6.21: Raman spectra for sample fabricated using an fs-laser energy of (a) 30 

µJ (N30), (b) 40 µJ (N40), (c) 50 µJ (N50), (d) 60 µJ (N60) and (e) 80 µJ (N80). 

 

Figure 6.22 illustrates the PL spectra for samples N30, N40, N50, N60 and N80. The 

PL intensity becomes higher for samples that were prepared with higher laser energy 

except the N80 sample. The phenomenon of decreasing PL intensity that was 

observed for the N80 sample is known as photoluminescence quenching, and is due 
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to the very high concentration of erbium in the sample [294,295]. The short distance 

between Er3+-Er3+ triggered this concentration quenching effect, which could have 

induced energy transfers between them. Otherwise, the very low erbium 

concentration in the N30 sample caused Er emission to appear very weak. PL lifetime 

and FWHM for every sample are shown in Table 6.12. Based on the obtained FWHM, 

all samples, except for N30 and N40, showed PL characteristics like the EDTS. The 

broader FWHM for sample N30 and N40 might have been due to its environment host 

that differed from the other samples. Samples N30 and N40 had a very low lifetime 

of 3.95 s and 5.12 s, respectively, and this low lifetime was probably due to erbium in 

the silicon oxynitride environment, which is often reported to have a PL lifetime in the 

range of 0.5-7 ms [247,296,297]. For the N80 sample, the main network was still 

silicate based on its FWHM which had a value of 20 nm. However, the drastic 

decrease of PL lifetime for this sample was due to concentration quenching [295,298].  

 

 
Figure 6.22: Room temperature PL spectra for the 4I13/2   4I15/2 transition of erbium 

ions for samples N30, N40, N50, N60 and N80. 
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Table 6.12: PL lifetime and FWHM for doped layer prepared using different laser 

energies. 

 

Samples PL lifetime (ms) FWHM (nm) 

N30  3.95 25 

N40  5.14 23 

N50  9.59 20 

N60  9.02 20 

N80  6.33 20 

 

6.4 Fs-laser repetition rate 

The process used to obtain the homogeneously doped layer is continued in this 

section by varying fs-laser repetition rate. Two repetition rates were used during 

sample fabrication, 0.5 Hz and 1.0 kHz, which are labelled R0.5 and R1. The process 

parameters that were used to fabricate each sample are listed in Table 6.13.  

 

Table 6.13: The parameters used to dope Er-TZN into Si3N4-on-silicon substrate by 

using two different fs-laser repetition rates.  

 

Process parameter Operating conditions 

Substrate Si3N4 (t=1 µm)-on-silicon  

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 50 µJ  

Fs-laser repetition rate 

(sample name) 

0.5 kHz (R0.5), 1.0 kHz (R1) 

Substrate temperature 650 °C  

Ablation period 4 hours 

Background gas pressure 70 mTorr O2  

 

 

Figure 6.23 shows the cross-section BSE SEM image for samples R0.5 and R1 while 

Table 6.14 gives the thickness of the doped layer and the Si3N4 underneath the doped 

layer. From both the micrographs and thickness measurements, it is clear that the 

sample prepared with the lower repetition rate (R0.5) is thinner. Nevertheless, this 

sample was more homogeneous. It is speculated that this is due to a smaller particle 

size when a lower repetition rate is used. The relationship between particle size and 

repetition rate, however, is still not well understood. However, one possible reason 

for this is the heating effect generated during the ablation process [299]. The increase 

in the repetition rate resulted in a higher heat accumulation which raised the plume 

temperature and subsequently led to an enlargement of the crystallite particles as 

well as enhanced crystallisation [300–303]. The higher error for the thickness of 
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sample R1 compared to that of R0.5 indicated that it had a rougher surface, which is 

contributed to by a larger particle size. The different surface topologies for the two 

samples were imaged with an optical microscope, and these images are shown in 

Figure 6.24. These two images proved that surface sample R1 is rougher.  

 

                                                                   
                             (a)                                                               (b) 

Figure 6.23: Cross-sectional BSE SEM micrograph of doped layer on Si3N4-on-

silicon prepared using an fs-laser repetition rate of (a) 0.5 kHz (R1) and  

(b) 1.0 kHz (R2). 

 

 Table 6.14: Thickness of doped layer and Si3N4 underneath obtained from SEM. 

 

Sample 
Thickness (µm) 

Upper layer Si3N4 under upper layer 

R0.5 (0.5 kHz) 0.5 ± 0.1 0.83 ± 0.04 

R1 (1.0 kHz) 1.7 ± 0.3 0.57 ± 0.06 

 

  
                             (a)                                                             (b) 

Figure 6.24: Surface topology obtained by optical microscope for samples (a) R1  

and (b) R2.  

 

Figure 6.25 displays the XRD patterns for samples fabricated at fs-laser repetition 

rates of 0.5 kHz and 1.0 kHz. Both patterns demonstrate the mixed amorphous-

Doped layer 
Doped layer 

Si3N4 

Si3N4 

Silicon Silicon 
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crystalline phase with the crystalline peaks for Te being higher for sample R1. A 

higher XRD intensity also indicated that the crystallite particle content and size are 

greater [304]. As mentioned earlier, the low content of Er-TZN in sample R0.5 caused 

SiO2 to likely be in the crystalline form as observed at angle 21-22o.  

 
Figure 6.25: XRD patterns for samples (a) R0.5 and (b) R1. 

 

 

Raman spectra for samples R0.5 and R1 are shown in Figure 6.26. From this figure, 

a low-intensity effect from erbium fluorescence at high wavenumbers clearly showed 

that the erbium concentration was lower in sample R0.5. This also caused the peak 

of the Si-O bond (900-1000 cm-1) to appear.  

 

Figure 6.27 shows PL spectra of samples R0.5 and R1. The PL intensity for sample 

R1 is higher, which means that the erbium concentration is much higher. As sample 

R1 had a higher erbium concentration, the PL lifetime for the sample was shorter 

(9.94 ms) compared to sample R0.5 which had a PL lifetime of 11.02 ms. To 

demonstrate this, the erbium concentration was determined using EDX-SEM, and the 

results are shown in Figure 6.28 (a)-(b). Clearly, the figure shows that the R0.5 

sample had a lower content of erbium and other elements from the target. Higher 
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nitrogen concentration in R0.5 also indicated that the reaction between the plasma 

plume and Si3N4 was lower when a lower fs-laser repetition was used.  

 

  
Figure 6.26: Raman spectra for samples (a) R0.5 (0.5 kHz) and (b) R1 (1.0 kHz). 
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Figure 6.27: PL spectra for the sample prepared using different repetition rates. 

 

 

(a) 

 
(b) 

Figure 6.28: EDX-SEM pattern of the doped layer on Si3N4-on-silicon for samples  

(a) R0.5 (b) R1.  
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6.5 Other parameters 

The other parameters investigated to dope Er-TZN into Si3N4-on-silicon were different 

oxygen pressures (30, 50, 70 and 90 mTorr) and ablation periods (1, 2, 3 and 4 

hours). All of the parameters used were still unable to yield a uniformly doped layer. 

In terms of layer properties, they were similar to what has been reported so far in this 

chapter. To avoid repetition, they are, therefore, not discussed further. Some 

important results for these two sets of experiments are in Appendices 1 and 2. As 

expected, both parameters exhibit similar trends as observed when doping into SOS 

with regard to thickness. The thicknesses of the doped layers decrease with 

increasing oxygen gas pressure while the relationship between doped layer thickness 

and ablation period is linear.  

 

6.6 Conclusion  

The doping of Er-TZN into Si3N4-on-silicon substrate was not as successful as doping 

into silica-on-silicon. There were six different process parameters involved for this 

chapter in order to produce a homogeneous doped layer. For different substrate 

temperatures, a higher temperature resulted in a thicker layer. Nevertheless, at a 

temperature of 470 °C, deposition of Er-TZN onto the substrate has occurred. This 

shows that a temperature of 470 °C was not high enough to break the Si-N bond. On 

the other hand, the atmosphere in the chamber during the ablation process is 

important as different background gases used or in vacuum environment affect the 

thickness and roughness of the doped layer. The doped layer appeared to be the 

thickest for the sample fabricated under the oxygen environment and this is probably 

due to the fact that an oxygen atom is a light atom and this makes the plume have 

less collision effect. Besides that, O2 is more reactive and chemical reactions between 

O2 with the ablated particles may form single monoxide or multioxide molecules. 

These heavier monoxide or multioxide molecules experience less scattering to the 

flank side compared to lighter elements, and this also causes the doped layer to 

become thicker. The samples prepared under the argon environment exhibit the 

roughest surface that is suggested due to higher collision with a particle in the plasma 

plume. For other process parameters such as different fs-laser energies, different fs-

laser repetition rates, different background gas pressures and different ablation 

periods, the relationship between these process parameters with the doped layer is 

almost similar to the EDTS except a homogeneous layer is still failed to be achieved. 

Interestingly, the interaction of Er-TZN with Si3N4 involved the released of nitrogen, 

and this made the resulting doped layer a silicate-based layer. However, none of the 

process parameters used were able to obtain a homogeneous doped layer. In the 
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doped layer, some parts appeared to be porous, or there was an accumulation of 

certain elements. It is strongly believed that higher temperatures might be required to 

allow the dissolution of Er-TZN into Si3N4 with homogeneous layer formation.  
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CHAPTER 7 

DESIGN, FABRICATION AND CHARACTERISATION OF AN EDTS  

CHANNEL WAVEGUIDE 

 

The EDTS on SOS reported in Chapter 4 can be considered as a planar slab 

waveguide. Light guided through a channel waveguide experiences less diffraction 

compared to a slab waveguide. Channel waveguides are required for integrated 

optical device fabrication and applications such as amplification, switching, and 

modulation. Before fabricating a channel waveguide on SOS for amplifier 

applications, a simple simulation using commercially available COMSOL software 

was performed to determine the required thickness of the lower cladding. This is 

important as the silica has a lower refractive index compared to silicon and any 

waveguide closer to silicon will be leaky due to the difference in this refractive index. 

After designing low loss waveguide structures, some early attempts on fabrication 

were carried out and reported in this chapter.  

 

7.1 Design of the channel waveguide 

The design of the channel waveguide for this work was performed using commercially 

available COMSOL software. The main purpose of this modelling was to identify the 

suitable thickness of the lower cladding and hence the thickness of the starting silica 

layer on the silicon before ULPD. Fabrication of two types of channel waveguide was 

planned based on the current fs-PLD availability and capability. The two waveguide 

structures, diffused and ridge waveguides, are as shown in the schematic diagram in 

Figure 7.1 (a) and (b).  

 

 
                            (a)                                                                    (b)  

Figure 7.1: The two types of channel waveguide proposed for this work are 

 (a) diffused and (b) ridge channel waveguide. 

 

Table 7.1 shows the parameters used in the simulation for the diffused waveguide. 

All parameters are maintained except for the thickness of the lower cladding layer, 
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which varies from 9 to 14 µm. Table 7.2 tabulates the simulation of a 2D cross-section 

of propagated mode radiation in an EDTS on SOS substrate with a varying thickness 

of SiO2. SiO2 should be thick enough in order to prevent leakage loss into the silicon 

substrate. From Table 7.2, it can be observed that the light stops leaking into the 

silicon when the thickness of SiO2 is 12 µm. The leakage appears to decrease when 

the SiO2 thickness increases. For a silicate-based channel waveguide, it is reported 

experimentally that the SiO2 layer that acts as a lower cladding is in the range of 8–

20 µm depending on the refractive index of the core [92,305–307].  

 

Table 7.1: The parameters used in COMSOL software for different thicknesses of 

lower cladding layer for the diffused channel waveguide. 

 

Description  Value 

Core (EDTS) thickness 2 µm 

Core (EDTS) width 5 µm 

Core (EDTS) real refractive index 1.62 

Core (EDTS) imaginary refractive index 2x10-6 

Lower cladding (SiO2) thickness 9-14 µm 

Lower cladding (SiO2) refractive index  1.45 

Substrate refractive index 3.45 

Light wavelength 1535 nm 

 

Table 7.2: Simulation of a 2D cross-section of propagated mode radiation in an EDTS 

on SOS substrate with a varying thickness of SiO2 for the diffused channel waveguide. 

 

SiO2 thickness 2D cross-section of propagated mode radiation 

9 µm Power flow, z component (W/m2) (normalised) 

 

Silicon 

SiO2 = 9 µm 

EDTS 
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10 µm Power flow, z component (W/m2) (normalised) 

 

11 µm  Power flow, z component (W/m2) (normalised) 

 

12 µm Power flow, z component (W/m2) (normalised) 

 

13 µm Power flow, z component (W/m2) (normalised) 

 

Silicon 

Silicon 

Silicon 

Silicon 

EDTS 

SiO2 = 10 µm 

SiO2 = 11 µm 

EDTS 

SiO2 = 12 µm 

SiO2 = 13 µm 

EDTS 

EDTS 
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14 µm Power flow, z component (W/m2) ((normalised) 

 

 

For a ridge waveguide, the same simulation parameters were applied as in Table 7.1, 

except that the lower cladding thickness varied from 5–10 µm. The output of this 

simulation is exhibited in Table 7.3. The results for varying SiO2 thickness appear to 

be slightly different from those for the diffused waveguide. The minimum thickness of 

SiO2 needed to avoid leakage loss is 8 µm. The lower SiO2 thickness of the ridge 

waveguide was probably due to air instead of SiO2 that acts as cladding on the other 

three sides. Air, which has a lower refractive index than SiO2, assumedly assists in 

minimising the leakage loss.  

 

Table 7.3: Simulation of a 2D cross-section of propagated mode radiation in an EDTS 

on SOS substrate with a varying thickness of SiO2 for the ridge channel waveguide. 

 

SiO2 Thickness 2D cross-section of propagated mode radiation 

5 µm Power flow, z component (W/m2) (normalised) 

 

6 µm Power flow, z component (W/m2) (normalised) 

 

Silicon 

SiO2 = 14 µm 

EDTS 

Silicon 

Silicon 

SiO2 = 5 µm 

EDTS 

EDTS 

SiO2 = 6 µm 
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7 µm  Power flow, z component (W/m2) (normalised) 

 

8 µm Power flow, z component (W/m2) (normalised) 

 

9 µm Power flow, z component (W/m2) (normalised)  

 

10 µm Power flow, z component (W/m2) (normalised)  

 

 

 

7.2 Fabrication and characterisation of the channel waveguide 

The method selection is based on the type of channel waveguide that needs to be 

fabricated.  

 

Silicon 

SiO2 = 7 µm 

 EDTS 

SiO2 =8 µm 

EDTS 

EDTS 

Silicon 

Silicon 

SiO2 =10 µm 

EDTS 

SiO2 =9 µm 

Silicon 
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7.2.1 Diffused channel waveguide  

The list of process parameters used to fabricate this sample for diffused waveguide 

purpose is displayed in Table 7.4. 

 

Table 7.4: List of process parameters used to fabricate sample for diffused waveguide 

purpose. 

 

Process parameters Operating conditions 

Substrate Silica (t=2 µm)-on-silicon (SOS) 

Target material 79.5TeO2-10ZnO-10Na2O-0.5Er2O3 (Er-TZN) 

Fs-laser energy 50 µJ  

Fs-laser repetition rate 1.0 kHz 

Substrate temperature 570 °C 

Ablation period 6 hours 

Background gas pressure 70 mTorr O2 

 

A metal shadow mask, as illustrated in Figure 7.2 (a), is used when diffused channel 

waveguide fabrication is performed. The specific dimensions of the metal shadow 

mask are shown in Figure 7.2 (b). All three holes had a width of 15 µm. A core width 

of 15 μm was chosen due to the limitation of the laser micromachining process that 

was used to fabricate them. The metal shadow mask was placed under the substrate 

in close contact with it to allow Er-TZN to penetrate through the mask openings.  

 

  
                                            (a)                                     (b) 

Figure 7.2 : (a) Metal mask used to fabricate diffused channel waveguide and  

(b) Dimensions of the metal mask. 
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The surface and cross-sectional images of samples obtained with this metal shadow 

mask are shown in Figures 7.3 and 7.4. From Figure 7.3, the channels obtained are 

clearly not as expected because the mask shifted position during the process. To 

avoid, this the whole substrate holder and mask alignment need to be redesigned 

which was beyond scope of this work. Nevertheless, formation of a waveguiding layer 

in the mask openings are observed (Figure 7.4) as expected but with lower and 

varying thicknesses depending on the mask position variations. 

 

  
                                (a)                                                            (b) 

 

 
(c) 

Figure 7.3: Backscattered SEM microscopic surface image of (a) top, (b) bottom 

and (c) middle of the fabricated diffused channel waveguide. 
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                            (a)                                                                 (b) 

Figure 7.4: Backscattered SEM cross-section image of (a) low and (b) high 

magnification at a different region of the fabricated diffused channel waveguide. The 

obtained diffused waveguide has a varied thickness and width.  

 

7.2.2 Ridge channel waveguide  

Three samples labelled C1, C2 and C3 were fabricated using the same process 

parameters in Table 7.4 except the silica thickness on the silicon. A silica thickness 

of 10 µm on silicon was chosen mainly due to the simulation output from COMSOL 

software, which required at least 8 µm of lower cladding thickness in order to prevent 

light leakage to the silicon. The cross-section BSE SEM for sample C1 is shown in 

Figure 7.5. The EDTS layer and SiO2 thicknesses are 1.034 µm and 9.474 µm, 

respectively. These three samples were sent to the University of Glasgow for 

fabricating ridge waveguides, which was carried out by Dr Nasser Babazadeh. In this 

trial, the channel form should have five different sizes which are 5 µm, 7 µm, 9 µm, 

11 µm and 13 µm and the EDTS should be etched until it reaches the SiO2 layer 

underneath (Figure 7.6). 

 

.  

Figure 7.5: Cross-section BSE SEM of sample C1. 
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Figure 7.6: Illustration of the expected ridge waveguide that should  

be obtained. 
 

The fabrication of the ridge waveguide involved photolithography, etching and a 

cleaning process as depicted in Figure 7.7. All three samples underwent the same 

process parameters. The process started with the deposition of a positive photoresist 

(PR) (AZ4562 photoresist) by a spin-coating method with a spin speed of 4,000 rpm. 

Then, the samples were baked at 90 °C for 50 minutes. After that, the process 

continued with multiple exposures (3 x 80 seconds) (Figure 7.7 (a)). The parts which 

are not covered by a mask become softened, and when the samples are immersed 

in the developer solution, the areas that are exposed to the light dissolve away (Figure 

7.7 (b)). Later, the mask was manually moved and the processes of exposure (Figure 

7.7 (c)) and development were repeated (Figure 7.7 (d)). The samples were baked 

again at 90 °C for 60 minutes. After that, the areas (EDTS) not covered by the 

photoresist were etched using a dry etching (Inductively coupled plasma reactive ion 

etching) process (Figure 7.7 (e)). The etchant gases used were C4F8 (15 sccm) and 

CF4 (5 sccm). The process continued with the removal of the photoresist and cleaning 

(Figure 7.7 (f)).  

 

 

 

 

 

 

 

 

                                                                  (a) 
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SiO2 
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           (f) 

Figure 7.7: Processes involved in fabricating the ridge waveguide: (a) the first 

photolithography, (b) first development, (c) second photolithography, (d) second 

development, (e) etching (RIE) and (f) cleaning.  

 

However, the output of the etching for a ridge waveguide formation was 

unsatisfactory. For sample C1, the channel width was very large compared to the 

expected width (Figure 7.8). The widths of the channels obtained for C1 were in the 

range of 24–30 µm with the distance between the channels at around 271 m. The 

typical cross-section SEM to observe the trench could not be performed. This is 

probably because the trenches were too shallow to be detected by this method. 

Because of this, the sample was tilted to 30o to see the interface between the surface 

and the side of the sample (Figure 7.9). In these images, a trench at the side of the 

sample still cannot be seen, which also indicates perhaps that it is very shallow.  

 

  
                             (a)                                                              (b)  

 

EDTS SiO2 Silicon 
Clean 

SiO2 

EDTS 

Silicon 
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                               (c)                                                              (d) 

Figure 7.8: Surface SEM microscopic measurement for sample C1. (a) A few 

channels and trenches are formed, (b) the distance between the channels is around 

217 µm and (c) and (d) shows that the channel widths are very large compared to 

the expected core width. 

 

   
                              (a)                                                             (b) 

Figure 7.9: Sample C1 was tilted to 30º in order to see the interface between the 

surface and the side of the sample. For (a), the image was taken under low 

magnification and shows that there is a channel in between the two trenches, and 

(b) high magnification for one trench. The scale is not accurate due to the position of 

the sample.  

 

For sample C2, the surface SEM microscopic images are shown in Figure 7.10. From 

all the micrographs, it can be observed that some channels did not form and for those 

that did, the channel widths were very small (0.3-2 µm). The distance between the 

trenches was around 236-238 m. For sample C3, the surface SEM microscope 

images are shown in Figure 7.11. This sample was much better than samples C1 and 

C2. The five cores with different widths were almost the same as the expected width 

core. 

  

Trench Trench 

Trench Trench 
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                             (a)                                                               (b) 

 

  
                              (c)                                                             (d) 

Figure 7.10: Surface SEM microscopic measurement for sample C2. (a) Some of 

the channels are formed between the two trenches, and some are not, (b) distance 

between the trench is around 236-238 µm, (c) channel is not formed and (d) 

channel width is very small. 
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                              (c)                                                             (d)  

 

  
                              (e)                                                              (f) 

 

 
(g) 

Figure 7.11: Surface SEM microscopic measurement for sample C3. (a) Channel 

form shows various core widths, (b) gap between the channel, and (c), (d), (e), (f), 

and (g), shows the core width close to the expected values (i.e. 5, 7, 9, 11 and 13 

µm, respectively).  

 

7.3 Conclusion 

The fabrication of a channel waveguide failed to produce satisfactory results. For the 

diffused waveguide, the metal shadow mask used shifted during the ablation process, 

which led to the conclusion that this method requires further improvement to be 

Trench Trench 

Trench Trench 

Trench 
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successful with a ULPD technique. On the other hand, for the ridge waveguide, three 

samples which underwent photolithography, etching and cleaning with the same 

process parameters were unable to give satisfactory output especially for samples 

C1 and C2. The trenches obtained were also very shallow. Obviously, further 

optimisation needs to be performed to obtain optical quality channel waveguides.  
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

 

8.1 Conclusion 

This chapter consists of a conclusion on the major findings throughout this work. The 

main aim of this work was to explore a new EDWA host material on a silicon platform. 

The ULPD technique was employed to integrate the two immiscible materials (Er-TZN 

and silica) that resulted in a homogeneous layer of the mixture, referred to as the 

EDTS. The fs-laser generated plasma which modified the original silica structure, and 

produced a high index contrast layer suitable for on-chip PIC production. This 

modified layer has the potential to be used as an EDWA, due to the highest erbium 

concentration obtained being 4.92 x1020 cm-3 with a PL lifetime of 9.39 ms. The EDTS 

is a silicate-based glass and is amorphous in nature. Based on the XPS analysis, 

bridging oxygen (BO) appeared to be more dominant compared to non-bridging 

oxygen (NBO) in the EDTS network. Besides that, according to the analysis of high-

resolution Te 3d5/2 and Er 4p3/2 spectra, Te and Er metals were found to exist in the 

glass network, and it is suggested that they are located in the interstitial site. The XPS 

depth profiling performed proved that the EDTS consisted of a homogeneous mixture 

of elements from the target material and silica from the substrate.  

 

Two types of channel waveguide (diffused and ridge) based on an EDTS were 

fabricated on SOS substrate. For the former waveguide, the attempt to fabricate it 

failed because the metal shadow mask used shifted during the ablation process, 

which led to the conclusion that this method requires further improvement to be 

successful with a ULPD technique. On the other hand, for the ridge waveguide, the 

exact core width and etch depth have yet to be obtained, and further optimisation 

needs to be performed.  

 

The success of the Er-TZN doped into silica inspired this work to be extended onto a 

Si3N4-on-silicon substrate. Si3N4 is a very attractive material because it has a high 

refractive index (1.99) and similarly to SiO2, it is a Si-based material. Nevertheless, 

the outcome differs from doping into SOS. The resulting layer failed to show 

homogenous mixing between Er-TZN and Si3N4. Some parts were seen to be porous 

or accumulate certain elements. However, surprisingly, the concentration of N in the 

doped layer was significantly low when compared to its concentration in Si3N4. It is 

suggested that nitrogen was released when the tellurite glass reacted with Si3N4. The 

failure to obtain a homogenous layer was probably due to the limitation of the current 
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instrument, which was not able to reach a high temperature, because Si3N4 has a high 

melting temperature, and also due to its rigid structure.  

 

8.2 Suggestions for future works 

The main aim of this thesis was to dope Er-TZN into SOS and Si3N4-on-silicon 

substrate and also to fabricate a channel waveguide. There is more room for 

improvement that can and needs to be performed for this work. There are also some 

suggestions in order to expand the scope of the study. Some of these suggestions 

are addressed below: 

 

Explore different target compositions 

As has been reported in many studies, Al2O3 [11,308] and P2O5 [14,15] can reduce 

the clustering effect of Er3+ ions. Perhaps the integration of this oxide material in the 

tellurite glass would enhance the solubility of Er3+ ions in silica. Furthermore, besides 

tellurite glass, other host materials which have a higher solubility of Er3+ ions such as 

Ta2O5 and Al2O3 are also interesting for use as a target material. Also, different rare-

earth ions doped or co-doped would also be attractive because they can be applied 

to different applications or increase the optical gain.  

 

Other characterisation techniques 

Further characterisation techniques could be employed for a deeper understanding 

of the obtained doped layer and could be used to compare the existing data. Among 

the recommended tools are x-ray absorption spectroscopy (XAS), x-ray fluorescence 

spectroscopy (XRF), Rutherford backscattering spectrometry (RBS) and plasma 

profiling time of flight mass spectrometry (PP-TOFMS). XAS can be utilised to further 

understand the local structure in glass and amorphous materials. Even at the range 

of sub-nanometer, XAS is able to trace cluster formation and composition [309]. It is 

very useful to track Er and Te clusters if they are present in the doped layer. With 

respect to XRF, it is known as a fast, versatile and non-destructive technique to 

measure the thickness of single or multi-layers of a thin film. It can also be used for 

elemental or composition analysis and to estimate the density of a thin film [310]. 

Apart from that, RBS is competent to provide an elemental concentration for the 

surface of the film and also for depth profile measurement [234]. PP-TOFMS, on the 

other hand, can also be applied to investigate the relative element density in the 

doped layer [86].  
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Wider range of process parameters 

The failure to obtain a homogeneous mixture of Er-TZN and Si3N4 means that a wider 

range of process parameters is required, particularly for higher temperatures. The 

new system of fs-PLD (currently not yet fully operational) offers a wider range of 

process parameters, which may help to mitigate this issue.  

 

Optimisation of etching process and gain measurement for ridge waveguide 

To fabricate a ridge waveguide, further optimisation of the etching process needs to 

be done. The setup of gain measurement for an EDWA also needs to be made in 

order to test whether the EDTS layer can guide and amplify the signal.  
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Appendix 1 

 

The effect of oxygen pressure on properties of doped layer on Si3N4-on-silicon 

 

   
                             (a)                                                               (b) 

 

   

                             (c)                                                               (d) 

Figure 1: Backscattered cross-section SEM image of samples doped with Er-TZN 
using oxygen pressure of (a) 30 mTorr, (b) 50 mTorr, (c) 70 mTorr, and  

(d) 100 mTorr 
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Figure 2: PL pattern of the 4I13/2-4I15/2 transition of erbium ions with varying oxygen 

pressure. 
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Appendix 2 

 

The effect of ablation period on properties of doped layer on Si3N4-on-silicon 

 

  

                            (a)                                                              (b) 

 

   
                            (c)                                                              (d) 

Figure 1: Backscattered cross-sectional SEM images of samples doped with Er-TZN 

into Si3N4-on-silicon when when target been ablated for (b) 1 hour (b) 2 hours  

(c) 3 hours, and (d) 4 hours. 
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Figure 2: PL pattern of the 4I13/2-4I15/2 transition of erbium ions with varying ablation 

period. 
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