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ABSTRACT 

Polymer-based optical waveguides are a promising technology for integrating optical 

links onto standard printed circuit boards as they enable cost-effective manufacturing and 

assembly as well as offer high bandwidth. The motivation for this work is to address the 

lack of amplifying components the currently demonstrated polymer interconnects, which 

limits the complexity, functionality and reach of these systems. This dissertation studies 

combination of rare-earth-doped material with polymer platform to create compact 

erbium-doped waveguide amplifiers (EDWAs) for board-level interconnect applications. 

Siloxane polymer materials developed by Dow Corning are used as they have shown the 

necessary optical, mechanical and thermal properties required for EDWA designs (such 

as the ability to withstand temperatures in excess of 350 °C). The feasibility of two 

approaches for integrating Er-doped materials into siloxane polymer layers is 

investigated, namely: (i) ultrafast laser plasma implantation (ULPI) and (ii) solution-

based dispersion of Er-doped nanoparticles (NP). Er-doped thin films are prepared with 

these two methods and their properties investigated. The maximum dopant concentrations 

and lifetimes are determined to be 16.3, 4.4 and 1.5 × 1020 cm-3 and 12.1, 4.2 and 5.7 ms 

for ULPI into silica glass, ULPI into polymer and the dispersion of erbium NPs in  

a polymer matrix, respectively. 

An EDWA numerical modelling framework is developed to optimise the erbium-

ytterbium ratio to maximise the device gain while accounting for various potential 

integration methods and waveguide design parameters. Using a channel geometry based 

on the measured optical properties of Er-doped glass, an internal gain of 9.6 dB/cm is 

predicted at the optimal Er:Yb ratio of 9.0:7.3 × 1020 cm-3 when pumped at an optical 

power of 200 mW. A hybrid, polymer-glass strip-loaded design is proposed to combine 

the highly doped glass layer with the polymer material. While a slightly lower gain of  

7.4 dB/cm is projected in the re-optimised design under the same operating conditions, it 

benefits from a simpler fabrication procedure. 

An experimental study of devices prepared through the direct Er integration into polymer 

waveguides enables a comparison with developed theoretical models. A good agreement 

between measured and modelled results show that a practical amplifier operation with 

erbium concentration of 1.5 × 1020 cm-3 is prevented by the dopant NP clustering and the 

potential gain limited by the absence of ytterbium co-doping. The excess scattering loss 

of 9.3 dB/cm could not be further reduced only with the proposed additional 

ultrasonication and filtering fabrication steps indicating alternative approaches such as 

core-shell structures are required. 
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In this chapter a short introduction to the topic of optical technologies is given with a 

focus on integrated systems based on polymer materials. The qualities of the polymer 

platform in terms of mechanical, thermal and optical properties are discussed and 

compared with alternative technologies. Numerous polymer-based systems and 

components have been demonstrated over the years showing a range of potential 

applications in different fields. However, the majority of the reported systems have been 

non-amplifying which limits the potential of polymer-based solutions. Therefore, key 

potential techniques for achieving gain in polymer materials are discussed. The three 

types of the gain mechanics in the platform, namely rare-earth (RE) doping, use of 

conjugated polymers and laser dyes are examined, and previously reported experimental 

results are reviewed.  

Polymer-based optical systems with active components have a number of potential 

applications in fields such as communications and optical sensing. The most important 

characteristics and requirements for practical applications are discussed. These design 

specifications are then compared with research that has been done so far in developing 

such devices not only employing polymers, but also in other material systems. 

Finally, an overview of the aims and the work of this thesis is given. The focus has been 

placed on developing an extensive modelling framework as well as experimental study 

of two-dimensional waveguide amplifiers that are based on rare-earth-doped material for 

polymer-based integrated optics. 

1.1 Polymer-based optical systems 

The last four decades have witnessed great changes in communication systems. The 

exponential growth in computer processing speed and data volume has resulted in ever-

increasing requirement for transmission capacity. This has been initially addressed 

through the use of optical transmission systems in long-haul telecommunication networks 

[1]. These systems have grown at an equally rapid pace, becoming more sophisticated 

through the addition of new functionalities such as signal multiplexing, processing and 

routing. A basic system consisting of a light source, a detector and a transmission medium 

has been enhanced over time. The performance has been improved by complementing the 

basic components with more advanced such as multiplexers, amplifiers and switches [2]. 

Initially adding new advanced optical functionality to the network required the use of 

bulk optics elements such as lenses. This has sometimes proven problematic due to 

misalignment sensitivity, handling difficulties and instability. The limited scalability and 
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handling difficulties can be avoided in a system integration, which combines many 

functionalities on a single element.  

The idea of integrated optics was initially developed in 1969 at Bell Labs to describe a 

system composing of a single planar layer that includes a number of photonic components 

[3]. Photonic integrated circuits (PICs) highly resemble their electrical counterparts, 

where numerous components are compactly placed next to one another and connected 

together via waveguides. Photonic integration is a very broad topic with extensive 

research being currently undertaken. As a result, detailed investigation of the field is not 

done here, but a good overview of theory and implementations can be found in the 

literature [4]-[6]. 

Waveguides are a key component of almost any photonic system. They are especially 

important in case of integrated photonic devices such as optical circuits [7], where due to 

the small size of the system’s elements, good quality transmission lines are key 

components required to send light signals between different parts of the circuit. One of 

the main reasons for the increasing interest in the optical transmission for board-level 

interconnects is the much higher bandwidth it offers compared with traditional electrical 

connections [8],[9]. However, currently this benefit comes with a disadvantage of 

relatively high cost of fabrication [10],[11]. 

Even though data transmission has been the main motivation behind the development of 

optical waveguide systems, there are a number of other research areas and potential 

applications for such designs. A compact and planar layout is advantageous in any 

complex system as it provides increased efficiency required by a number of fields such 

as biochemical analysis [12],[13].  

Optical fibre networks for long-haul telecommunication systems have been based on 

silica glass. Therefore, there has been much research in integrating new functionality on 

this platform as well as other types of glass [14]. The work in this PhD dissertation 

however focuses on using polymer as a material of choice for photonic integration. This 

choice offers a possibility of fabricating optical components that have the increased 

communication bandwidth advantage of glass, but come at a comparatively lower cost 

[15],[16]. While this is not crucial for long-haul optical communications due to 

component cost being a small part of the whole project, it is a key requirement for short 

distance, compact systems. Polymer-based optical fibres are already used in many 

automotive and short-haul communications applications [17]. However, there is an 
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increasing need to develop integrated components such as waveguides, splitters or 

modulators for inter- and intra-chip applications. 

In contrast to inorganic systems that require expensive and time-consuming fabrication 

techniques such as reactive ion etching or sputtering [18], polymers components can be 

easily produced and patterned using spin-coating, embossing or direct laser writing [19]. 

In addition to the ease of deposition, a thin film can be produced on a wide range of 

substrates (glass, silicon, FR4) that are both rigid and flexible. All of the above properties 

make polymers an attractive alternative to inorganic semiconductors for short-

transmission-distance applications.  

The mixture of the above advantages combined with the fact that polymer structure can 

be modified in order to adjust or improve its properties to address a specific need has 

made it a popular material for a number of systems [20],[21]. What is more, many 

polymers can exhibit high thermo-optic and electro-optic coefficients which has led to 

the development of high-speed and low-voltage modulators and switches [22],[23]. Both 

of these components are crucial as they add necessary functionality for a practical 

integrated optics system. 

The main physical problem with many polymer materials is their intrinsically high loss 

at second and third communication windows corresponding to 1310 nm and 1550 nm, 

respectively. This mid-IR (infrared) wavelengths absorption loss results from the 

overtones of the fundamental molecular vibrations [24] and an additional scattering loss 

can be introduced through thermally-induced crystallisation. While the latter can be 

minimised through careful processing during fabrication, the former requires more 

careful material engineering. Methods such as deuteration and halogenation (removal of 

hydrogen atoms from the polymer molecule in order to eliminate highly absorbing C-H 

bond) have been developed in order to reduce losses to acceptable levels [25]. As a result, 

an increasing number of commercially available organic materials offers low losses 

reaching 0.1 dB/cm at both 1.31 µm and 1.55 µm [26]. Even though some inorganic 

materials such as glasses still offer a better performance, these are generally low enough 

for most short-distance, integrated applications [27]. 

Furthermore, a prolonged exposure to the UV radiation may result in breaking of the 

polymer chains that eventually leads to deterioration of the optical properties. Even 

though the visible yellowing and embrittlement has a detrimental effect on the material 

performance, a number of system stabilisers has been used to minimise these effects [28]. 
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1.2 Applications of Active Polymer-based Optical Devices 

Optical amplifiers are currently widely employed for a number of applications. One of 

the most common examples is in long-haul optical communication systems where they 

have replaced signal repeaters in order to increase the transmission lengths without a need 

for electro-optical conversion. In such systems various types of amplifiers can be used as 

booster amplifiers at the transmitter end, in-line amplifiers and pre-amplifiers at the 

receiver end of a link [29]. Another important application is in high-power systems, where 

power in range of hundreds of watts is required. These include not only material 

processing, but often specialised scientific setups such as atom trapping [30] or 

gravitational wave antennas [31]. 

Miniaturisation of such devices explored in this work has opened a new group of potential 

applications related to PICs, sometimes also referred to as to planar lightwave circuits 

(PLCs). The need for simple, low-cost fabrication sources and amplifiers for high-end 

scalable systems makes organic solid-state devices a great candidate. Their potential to 

integrate active components with existing functionalities on the same chip leading to 

reduced size, increased performance, portability and reliability is considered one of the 

key factors for the success of this technology [32]. Possible applications of such compact 

devices range from optical interconnects to next generation passive optical networks and 

optical sensing.  

1.2.1 Backplane and Chip-to-chip Interconnections 

Optical interconnect technologies have gained much research interest for short-reach 

communication links in high-performance computing systems such as data centres and 

supercomputers. The reason behind that is the currently observed trend of rapidly 

increasing internet traffic, particularly within data centres. Figure 1-1 shows a recent 

report by Cisco estimating the compound annual growth rate of data centre traffic to be 

25% and the trend is expected to continue in the near future putting strain on the current 

infrastructure.   
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Figure 1-1: Predicted growth of the global inter- and intra-data centre IP traffic 

flow from 2019 to 2021 based on the actual data (2016-2018) [33] 

Currently used board-to-board and chip-to-chip copper interconnects have reached their 

physical limits and replacing them with optical system promises to overcome the resulting 

transmission bottleneck [34]. The main arguments supporting the use of optics in such 

environments are related to the performance advantages they offer over conventional 

electrical solutions. The benefits of optical links include lower power consumption, 

higher bandwidth and increased density required to meet the predicted need for 780 Tb/s 

with a 50 fJ/bit energy budget of future 310 mm2 chips [35]. 

One of the leading candidates for the implementation of board-level optical interconnects, 

that are compatible with electrical printed circuit boards (PCBs), are polymer waveguides 

[36],[37]. A number of successful system demonstrators based on various types of 

polymer materials and implementing different optical bus architectures have been 

reported in the past [38]–[40]. What is more, high-speed data transmission over polymer 

multimode waveguides has been achieved using 850 nm low-cost vertical-cavity surface-

emitting lasers (VCSELs), with record values of 40 Gb/s and 56 Gb/s demonstrated over 

1-m-long link using non-return-to-zero (NRZ) and 4-level pulse amplitude modulation 

(PAM-4) respectively [41]. 

There is currently a great interest in migrating this multimode technology from the first 

communications window (around 850 nm) to longer telecommunications’ wavelengths 

(1310 nm and 1550 nm) and single mode waveguides. The main driver behind this trend 

is to enable a direct interface of board-level polymer waveguides with the emerging high-

performance Si photonics chips and PICs based on III-V materials as suggested by IBM 

technology roadmap as shown in Figure 1-2. 
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Figure 1-2: Electro-optical interconnect development roadmap [42] 

Despite the great progress made, there is still a number of challenges before a fully 

integrated elecro-optical chip-level backplane can be fabricated. One of such problems, 

addressed in this work, is the fact that all currently implemented polymer-based optical 

backplanes have been non-amplifying.  This not only imposes a limit on the length of the 

on-board links as well as on the number of components that can be interconnected via, 

for example, splitters in a bus architecture. 
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In the past, this limitation has been addressed through employing optoelectronic 3R 

regenerators [43]. However, this solution requires multiple signal conversions that could 

be more efficiently addressed by an all-optical device. As a result, there is great interest 

in developing optical amplifiers suitable for integration onto PCBs [44]. Although various 

materials and doping approaches have been studied and some encouraging results have 

been reported in recent years [45]–[47], high-gain, power-efficient and PCB-compatible 

EDWAs are still to be demonstrated. 

1.2.2 Next Generation PONs 

Access networks cover the final part, sometimes referred as the ‘last mile’, of a 

telecommunications infrastructure connecting individual customers to the service 

provider’s central offices (COs). A passive optical network is an approach that promises 

to provide end customers high-capacity traffic in a cost-efficient way. Even though the 

underlying standards and technologies have evolved over time, the common property is 

the absence of active components between an optical line termination (OLT) and optical 

network unit (ONU) [48]. 

Increasing demand for bandwidth has been satisfied by a continuous evolution of the 

technical standards through inclusion of solutions such as time division multiplexing 

(TDM) and wavelength division multiplexing (WDM) [49]. Most of current research is 

carried out on next generation PONs (NG-PON) promising downstream speeds of 10 Gb/s 

and eventually 40 Gb/s (NG-PON2) and more in the near future [50]. 

As the demand for bandwidth in access networks is expected to keep rising, future 

standards are being put forward to satisfy the demand for a more scalable solution that 

can serve a large enough number of subscribers to make it economically viable. The most 

recent development has been a super-PON proposal put forward by Google that opened 

a discussion for the IEEE 802.3 task group [51]. The proposed architecture, shown in 

Figure 1-3 (a), offers cost effective network design capable of reaching up to  

1024 customers within 50 km radius. 

One of the key components in the CO is the optical amplifier used as both preamps and 

boosters to compensate for not only the distance to the nodes, but also the high splitting 

loss to reach all the nodes. The proposed wavelength allocation depicted in Figure 1-3 (b) 

assumes usage of 1530-1600 nm window which is compatible with the erbium-based 

amplifiers. Therefore, there is an emerging need for a future high-volume integrated 
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solution, possibly employing EDWAs instead of discrete components, to bring the unit 

cost down allowing for a mass market delivery. 

 

Figure 1-3: Super PON (a) suggested architecture,  

b) potential wavelength allocation [from [51]] 

1.2.3 Sensing 

Another emerging area of application for a polymer waveguide platform is to use an 

integrated device as a sensor. The concept of a miniaturised lab-on-chip has been 

developed to analyse a number of biological or chemical substances [52]. The 

characterisation of samples is performed through testing optical properties using a small 

polymer device, where optical waveguides are placed in proximity of microfluidic 

channels. Polymer has been successfully deployed in this application as it offers ease of 

fabrication of all the necessary structures for a full system through various patterning 

techniques as well as chemical stability required for reliable results [53],[54]. These 

sensors can be used to detect certain substances, such as ammonia [55], or used to detect 

other environmental factors, for example, temperature changes [56] as shown in  

Figure 1-4. 
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Even though optical amplifiers are generally not required for such small, few-centimetre-

squared devices, light sources can be useful in such systems. This has been demonstrated 

in the past that a sensor platform benefits from the presence of an active rare-earth doped 

microring structure as it boosts the sensitivity and increases the limit of detection for 

cancer biomarkers by an order of magnitude [57]. 

 

Figure 1-4: Polymer-based sensor used to measure ammonia concentration 

through exposed waveguides [55] 

Another emerging application for erbium-doped integrated devices in sensing has been 

the use of both amplifiers and sources for light detection and ranging (LiDAR) systems 

[58]. Wavelengths around 1550 nm offer an advantage in such systems due to not being 

perceivable by human eye and relatively higher ‘eye-safe’ power levels that are needed 

in order to extend the device range. What is more, erbium-based planar amplifiers have 

been considered for satellite-based CO2 and CH4 mapping systems due to suitable 

absorption features of these greenhouse gasses around 1570 nm [59]. 

1.2.4 Infrared Upconverters 

Over the past few years, there has been intensive research in using various materials as 

hosts for rare-earth doped infrared-to-visible light upconverters. These offer a range of 

applications, but the primary focus is for colour displays. In contrast to the previously 

mentioned applications for RE-doped systems, where the upconversion process is seen as 

a shortcoming and the design effort is focused on minimising the phenomena, in this case 

the process is desirable. 
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Figure 1-5: Visible light upconversion emission from rare-earth materials 

One of the key driving factors has been the demonstration that various lanthanides have 

energy transitions that cover wavelengths across the visible spectrum as shown in Figure 

1-5. Initially, various excitation frequencies have been used for different elements, 

however, such systems are not suitable for practical applications. In order to overcome 

this problem, rare-earth doped materials are co-doped with ytterbium. This acts as an 

effective sensitizer due to its very high absorption cross-section combined with efficient 

energy-transfer mechanism between Yb and neighbouring acceptor ions [60]. This 

principle has been demonstrated to work well for thulium, praseodymium, erbium, 

holmium, europium and gadolinium under 980 nm excitation wavelength [61]. The final 

step towards a practical design has been combining different RE ions in order to produce 

a white light source. This has been successfully achieved by a number of systems, for 

example by using a combination of Tm-Ho-Yb to generate almost perfect colour light for 

RGB devices as defined by CIE chromaticity diagram [62]. 

Upconversion is still an inefficient process, but considerable interest resulted in finding a 

number of suitable host materials that enhance this phenomena. Most of the research in 

this area has focused on various glasses and optimising their structure to enhance the 

upconverters efficiency. This has been shown for systems based not only on tellurite, 

fluorolead germinate, fluorophosphates or lithium borate but also on other materials 

including crystals and polymers [63],[64]. 
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1.3 Active Components in Polymer Systems 

Most of the polymer systems demonstrated so far only include a combination of non-

amplifying components such as waveguides, splitters and modulators. While this may be 

sufficient for certain applications, there is an increasing need for adding active 

(amplifying) components into the photonic integrated circuits as explained in the previous 

section. These would not only improve the existing designs by increasing the link lengths 

and scalability, but also add new functionalities. 

As already stated, this work focuses on developing an integrated polymer amplifier that 

combines compact size with relatively low-cost fabrication. An active region in polymer, 

required for not only an amplifier but also for an optical source, can be realised by either 

introducing optically active dopants into the polymer or by using special type of polymer 

with behaviour similar to that of semiconductors. Based on the above distinction, there 

are three major candidates for implementation of optical amplifiers in polymers: dye-

doped, conjugated polymer and rare-earth ion doped.  

1.3.1 Dye-doped Polymer 

Lasing action in dye material was first observed in 1960s [65],[66] with a great number 

of new dyes developed since [67]. Dyes are complex organic molecules that have many 

sub-states that naturally form a four-level laser system. This allows them to absorb and 

emit light over a relatively broad range of wavelengths. The two spectra are separated due 

to the presence of sub-states leading to absorption of higher energy photons followed by 

a fast, non-radiative relaxation inside the energy level and finally a light emission as 

shown in Figure 1-6. This means that dyes with a large Stokes shift have a clearly 

separated absorption and emission wavelengths. 

Dyes can be used in a number of both organic and inorganic hosts. The former type makes 

the fabrication process easier [69] leading to successful doping of a variety polymer host 

materials over a range of emission wavelengths [70],[71]. Most of the reported dye-

doping attempts show visible light spontaneous or stimulated emission between 400 and 

600 nm [72],[73] including a combination of multiple materials to generate a white light 

emitter [74]. There has been increasing interest in near-infrared (NIR) dyes mainly for 

biological imaging with emission wavelengths greater than 1000 nm [75]. 

Most of the work on dye-doped polymers has been focused on creating organic lasers 

using resonator structures such as planar cavities, gratings, rings or discs [76],[77].  
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However, in the process of creating working dye-doped based devices, a number of 

problems have been encountered including low radiation damage threshold, 

photobleaching, short device lifetimes and difficulties with continuous wave (CW) 

operation [78]. These problems have been addressed by improving dye and polymer 

formulation [79],[80] or quenching triplet states that absorbed energy [81]. 

 

Figure 1-6: Typical energy levels of a dye molecule showing transitions lifetimes 

and emission/absorption cross-sections [68] 

Semi CW lasing through a dye jet replenishment has been demonstrated since the 1970s 

in liquid solutions [82], but the same approach is not possible in a solid-state system. 

There have been successful attempts of non-CW (sometimes referred to as quasi-CW) 

amplifiers and lasers both in plastic optical fibres (POFs) [83], [84] as well as in integrated 

systems [85],[86]. Although there have been no reports of devices working in the telecom 

C-band, lasing has been reported in the near-infrared. Gain coefficients of 11 cm-1 at  

1270 nm [87] and 14 cm-1 at 970 nm [88] were achieved under low optical pumping 

duties. The improvements in the device efficiency have been realised through a reduction 

of the triplet state exciton accumulation via triplet conversion [89] and a decrease of the 

lasing threshold under 1 µJ/cm2 [67]. 

1.3.2 Conjugated Polymer 

Ordinarily a polymer is an insulator, but there exists a group of organic materials that 

conduct electricity. They are made of conjugated molecule chains, where atoms form a 

sequence of alternating single and double covalent bonds. The overlapping orbitals lead 
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to a band structure similar to the one seen in semiconductors [90]. These types of polymer 

are particularly attractive due to the fact that they eliminate the need for an external optical 

pump source. This in turn would enable fabrication of thin, flexible lasers that can be 

made at low cost. 

Organic materials with electroluminescent properties are widely used in organic light 

emitting diodes (OLEDs), but there has been a number of challenges to combine them 

with an efficient resonator structure capable of creating a directly-pumped laser [91].  

As in dye-doped materials, most of the demonstrated systems operate in the visible light 

emission range, as creating conjugated chains that are long enough to emit IR has proven 

difficult.  

Amplified spontaneous emission (ASE) phenomena in this type of material has been 

achieved from both solid state and liquid form polymers. This was demonstrated with 

assistance of not only top, but also edge pulsed optical pumping with gain exceeding  

70 cm-1 in the visible spectrum [92],[93]. These materials are therefore a good potential 

candidate for optical amplifiers and initially have been demonstrated in liquid polymer 

[94] and later in waveguide structures [95]. 

 

Figure 1-7: Energy transfer cascade in polymer system combining conducting host 

with a dye and triplet manager [96] 

The promise of conjugated polymer-based amplifiers lies in electrical pumping that 

cannot be achieved with other polymer amplifiers. There have been attempts at achieving 

such a device, but a number of problems are preventing the creation of a reliable and 

practical prototype. The difficulty with attaching electrical contacts that usually leads to 

gain quenching has been addressed by adjusting device geometry [97].  

The problems aforementioned for the dye-doped polymers are also present in conjugated 

polymer systems. The practical applications are limited by the triplet state absorption and 

operational lifetimes of approximately 2 × 107 pulses before the output drops by 50% 
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[98],[99]. These are particularly relevant as there have been attempts in combining 

conducting polymer hosts with dye molecules as well as triplet state managers in order to 

create a more complex system combining benefits of multiple materials as shown in 

Figure 1-7.  

Finally, there has been also been increasing research interest to combine OLEDs with 

rare-earth-ion dopants.  As a result of this investigation, early reports show a potential for 

electroluminescence in IR wavelength range albeit with very low external quantum 

efficiencies under 0.1 % [100] -[102]. 

1.3.3 Rare-earth-doped Polymer 

The two previously mentioned types of polymer amplifiers are in most cases optically 

active under 1 µm which means that they do not cover the second and third 

communications windows (around 1300 nm and 1550 nm respectively) [103]. An 

alternative approach is to use RE ions, which are a group of 17 elements that differ in 

terms of their optical properties, as dopant in active region. These have a multi-level 

energy band structure with various trivalent RE having energy transitions corresponding 

to different emission wavelengths. In many cases the multiple different radiative and non-

radiative decay paths are possible depending on factors such as wavelength of the 

absorbed photon supplied to the system through optical pumping. 

The most widely used element from the RE group is erbium (Er), as its emission spectra 

coincides with third communication window. This led to creation of erbium doped fibre 

amplifiers (EDFA) used in long distance communication that are optically pumped to 

achieve stimulated emission at wavelengths between 1530 and 1580 nm. More detailed 

information on progress in Er-doped integrated optics is given in Section 1.4 as the use 

of this material is the topic of this thesis. 



Chapter 1: Introduction 

16 

 

Figure 1-8: Simplified energy diagram for Er, Yb, Nd and Tm 

Even though most research on RE-doped systems has focused on Er, there has been 

interest in other trivalent ions due to a wide range of emission wavelengths they offer. 

Other commonly used elements are ytterbium (Yb), neodymium (Nd) and thulium (Tm). 

They all offer the potential for amplifier devices at a range of IR wavelengths between 

940 nm and 2 µm as shown in Figure 1-8. 

These materials, as well as other rare-earths, have been widely used as active laser media 

in optical fibre based amplifiers and lasers, as well as in solid state devices such as 

Nd:YAG for many years [104],[105]. More recently, with the emergence of plastic optical 

fibres (POFs), attempts have been made to dope them with rare-earths, such as europium, 

to achieve stimulated emission [106]. However, most of the reported attempts have 

focused on devices working in the visible range [107]-[109]. This in turn has led to an 

investigation of polymer as potential host for waveguide amplifiers to take full advantage 

of the ease of fabrication of polymer waveguides combined with the potential for high 

gain devices [110],[111]. 

The main difficulty preventing the demonstration of a fully successful compact device 

has been due to poor solubility of rare-earth ions, not only in polymer matrix, but also in 

most widely used glasses [112]. The resulting formation of clusters highly limits the 
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achievable gain per unit length of the device. This issue has been confronted by trying 

different combinations of host and active materials that reduces the ligand formation and 

resulting emission quenching. It is the potential for low pumping energy required, 

combined with absence of the exciton annihilation processes observed in dye-doped 

polymer devices, that allows CW operation without thermally damaging the polymer 

structure. 

The intensive research in optimising the host-dopant dynamics has resulted in a number 

of encouraging results. Lasing or amplification has been reported for a number of rare-

earth doped polymers covering a range of wavelengths. Some notable examples in IR 

include neodymium-doped 6FDA capable of lasing and 1.4 dB/cm amplification at  

1060 nm [113],[114]. Furthermore, a number of demonstrations for visible light 

amplification has been reported. Europium-doped Norland optical adhesive (NOA) has 

produced strong red emission and a gain of 17.4 dB/cm at 612 nm under CW pumping 

with 60 mW at 337 nm [115]. Furthermore, a 5-mm-long poly(methyl methacrylate) 

(PMMA) waveguide doped with terbium has been shown to generate strong green light 

and an estimated gain of up to 10.8 dB/cm at 545 nm under 488 nm pumping [116]. 

All the above attempts have demonstrated the potential for combining polymer hosts with 

active RE-based dopants to create practical devices. The range of available materials 

allows light emission at a range of wavelengths with different applications. However, the 

most intensive research, including this work, has been carried out in combining polymer 

hosts with erbium ions which enable creation of integrated components that are 

compatible with currently used telecommunications networks. 

1.4 Erbium-doped Polymer Waveguide Amplifiers (EDWAs) 

Erbium-doped optical amplifiers have been intensively researched since the 1990s due to 

the fact that their emission spectra around 1550 nm matches low loss region in glass fibre. 

This has led to rapid improvements in their designs leading to a better performance [117]. 

Optimisation in terms of dopant-concentration, pump power [118] and adding sensitizing 

elements [119] to increase efficiency have allowed erbium-doped fibre amplifiers 

(EDFAs) to replace regenerator units and dominate long haul transmission systems [120]. 

As the technology matured for long-distance applications, new possible applications 

emerged with device miniaturisation. Small size systems have been previously dominated 

by semiconductor materials due to more efficient electrical pumping and larger transition 

cross-sections leading to higher gain per unit length [121]. Recent developments in 
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enhancing optical gain in compact devices have shown evidence that rare-earth-ion-doped 

dielectric waveguide amplifiers and lasers can be competitive for integrated photonic 

applications [122]. 

The main reason that practical EDWAs have not been demonstrated so far is due to the 

fact that high-enough dopant concentrations have not been achieved without triggering 

detrimental quenching mechanisms in the material. In case of EDFAs that are widely 

employed to overcome losses in long haul telecommunications systems,  high gain 

without saturation effects is obtained by optimising amplifier pump power, dopant level 

and fibre length [123]. Since the transmission distance is usually measured in hundreds 

of kilometres, the EDFA can be as long as tens of meters, which in turn leads to required 

dopant concentrations in range of 1018 cm-3 [124].  

In case of waveguide amplifiers for integrated photonics based on silicon chips, there is 

much less freedom when designing a device. A practical size is limited to a few 

centimetres with the pump power being also capped due to possibility of thermally 

damaging the device. As a result, much higher Erbium concentrations are needed to 

achieve a practical amplifier. The exact concentration needed is still affected by 

waveguide dimensions, pump power and device efficiency, but is expected to be in range 

of 1021 cm-3 or even higher [125],[126]. 

In addition to increasing the concentration of erbium in the waveguide, it is necessary to 

increase the absorption efficiency of the pump signal. This is usually achieved by co-

doping the host material with other materials, sensitizers such as ytterbium [127]. This is 

a popular technique used to compensate for relatively low absorption cross-section of 

erbium compared to that of ytterbium. The two elements combine well because Yb 

absorbs light at 980 nm and efficiently transfers it to neighbouring Er ions to be later 

emitted around 1550 nm. Figure 1-9 shows a demonstration in aluminium oxide, where 

almost seven-fold increase of emission intensity for a co-doped waveguide under the 

same pumping conditions has been achieved. 
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Figure 1-9: Emission intensity of erbium and erbium-ytterbium  

doped material [128] 

A much more detailed description of the theory behind erbium-based systems is given in 

Chapter 2. Not only the mechanisms governing the performance will be explained, but 

also key design factors discussed. This is followed by overview of the current state-of-

the-art designs in both polymer hosts as well as other materials such as glasses. 

1.5 Thesis Aims and Outline 

The aim of this thesis is to explore the potential behind a new fabrication process – 

ultrafast laser plasma implantation (ULPI) to create high gain erbium-doped amplifiers. 

This doping method has been recently demonstrated to achieve a very high Er 

concentration of 1.63 × 1021 cm-3 in silica while maintaining a long metastable lifetime 

required for practical devices [129]. The underlying potential of the reported results is 

researched with the help of a model developed to quantify effects of various performance 

factors. Based on measured parameters, performance of a standard channel waveguide 

geometry is investigated to assess material suitability for formation of optical amplifier 

with gain of 10 dB/cm. This dissertation continues with a novel process of a dopant ratio 

optimisation in order to maximise the potential EDWA gain. 

Furthermore, the focus is placed on possible integration methods of the ULPI with the 

polymer platform. The work in this thesis assess if, by adjusting implantation process 
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parameters, Er-doped thin films of comparable quality can be formed. A study sets to 

identify the most suitable materials and viable approaches to doping the polymer either 

directly or through compatible hybrid waveguide architectures proposed in this thesis. 

This dissertation assesses not only the implementation feasibility but also the 

performance of designed and modelled devices. The issue of minimising impact of the 

alternative waveguide geometries on the amplifier performance is addressed and 

quantified through the dopant profile optimisation. 

This dissertation describes the work performed on understanding the performance factors, 

design and characterisation of the erbium-doped systems. The reminder of this document 

is structured as follows: 

Chapter 2 describes the operation principles and factors affecting the performance of the 

EDWA. It discusses the processes that diminish the achievable gain in highly doped, 

miniaturised systems. The effect of these concentration quenching mechanisms leading 

to the upconversion is debated and a number of methods to counteract them is presented. 

The chapter ends with a presentation of the current state-of-the-art devices based on a 

number of a different host materials. 

Chapter 3 presents the design considerations that have to be accounted for in the polymer-

based waveguide amplifier. It discusses the waveguiding theory and simulations 

undertaken in order to establish single mode operation conditions in various device 

architectures. It then presents a multi-level rate equations model required for a simulation 

of the gain dynamics in EDWAs. The impact of various parameters such as ion 

concentration, length of the device, pump power, upconversion and co-doping is 

described quantitatively. These theoretical predictions are then used to propose 

alternative device geometries for further studies.  

Chapter 4 introduces in detail the fabrication techniques and steps required for 

implementation of the designed polymer-based devices. The siloxane polymer features 

are developed using a prepared mask and characterised in terms of loss. Ultrafast laser 

plasma implantation and nanoparticle dispersion methods of erbium doping are described 

and employed to prepare Er thin films. The qualitative and quantitative characterisation 

results of the obtained layers, such as spectroscopy and erbium lifetime measurements, 

are presented and compared between various samples. These findings are then used to 

identify most promising approaches for an amplifier feasibility study. 
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Chapter 5 discusses the process used to design hybrid glass-polymer devices using 

channel and strip-loaded geometries. The procedure to estimate key simulation 

parameters from material properties is presented with the obtained values then used in 

more detailed amplifier studies. The implementation of strip-loaded devices is chosen due 

to their predicted performance and relative ease of fabrication. The process of the polymer 

ridge deposition on glass is optimised and the prepared samples experimentally assessed 

for their potential to form EDWAs. 

Chapter 6 describes the nanoparticle dispersion process employed to create Er-doped 

polymer devices. The obtained waveguides are visually inspected to optimise the 

fabrication recipe and characterised in terms of their transmission across the C-band. The 

experimental results are fitted to a loss model used to extract and analyse the underlying 

device properties. The EDWA model introduced in the third chapter is then used to verify 

the experimental results and determine the device potential. Finally, the performance is 

compared with the alternative state-of-the-art NP-doped polymer systems. 

Chapter 7 presents the main conclusions drawn from the results obtained in this thesis 

and suggestions regarding the future work. All of the key findings from the amplifier 

modelling and feasibility studies on different EDWA approaches are summarised. The 

limitations addressable through a further development based on other existing 

technologies as well as simulation work are discussed. 

1.6 Summary 

In this chapter a brief introduction of polymer-based integrated optical systems is given. 

The key advantages of polymer materials, such as high processability and favourable 

mechanical, thermal and optical properties are discussed. This is followed by a 

description of previously demonstrated components and their applications in a wide range 

of fields. However, the performance and scalability of current systems is constrained by 

a lack of integrated amplifying elements. Therefore, a number of potential techniques of 

introducing gain into polymer systems to overcome this limitation is presented. Methods 

of using rare earth doping, conjugated polymers and laser dyes are introduced and the 

current progress in these fields is summarised.  

Potential applications of polymer-based systems with amplifying capabilities, such as 

optical interconnects or sensors, are presented. Practical design requirements in each case 

are discussed and compared with the latest research achievements. 
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Finally, an outline and aims of the work included in the following chapters in this thesis 

are summarised. The focus is placed on exploring the potential behind promising 

fabrication processes as well as developing a detailed modelling framework to optimise 

device performance. The key aspects and findings presented in each section are briefly 

explained with short description of the most relevant findings. 
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Efficient optical amplifiers and sources are indispensable components of any 

communications system. The widespread use of EDFAs in long-haul telecommunications 

systems has been enabled by the broad gain spectrum coinciding with the low-dispersion 

and low-loss region of optical. Substantial research effort has combined these advantages 

with the benefits of multi-component integration on a miniaturised chip. Despite the 

maturity of fibre-based amplifiers and systems, fabrication of practical EDWAs still 

remains a challenge. 

The required increase in the gain per unit length resulting from the scaling of the existing 

erbium-based systems has exposed a number of problematic processes that have 

previously played an insignificant role in an amplifier’s performance. A wide range of 

materials and designs have been put forward in order to overcome these engineering 

issues. 

In this chapter, the material and design factors affecting performance of the EDWAs are 

discussed. Particular focus is placed on understanding the physical processes that reduce 

the achievable gain in miniaturised systems and how they can be mitigated. This is 

followed by consideration of techniques and methods, such as sensitisation, used to 

optimise the device performance. Furthermore, an analysis of optical waveguide theory 

to produce an effective amplifier structure is employed with particular consideration of 

the losses and overlap between the guided modes and active region. Finally, a review of 

current state-of-the art EDWAs is presented comparing various integration platforms and 

performance levels reported to date.  

2.1 Properties and factors affecting EDWA performance 

The amplifier performance is highly dependent on the spectroscopic properties of erbium 

ions. This not only includes possible radiative and non-radiative energy transitions, but 

also emission and absorption cross-sections, energy level lifetimes and upconversion 

mechanisms. A functional amplifier can be designed only when all the relevant factors 

are considered. In contrast to an EDFA, a three-level system approximation is no longer 

valid for high-dopant-density systems since certain undesirable processes emerge and 

need to be accounted for in EDWAs as outlined in this section. 

2.1.1 Erbium energy levels and transitions 

Rare earth ions usually have a trivalent oxidation state and atomic-like energy structure 

in most of the host materials. When erbium is assimilated into a solid, weakly-bound 
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electrons are removed, leaving a partially filled 4f shell protected by a larger radius 5s 

and 5p orbitals. This shielding of the inner shell results in the position of the energy levels 

being barely affected by the host material [1]. The localised electronic environment 

allows for various distinct energy transitions possible within the 4f-shell with each of the 

degenerate levels being Stark-split into a manifold.  

The lowest seven energy levels of an erbium ion, from 4I15/2 ground to 4F7/2 state using 

Russell-Sanders notation are shown in Figure 2-1. The diagram also includes typical Er3+ 

lifetimes of these states in oxide glasses, which are later used as a benchmark for polymer 

systems, as well as for the most relevant radiative and non-radiative energy transitions. 

 

Figure 2-1: Er3+ energy diagram schematic with relevant transitions and typical 

lifetimes. Green lines show photon absorption, red emission and  

black non-radiative transitions. 

Erbium-based amplifiers and lasers are used at wavelengths of around 1.5-1.6 µm. In 

order for this to be possible, the Er ions are excited from the ground 4I15/2 to higher levels, 

eventually resulting in population inversion of the system. Typically pump wavelengths 

of either approximately 980 nm (1) or 1480 nm (2) are used leading to ground state 

absorption (GSA) and transitions to levels 4I11/2 or 4I13/2, respectively. The former is then 

followed by a rapid non-radiative decay 4I13/2 to the level through multiphonon relaxation 

[2]. The relatively long lifetime of the level 4I13/2 leads to the accumulation of excited ions 

that are available for amplification. A passing signal photon of wavelength around  

1530 nm can induce a stimulated emission in the 4I13/2→
4I15/2 transition (3). This transition 
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is also possible without an incoming signal leading to a spontaneous emission. In a similar 

way to the 1480 nm pump light absorption, a signal light can also be reabsorbed by an 

unexcited erbium ion through the 4I15/2→
4I13/2 transition (2). 

In addition to the absorption and emission processes occurring in the lowest three energy 

levels, there are a number of undesirable transitions that can occur in densely doped 

systems. There is a possibility for an already excited Er ion to absorb a second 980 nm 

photon leading to a 4I11/2→
4F7/2 transition (4) referred to as excited state absorption (ESA) 

[3]. This is a disadvantageous phenomenon for device performance as it results in 

increased pump absorption while decreasing its efficiency. The processes (5) and (6) 

depict energy transfer upconversion (ETU). These two transitions require interaction 

between two neighbouring ions where one of them acts as a donor and passes the energy 

to the acceptor. As a result, the donor is de-excited back to the ground state 4I15/2 while 

the acceptor is promoted to either 4F7/2 (5) or 4I9/2 (6). In both cases the upconversion 

process is detrimental to the device operation as it reduces the number of ions available 

for stimulated emission [4]. 

In the case of an ion excited above the 4I11/2 level, a number of non-radiative transitions 

are required for the ion to revert back to the useful 4I13/2 state (7). These transitions release 

energy in the form of phonons and are generally relatively fast leading to the Er ion 

eventually returning to the radiative emission level. However, there is also a probability 

of spontaneous emission taking place, which is inversely proportional to the lifetime of a 

given manifold. In addition to already described 4I13/2→
4I15/2 transfer, the transition from 

2H11/2 and 4S3/2 to the ground state is also shown (8) as it leads to characteristic green light 

emitted by highly doped devices [5]. 

2.1.2 Emission and absorption cross-sections 

The typical photon absorption and emission transitions described in the previous section 

are linked to a given cross section. The absorption cross-section (σa) describes the 

probability of an unexcited ion being promoted to a higher energy level through the 

absorption of either the pump or signal light. On the other hand, the emission cross-

section (σe) determines the likelihood of an erbium ion emitting a photon. These quantities 

depend on the system’s host material and are usually quoted in units of cm2 and typical 

values for most materials are in the 10-21 order of magnitude [6]. The absorption cross-

section can be calculated by measuring the loss in light intensity travelling through a 

given medium and using the Beer-Lambert formula. 
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σ��λ� = α�λ�N  
(2.1) 

where α(λ) is the absorption at a given wavelength (cm-1) and N is the total ion 

concentration (cm-3). In an ideal ‘loss-less’ case, where no other loss mechanisms are 

present, or all the other loss mechanisms have been accounted for and subtracted from 

the total, the absorption can be determined using the formula below. 

	�λ� = − ��� I�λ�I��λ�� L�  

(2.2) 

where I and I0 are the light intensity measured after length L and incident on the sample, 

respectively. The emission cross-section can be estimated from the emission spectrum 

using the Füchtbauer-Ladenburg method [7] which states that: 

σ��λ� = λ�,����� I��λ�8πcn�τ � I��λ�dλ 
(2.3) 

Here, λe,peak is the wavelength at the emission peak, τ is the lifetime of the metastable 

level, n is the refractive index of the material, c is the velocity of light and Ie(λ) is the 

fluorescence spectrum. Furthermore, the theory developed by McCumber [8] enabled a 

straightforward procedure to determine the link between the two cross-sections, and this 

theory has since been confirmed experimentally for many Er-doped systems [9]. 

 

Figure 2-2: Absorption spectra of Er-doped TZN glass  

showing selected intra-ion transitions [10] 

The absorption and emission spectra of an erbium-doped system have a number of peaks 

corresponding to the energies of different electronic transitions occurring inside the ion. 

An example based on zinc-sodium tellurite (TZN) glass can be found in Figure 2-2 where 
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certain energy levels can be observed as absorbance peaks and, therefore, as wavelengths 

of the increased absorption cross-section. 

In a simple system, where both the populations of ground (N1) and excited (N2) states as 

well as the corresponding cross-sections are known, the internal gain is given by: 

G� �λ� = 10 �#$%��σ��λ�N� − σ��λ�N%�L (2.4) 

The above relationship highlights the importance of high cross-sections, particularly of 

the 4I13/2 level, needed for effective amplification. While this formula can be used to 

estimate the gain potential in a given system, a more complex model is required that takes 

into account other transitions, such as upconversion. 

2.1.3 Lifetime 

Every energy level has a certain lifetime associated with it. This time constant indicates 

the decay rate from that level in the absence of the stimulated emission. In an ideal case, 

with no detrimental energy transfer processes present, the luminescent decay in time is 

represented by a single exponential curve. However, in a host material with defects, 

several pathways exist for population decay, which can be divided into radiative and  

non-radiative such as vibrations of the host material. The decay probability per unit time, 

which is inversely proportional to the lifetime, is a sum of the individual probabilities of 

those transition channels and the total lifetime of a given energy level is given by: 

1τ& = 1τ',& + 1τ)',& (2.5) 

where τi is the total, τr,i radiative and τnr,i non-radiative lifetime of a given energy level 

respectively. Using this fact, the rate of spontaneous emission from an energy level in an 

Er-doped system is given by the number of ions divided by the total lifetime. 

Non-radiative decay between two states takes place via an energy transfer to the host 

material through the generation of a number of phonons. This multiphonon relaxation has 

a total energy equal to that of the difference between the two levels and its probability is 

inversely proportional to the number of phonons required to cover this gap. Even though 

the phonon energy varies between different host materials affecting higher energy levels 

in erbium ion, the lifetime of the 4I13/2 state remains relatively long due to the large number 

required for the 4I13/2→
4I15/2 transition [11].  

The long lifetime of the second level allows for a build-up of population inversion in the 

system required for gain in Er-based systems. In the most common host materials used 
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for EDWAs, luminescent lifetimes of approximately 10 ms have been demonstrated, 

including 8.1 ms in phosphate glass [12], 8 ms in Al2O3 [13] and 14 ms in TZN [14]. 

However, the lifetime depends not only on the material but also on the erbium ion density 

and accompanying energy transfers between ions. 

2.1.4 Ion Concentration 

The main difference between the EDFA and the EDWA is the scale of the device. While 

a typical fibre amplifier is metres to tens of metres long [15], miniaturised waveguide-

based systems require it to be in the range of a few centimetres long. In a fibre-based 

device, a typical Er concentration is set to around 1018 cm-3 [16] as increasing beyond that 

point results in reduced efficiency of the device [17]. However, to achieve a similar net 

gain in the EDWA device, a much higher Erbium concentration is required. 

Doping a host material with a great number of ions results in reduced spacing between 

introduced dopants. This leads to solubility issues when dopant ions start to cluster 

together as well as undesirable interactions such as energy exchanges between  

ions [18]–[20]. The outcome of these processes is reduced efficiency and, therefore, 

diminished gain of the amplifier device. In an ideal scenario, with no inter-ion interactions 

as shown in the simplified Equation (2.4), a better gain in a compact device could be 

achieved through increasing the Er concentration and the number of inverted erbium ions 

in the system. 

Table 2-1: Reported erbium concentrations for various host materials 

Host material 
Er concentration 

[×1020 cm-3] 
Reference 

Aluminium oxide (Al2O3) 0.27-4.2 [21] 

Phosphate glass 5.3 [22] 

Tellurite glass (TZN) in silica 16.3 [23] 

Soda-lime silicate glass 0.6-1.2 [24] 

Fluorazirconate glass (ZBLAN) 0.4-14 [25] 

Potassium double tungstate (KY(WO4)2) 6.36 [26] 

Lithium niobate (LiNbO3) 2.0 [27] 

NaYF4 nanocrystals in SU-8 polymer 2.8 [28] 



Chapter 2: Review and Theoretical Analysis of Erbium Doped Waveguide Amplifiers 

42 

However, with this proving difficult in a silica glass a number of alternative host materials 

with improved solubility have been explored. Some of the highest reported values to date 

are listed in Table 2-1 showing attempts at using different systems as well as glass 

modifiers such as aluminium or phosphate in order to reach higher Er concentrations. 

Even with the improved materials with reduced quenching used in these highly doped 

systems, undesirable energy transfers are still present and need to be taken into account 

when designing an amplifier. 

2.1.5 Energy Transfers 

Since EDWAs require very high dopant concentrations to achieve high gain over short 

propagation distances, they need to overcome gain quenching. The processes responsible 

for the deterioration of the device efficiency through energy transfer can be divided into 

a number of categories. The three most common quenching mechanisms encountered in 

erbium-doped systems are: energy transfer upconversion (ETU), excited state absorption 

(ESA) and energy migration (EM) as shown in Figure 2-3. 

 

Figure 2-3: Selected erbium energy transfer processes based on 980 nm pumping 

2.1.5.1 Energy Transfer Upconversion 

The most common energy transfer process limiting the performance of high concentration 

rare-earth-doped devices is ETU [29]. This process, also referred to as co-operative 
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upconversion (CUC), takes place when two neighbouring ions that are already in the 

excited state interact with one another. In this scenario one ion, the donor, transfers energy 

non-radiatively to the second, the acceptor. Therefore, the first ion becomes de-excited 

and moves back to the ground state while the second is promoted to a higher energy level. 

In Figure 2-3 (b) the process is depicted for one of the possible pathways where the 

acceptor ion is promoted to the 4F7/2 state as a result of 980 nm pumping. However, the 

same process applies to a 1480 nm excitation with the difference that the acceptor ion is 

excited from level 4I13/2 to 4I9/2. Once an erbium element is exited to a higher energy level 

it undergoes a number of multi-phonon transitions back to the metastable level 4I13/2 or 

occasionally emits spontaneously from one of the higher energy levels as explained in 

section 2.1.1. 

There have been extensive studies of the underlying structural factors leading to CUC 

inside of the host material [30]–[32]. In general, two underlying phenomena contributing 

to upconversion process have been identified as shown in Figure 2-4. Homogenous 

upconversion (HUC) is the result of the high concentrations reducing the spacing between 

erbium ions that in turn enables energy transfer between neighbouring ions. This process 

occurs even in a system where the dopant ions are separated by more than their diameter. 

However, when the distance becomes smaller, leading to the formation of clusters, the 

dopant distribution is no longer uniform. In this case, usually pairs of erbium ions interact 

with one another resulting in pair induced quenching (PIQ). While the first process occurs 

even at relatively lower Er concentrations, the latter becomes dominant at high 

concentrations [33]. 

 

Figure 2-4: Two dimensional model of Er-doped silica glass structure  

with illustrated HUC and PIQ processes [34] 
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The ETU process in EDWAs has a significant impact on performance as it de-populates 

the 4I13/2 level, thus reducing the population inversion of the system. In addition, this can 

also result in significant heat dissipation in the host material due to multiphonon 

relaxations taking place when an Er ion is undergoing non-radiative transitions [35]. 

Table 2-2: ETU coefficient measured in various Er-doped materials 

Host material 
Er concentration 

[×1020 cm-3] 

ETU coefficient 

[×10-18 cm3s-1] 
Reference 

Aluminium oxide 0.27-4.22 0.7-7.8 [36] 

Phosphate glass 2.0-4.0 0.8-1.1 [37] 

Soda-lime silicate glass 1.4 3.2 ± 0.8 [24] 

Tellurite glass 3.4 2.74 [38] 

Fluorazirconate glass (ZBLAN) 2-14 13-67 [25] 

LiYF4 crystals 6.9 17 [25] 

The energy transfer upconversion limits the maximum concentration of the dopant ions 

that can be efficiently introduced to the host material. Once the optimum point is 

exceeded, the CUC process reduces the gain of the device due to concentration quenching 

[39], [40]. This behaviour can be modelled through the introduction of a material-

dependent upconversion rate which is proportional to the square of the population density 

of the energy level on which it occurs [41]. The ETU coefficient varies depending on the 

material and some experimentally derived values for level 4I13/2 and corresponding Er 

concentrations are shown in Table 2-2.  

2.1.5.2 Excited State Absorption 

The process of excited state absorption shown in Figure 2-3 (a) does not involve an energy 

transfer between different ions, but it is involved in upconversion and leads to efficiency 

reduction of the EDWA. In this case, a single Er ion that has previously been excited to 

4I11/2 level absorbs a second pump photon resulting in a second transition to 4F7/2 state. As 

with ETU, this can also occur through a 4I15/2→
4I13/2→

4I9/2 double absorption of a  

1480 nm light. In these two most common scenarios a single ion absorbs two photons; 

however, multistep processes leading to even higher excited state absorptions are also 

possible [42]. 
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Similar to transfer upconversion, the ion then undergoes multiple non-radiative decays 

back to the metastable level or is emitted as a high energy photon in the visible spectrum. 

In either case, the outcome is a reduced population available for amplification at the 4I13/2 

level and the reduced efficiency of the system due to energy loss. 

Even though ESA has been shown to have less impact at the typical pumping wavelengths 

of 980/1480 nm than at shorter wavelengths such as 800 nm [43], its contribution to 

upconversion cannot be ignored. It becomes more problematic in materials with longer 

lifetimes at higher energy levels as it leads to population increases in these states. 

Furthermore, in miniaturised systems such as EDWAs, where higher pumping densities 

are required, this mechanism has been shown to cause a signal loss [44]. 

 

Figure 2-5: Al2O3 EDWAs with similar Er-content fabricated using (a) ion 

implantation and (b) co-sputtering and operated under same conditions [39] 

The upconversion arising in the erbium system due to both energy transfer and excited 

state absorption is dependent on many factors such as lifetimes, cross-sections and 

phonon energies of the host. This process is dependent on the material, but also on the 

fabrication technique employed. Figure 2-5 shows aluminium oxide devices with either 

0.28% Er ion implanted into Al2O3 or 0.31% Er co-sputtered with Al2O3. When operated 

under exactly the same conditions, a co-sputtered device was shown to emit much 

stronger green light while having a lower gain at 1530 nm [39]. This difference was 

attributed to a more homogenous erbium distribution leading to a reduced upconversion. 

It is worth noting that in compact EDWAs that have high dopant concentrations and are 

pumped at high energy densities, some degree of upconversion and accompanying green 

light emission is expected. In the most common communications applications, the effort 

is placed on minimising the 530-570 nm emission as this reduces the device efficiency, 

but as described in Chapter 1 there is also an interest in maximising clustering for 

infrared-to-visible upconverters. 
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2.1.5.3 Energy Migration 

The process depicted in Figure 2-3 (c) shows energy migration where an excited ion 

(donor) transfers energy to a neighbouring ion that is in the ground state (acceptor). As a 

result, the donor becomes de-excited back to the ground state while the acceptor is 

promoted to the state previously occupied by the first ion. Even though the population of 

the 4I13/2 level is not affected through that resonant interaction between erbium ions, the 

process can occur between multiple neighbouring dopants until eventually the excitation 

is lost. This usually occurs through multiple energy-migration steps once a quenching 

centre such as OH- group impurity is met [45]. 

2.1.6 Pumping mechanisms and sensitisation 

In a typical setup, erbium-doped systems are optically pumped using either 980 nm or 

1480 nm light in order to excite the Er ion through ground state absorption onto 4I11/2 or 

4I13/2 level, respectively. Both of these methods can be seen as three-level systems, where 

in case of the in-band pumping at 1480 nm, the process takes advantage of energy level 

splitting. The advantages of using direct 4I13/2 pumping are a good modal overlap between 

the pump and signal, lower scattering losses and a higher absorption cross section of 

erbium at longer wavelengths compared to 4I11/2 as shown in Figure 2-6. However, using 

980 nm takes advantage of an almost complete lack of stimulated emission occurring as 

a result of this energy level leading to higher population inversion and, therefore, lower 

noise in the system. These advantages have been confirmed experimentally as the 

preferred pumping scheme for long-haul EDFAs [46]. 

 

Figure 2-6: Erbium absorption cross-section when doped in phosphate glass [47] 
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However, in the case of compact devices, where efficiency is a key factor, absorption 

cross-sections of both energy levels are relatively weak, leading to low absorbance of 

pump power. In order to improve the gain of the device, various sensitizers have been 

proposed. The most widely used is co-doping erbium with ytterbium [48]–[51], but other 

methods such as silicon nanocrystals (Si NC’s) [52]–[54] or organic cage complexes [55] 

have been put forward.  

 

Figure 2-7: Energy processes involved in Er-Yb sensitisation  

Yb offers an alternative absorption path from its 2F7/2 to 2F5/2 level which also corresponds 

to absorption around 980 nm. When a host material is co-doped with both erbium and 

ytterbium, the latter absorbs an incoming pump photon and then transfers it to 

neighbouring Er ions through the energy migration process described in the previous 

section. This process is detailed in Figure 2-7 where the Yb ion first absorbs a pump 

photon (1) through 2F7/2 → 2F5/2 transition and then transfers the energy onto the 

neighbouring Er ion via 4I11/2 excitation (2). This is then followed by a non-radiative 

decay to 4I13/2 and finally stimulated emission in the 1.5-1.6 µm range. Alternatively, the 

excited Yb ion can reemit a photon around 980 nm or a back-transfer from erbium to the 

ytterbium ion is possible, though unlikely due to the short multiphonon relaxation time 

of the 4I13/2 level [56]. 

The benefit of the ytterbium ions’ inclusion in the dopant mix in terms of absorption 

cross-section has been shown in phosphate glass where co-doping has led to a 7.6-fold 

increase in pump light absorption as shown in Figure 2-8. Additional advantages of using 

this co-dopant are the fact that it does not reabsorb the 1550 nm signal, but also has very 

similar ionic properties leading to an opportunity for co-doping with comparable or even 

higher concentrations than erbium in order to increase the device efficiency [57]. 
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Figure 2-8: Absorption spectra of phosphate glass with 1.9 x 1020 cm-3 Er  

(dashed line) and 1.9/3.7 x 1020 Er/Yb cm-3 (solid line) [58] 

A carefully designed system that takes advantage of Er-Yb co-doping offers a possibility 

for higher overall gain. Adding ytterbium ions effectively add another erbium excitation 

mechanism that in a highly pumped system competes with Er-Er energy transfer 

upconversion [59]. As a result, Yb ions act not only as sensitizers for EDWAs, but also 

help to reduce the concentration quenching effects and achieve higher gain per unit length 

through increased dopant density. 

2.2 Material losses 

In order for an erbium-doped system to produce gain, the stimulated emission must be 

greater than absorption. When an EDWA is unexcited the Er ions absorb the signal 

photons and reduce the signal intensity. That changes when the pump is turned on and 

population inversion is achieved resulting in emission becoming greater than absorption. 

In an ideal system, no other sources of losses would be present, but in practice a number 

of additional mechanisms contribute to the signal degeneration. Some of those losses 

depend on the device fabrication, for example scattering on a rough waveguide surface, 

but some are related to the host material itself. 

Sources of losses in bulk materials include the intrinsic absorption of the material as well 

as absorption and scattering arising from the impurities. Those material losses 

intrinsically depend on the host chosen for device implementation and are required to be 
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kept as low as possible. Otherwise, any additional passive (non-erbium related) source of 

loss needs to be compensated for by generating higher gain from the erbium ions. In 

general, background losses should be kept under 1 dB/cm for efficient systems, but much 

lower values have been reported for phosphate glass – 0.4 dB/cm [60], aluminium oxide 

– 0.14 dB/cm [61] or lithium niobate – 0.1 dB/cm [62]. In order to create efficient 

EDWAs, it is important for the host material to have low background losses at both signal 

and pump wavelengths.  

There are different terms that have been coined to describe gain in an amplifier system. 

Signal enhancement, sometimes referred as relative gain, describes the change in the 

output signal with and without pump excitation. Internal gain takes into account the 

background losses in the waveguide and refers to the difference between input and output 

powers. Finally, net gain expands on the on-chip (internal) gain by also considering 

external factors such as coupling losses. 

2.3 The state of the art in EDWA 

The need for a compact EDWA device has led to remarkable research activity to satisfy 

the predicted application needs using a variety of materials and systems. There are a range 

of parameters that need to be taken into account when an erbium-doped amplifier is 

designed. These need to be carefully controlled in order to maximise the gain for a given 

system. Minimising pump power and the device footprint, while ensuring a broadband 

operation, are key criteria that need to be met for future communications systems. Even 

though the exact specifications and performance depend on numerous design factors, a 

great number of parameters are determined by the host material used. 

Many Er-doped devices have been put forward and fabricated using various techniques 

with some of the most promising attempts presented in Table 2-3. These devices have 

been proven to provide internal gain while promising compatibility with existing 

platforms such as silicon. The listed devices are compared in terms of not only the 

achieved internal gain at a peak wavelength, but also in terms of the Er/Yb concentrations, 

amplifier length and pumping scheme employed. In summary, pumping around 980 nm 

is assumed unless specified otherwise. 
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Table 2-3: Comparison of internal gain and operating conditions for EDWAs  

in different host materials 

Host 

Er/Yb conc. 

[×1020 cm-3 or 

as quoted] 

Length 

[cm] 

Pump 

power 

[mW] 

Peak 

internal 

gain 

[dB/cm] 

Ref. 

Phosphate glass 
Er – 2.3 wt.% 

Yb – 3.6 wt.% 
3.1 460 5.3 [60] 

Aluminium oxide Er – 2.12 2.1 80 2.0 [61] 

Potassium double 

tungstate 
Er – 1.9 0.68 600 7.95 [63] 

Tantalum pentoxide Er – 2.7 2.3 20 2.1 [64] 

Soda-lime silicate glass Er – 1.46 wt.% 4.5 280 3.3 [65] 

PbO-GeO2 glass 
Er – 0.33 

Yb – 20 
1.0 100 6.0 [66] 

Lithium niobate 

(LiNbO3) 
Not reported 4.6 

200  

(1486 nm) 
3.0 [67] 

Tellurium dioxide (TeO2) Er – 2.2 5.0 171 3.0 [68] 

NaYF4 in SU8 polymer 6.0 vol.% 1.2 80 6.6 [69] 

NaLuF4 in PMMA 

polymer 

Er – 2.8 

Yb – 28 
1.3 400 11.6 [70] 

2.3.1 Glasses 

The limit of the solubility of Er ions and resulting gain quenching in silica glass have 

been initially addressed through introducing aluminium and phosphate into the mix 

leading to compact devices with a gain of up to 1.1 dB/cm [71]. Other glasses have been 

intensively researched as potential RE hosts due to their advantageous properties such as 

long luminescence lifetimes and increased erbium solubility [71]. The most promising 

amplifier candidates based on internal gain reported so far are listed in Table 2-3, but the 

losses have been overcome to a lesser degree in other types such as bismuthate [72],  

borosilicate [73] and fluoride [74] as well. 
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Phosphate glass has proven to be a particularly good host material with a number of 

reports demonstrating an internal gain of over 3 dB/cm around 1535 nm [75]–[77]. The 

highest reported signal enhancements in this host took advantage of both Yb co-doping 

as well as bi-pumping to ensure uniform population inversion along the device [60]. In 

another attempt, a very short, 3-mm-long, device with high doping concentrations (8 wt.% 

Er and 12 wt.% Yb) was fabricated through Ag-Na ion exchange and pumped at 150 mW 

to generate a net gain of 4.1 dB [57]. 

An extremely high ytterbium concentration was also used in PbO-GeO2 glass where a  

80-µm-wide pedestal structure delivered 6 dB of gain [66]. The benefit of very high  

Yb-co-doping resulted in a very efficient device that required only 100 mW of pump 

power to produce high signal enhancement. An alternative approach to reduce the energy 

requirements for a compact device has been to reduce the dimensions of the waveguide. 

This approach was demonstrated in a tantalum pentoxide (Ta2O5) where a waveguide 

with 5.2 µm2 cross-section required only 20 mW to generate 2.8 dB gain over a  

2.3-cm-long device [78]. 

Tellurite-based glasses have been actively investigated as RE hosts for a number of years 

due to their favourable material properties such as low material loss and high erbium 

solubility. This has culminated in the demonstration of waveguide amplifiers with a net 

gain over 140 nm bandwidth peaking with 15 dB at 1535 nm over a 5-centimetre-long 

waveguide [68]. The promising performance of the pure TeO2-based system has led to 

investigation of the impact of adding different elements to the mix, such as gallium, 

tungsten or germanium [79]. Some promising spectroscopic properties when doped with 

erbium and early work towards EDWAs have been reported in tellurite modified with 

germanium-niobate [80] as well as a gain of 2.1 dB/cm at 1532 nm when the glass mix 

includes both zinc and magnesium [81]. 

A particularly attractive combination was obtained using zinc-sodium tellurite (TZN) 

glass doped with Er ions and incorporated into silica substrates through ultrafast laser 

plasma implantation (ULPI) [14]. This method has enabled the achievements of high 

erbium concentration without significant clustering confirmed by a record high lifetime-

density product of 0.96 × 1019 s.cm-3 [82]. Even though no EDWA device has been 

demonstrated with this material, homogenous thin films with a very high Er concentration 

of 1.63 × 1021 cm-3 and a long lifetime of 9.1 ms have been reported [83]. 
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2.3.2 Aluminium Oxide 

Another attractive material for erbium doping is aluminium oxide (Al2O3) as it offers the 

possibility of compact devices that are suitable for silicon integration based on the silicon-

on-insulator (SOI) platform in Figure 2-9. This host has been actively used since the 

1990s when the first promising devices were fabricated. A 4-cm-long amplifier occupying 

only 1 mm2 of chip area providing a net gain of 2.3 dB when pumped at 9 mW and 

transparency power of 3 mW has been achieved in a small, 0.6 × 2 µm2 waveguide [84]. 

More recently a net gain over 80 nm bandwidth with a peak enhancement of 4.2 dB over 

2.1 centimetres at 1533 nm as well as extremely low threshold pump power of 7 mW has 

been demonstrated [61]. Furthermore, a long lifetime of the excited state in such a system 

has provided low noise and cross-talk required for wavelength-division-multiplexed 

(WDM) transmission and allowed transmission rates of up to 170 Gbit/s [85]. The Al2O3-

based systems have been shown to scale well and amplifiers of up to 24.5-cm-long 

generating over 20 dB net gain have been fabricated [86]. In this case, a low chip footprint 

was achieved through a compact spiral structure due to a relatively high refractive index 

contrast between the waveguide and the cladding. 

 

 

Figure 2-9: Schematic of a potential active component integration  

for SOI platform [87] 

Even though an aluminium oxide host does not have the highest gain per unit length 

among the discussed hosts, it has proven to be enough to support CW lasing for a number 

of RE dopants [88]. For Er-based systems this has been achieved in a number of ways 
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including ring-resonators [89], the distributed Bragg reflector (DBR) [90] and distributed 

feedback (DFB) [91]. Despite all the progress reported on Er-doped Al2O3, the main 

factor limiting the gain per unit length in these systems with regard to the currently used 

fabrication methods is energy transfer upconversion [92]. However, there has been a 

recent progress in using atomic layer deposition (ALD) in order to fabricate highly-

controlled micro-scale devices with the potential to achieve up to 20 dB/cm modal gain 

in sub-millimetre-long amplifiers [93]. 

2.3.3 Double tungstates 

An alternative host that has been recently reported is potassium double tungstate. This 

crystalline matrix has been demonstrated to have broad-band emission, cross-sections that 

are 4 times as large compared to aluminium oxide and the ability to host Er concentrations 

of as high as 6.36 × 1020 cm-3 with relatively low ETU [94]. Early characterisation and 

simulations of KY(WO4)2-based amplifiers predicted extremely high gain of up to 40 dB 

over a 3-cm-long device due to high Er doping of 3.81 × 1020 cm-3 and very low 

propagation loss of 0.2 dB/cm [95]. 

Short, sub-centimetre devices have been reported with a measured gain of 12.1 dB/cm in 

750-µm-long amplifiers and a slightly lower figure of 7.95 dB/cm for 6.75-mm-long 

structures [63]. A relatively low refractive index contrast of ~1.2 × 10-2 using this material 

as the Er host enabled the fabrication of relatively large devices with cross-sectional areas 

in the range of 50 µm2. However, the large area and no Yb co-doping meant that not only 

was up to 256 mW of pump power required to reach the gain threshold but also 600 mW 

were needed to achieve the reported net gains. 

2.3.4 Polymers 

Polymers have been considered an attractive candidate for photonic integration despite 

difficulties with incorporating inorganic, rare-earth elements into these systems. The 

initial attempts to overcome the problems with dissolving erbium in organic host were 

made using polydentate cage complexes [96] or embedding the materials in silica before 

adding them into polymer systems [97]. Early promise was shown by using hydrophobic 

sol-gel materials, achieving signal enhancement of 0.8 dB/cm in a 7-mm-long waveguide 

[98] and then 1.8 dB/cm in a 1.3-cm-long ridge [99]. 

An alternative approach to solution processing has led to the demonstration of gain inside 

polymer-based EDWAs. A Er/Yb co-doped multimode structure was recently reported 
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with 7.2 dB/cm signal enhancement at 1533 nm [100], which was then further optimised 

to generate 16.5 dB over 2-cm-long structure pumped with 180 mW [101]. This approach 

has resulted in amplifiers with an internal gain not only in a SU8 host, but also 5.4 dB/cm 

in PMMA [102] and 7.2 dB/cm in a 0.5-cm-long copolymer mix device [103]. 

 

Figure 2-10: Fabrication workflow for a core-shell polymer structure after [69] 

Increasingly popular techniques of introducing nanocrystals and nanoparticles (NPs) into 

a polymer host through an additional layer of coating have been developed [104] as shown 

in Figure 2-10. Even though initial attempts resulted in a very low gain per unit length 

[105], [106], new promising and optimised nanocrystals, such as NaYF4 [107] or LaF3 

[108] were synthesised. More recently, auspicious devices have been demonstrated with 

various combinations of polymer hosts, NP compositions and linking components. 

In 2015 an optical gain of 7.6 dB over a 15-mm-long PMMA-based waveguide was 

reported [109]. This was enabled by preparing a covalent-linking nanocomposite through 

copolymerisation of high concentration of oleic-acid-modified NaYF4: Er3+, Yb3+ NPs.  

A very similar process was used to combine SU8 polymer with n BaYF5: 20%Yb3+, 2% 

Er3+ leading to an optical gain of 10.4 dB over 1.1-cm-long waveguide when pumped 

with 212 mW [110]. This research area culminated in the highest reported gain of  

11.6 dB/cm that was achieved in a rib waveguide using NaYF4/NaLuF4: 20%Yb3+, 

2%Er3+ in similar covalent-linking core-shell structures excited with a 400 mW laser at 

980 nm [70]. One of the main complications with such a system was efficiency and 

sustainability when operated under hundreds of milliwatts of the pump power. This has 

recently been addressed through an EDWA demonstration with a gain of 6.6 dB/cm 

pumped with only 80 mW [69]. In order to improve performance, progress has been made 

by introducing cerium (Ce3+) into the crystal structure to limit the upconversion effects 

[111], by reducing the size of the NPs in the polymer mix or by introducing new crystal 

structure types [112]. 
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2.4 Conclusions 

In this chapter, the properties of erbium ions are discussed together with a description of 

factors affecting the performance based on the host material. The key parameters for an 

efficient EDWA device are presented with particular focus on the gain-limiting 

upconversion processes, namely energy transfer upconversion and excited state 

absorption. The commonly used method of ytterbium sensitisation is introduced with an 

explanation of the resulting shift from in-band pumping at 1480 nm towards more 

efficient 980 nm scheme. 

 

Figure 2-11: Summary of EDWA devices quoted in this chapter  

based on the year of publication 

A review of current state-of-the-art EDWA systems is presented comparing amplifier 

performance achieved with different host materials. Great progress has been made in the 

field over the past 20 years, as summarised in Figure 2-11. Numerous investigated 

technologies, such as glasses, polymers and aluminium oxide have shown improving 

performance in terms of gain per unit length as well as amplification bandwidth and 

efficiency. This increasing research activity emphasises the application-driven interest in 

compact EDWAs, particularly in polymer-based devices used in this work. 
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In the previous chapters, potential applications for a compact EDWA have been presented 

and key physical mechanisms governing the behaviour of erbium-doped materials have 

been discussed. In this section, the design of an amplifier system is explained focusing 

on key waveguide parameters and the impact they have on the performance of the device. 

The aim of this work is to develop an EDWA compatible with the polymer platform, 

sometimes referred to as erbium-doped polymer waveguide amplifier (EDPWA). In order 

to achieve this, a choice of right organic host is discussed. The benefits of polymer in 

terms of fabrication ease and scalability have already been explained, but progress in 

material engineering offers a wide range of potential types with different properties 

available. Based on the chosen siloxane polymer, optical waveguide theory is employed 

to understand the light behaviour in the system as well as derive necessary parameters, 

such as cross-section and modal overlap, required for an EDWA analysis.  

The derived design specifications are then combined with the Er properties and fed into 

a rate-equations-based model in order to predict and optimise the achievable performance. 

The used model takes into account introduced material and system properties allowing 

for qualitative discussion of their impact. Physical factors such as ion concentration, 

dopant composition and upconversion rate are investigated and analysed in terms of their 

impact on the achievable gain. The potential for reaching an internal gain of 10 dB/cm in 

a short waveguide under realistic operational conditions compatible with polymer 

waveguides is explored. Scalability options for the EDWA system are also examined and 

power efficiency in systems of different length is discussed. 

In this chapter, a standard, symmetric channel geometry is assumed to be used as a 

benchmark for comparison with other systems reported in literature as well as polymer-

platform compatible designs presented in detail in later chapters of this thesis. While used 

simulation parameters correspond to these reported for ULPI fabricated erbium samples, 

similar methodology can be applied to other Er-based systems. Focus is placed on the 

upconversion parameter as it corresponds to the adverse effect of ion clustering predicted 

for devices with high rare-earth doping at a concentration of ~ 1021 cm-3. 

Finally, a number of designs are put forward at the end of this chapter as a result of the 

simulation analysis. These are based on the most promising approaches to combine 

polymer host with erbium dopants, namely ion implantation and nanoparticle (NP) 

doping. The benefits and potential issues with each approach are compared and 

contrasted. The proposed systems are created to ensure compatibility with the polymer 
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platform as well as potential for providing compact EDWAs that can be integrated with 

other functionalities. 

3.1 Amplifier Design Considerations 

The Er-doped material characteristics and properties discussed in Chapter 2 are important 

indicators of the EDWA performance, but there are other practical aspects of the design 

that need to be taken into account. In order to get a comprehensive view of the system, 

optical waveguiding theory is introduced to characterise the potential EDWA devices. 

This method allows for establishing final design parameters for a system: an amplifier’s 

cross-section and mode confinement in the active region. An optimal choice of polymer 

material is discussed with key properties required in terms of fabrication as well as system 

design. 

3.1.1 Optical Waveguide Theory 

Optical waveguides are multi-layer structures designed to confine light so that it 

propagates along a predetermined path. It is usually achieved by keeping the light signal 

within a core area surrounded by a lower refractive index cladding. This process can be 

controlled by setting appropriate refractive indices values for the structure so that light is 

trapped inside of the desired layer. In order to numerically investigate the wave 

propagation, one has to solve the wave equation with carefully set boundary conditions. 

However, there also exists an analytical approach to understand the light confinement 

principles. Very often a wave-guiding problem can be intuitively approximated with ray 

optic theory, where the conditions required for light guiding can be derived using Snell’s 

law [1]. 

3.1.1.1 Ray Tracing 

 

Figure 3-1: Illustration of a guided ray of light 

In a simple case, where a core layer of higher refractive index nco is surrounded by a lower 

refractive index cladding ncl, light is coupled into a waveguide as shown in Figure 3-1. 
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Depending on the incident angle θi at the interface, a ray of light can be either guided or 

leak out of the structure. A guided ray travels through a waveguide without losing any 

power due to total internal reflection phenomena (TIR) while a leaky ray is only partially 

transmitted and at every reflection at the core-cladding interface part of the power is lost. 

Refraction occurs at the input of the waveguide as the ray is incident on the interface with 

the core. Reflected and refracted waves can be calculated using the formula given in 

Equation (3.1). 

n� sin θ& = n./ sin θ' (3.1) 

where θr is the refractive angle. A ray that was not initially reflected then reaches the 

core-cladding interface where it undergoes another refraction. There is an incident angle 

θc, usually referred to as the critical angle, for which the refracted angle is 90˚ and the 

Snell’s law in this case can be simplified to: 

sin 01 = �12�13 (3.2) 

If the incidence angle is greater than θc, total internal reflection occurs and no light is 

transmitted into the cladding medium. When the Equations (3.1) and (3.2) are combined, 

the maximum incident angle allowing for light confinement, also called numerical 

aperture (NA), can be defined. 

45 = sin 06 �7 = �13 cos 01 = 9�13� − �12� (3.3) 

3.1.1.2 Light Modes 

As shown in Figure 3-1, an electromagnetic wave propagates through the structure 

bouncing between the two core-cladding interfaces. This wave can be described using 

wave vector k that has components along all the directions even though only two 

dimensions are considered in this planar waveguide example. Propagating light forms a 

standing wave pattern along the direction normal to the propagation vector with a phase 

shift introduced by both making the round trip as well as the reflections at the core-

cladding interfaces. For the wave to be continued the total phase shift must be an integral 

multiple of 2π. Therefore, a discrete number of incident angles exists and each of these 

corresponds to a different mode of propagation. Every possible mode propagating through 

the waveguide can be described using polarisation and mode number, where the latter 
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indicates the integral multiple of 2π used to calculate it. For example, the fundamental TE 

mode is referred as TE0. 

It is possible to estimate the total number of modes supported by a given waveguide by 

remembering that the incidence angle is limited by the critical angle. This can be written 

down as shown in Equation (3.4) with a detailed derivation presented in [2]. 

:;7< = 2�13> cos 01?�  (3.4) 

where: mmax is the maximum number of supported modes, a is the thickness of the 

waveguide and λ0 is the free-space wavelength of light. 

This work focuses on a specific form of light transmission, where only a single mode is 

guided within the structure. It is possible to rearrange the above equation in order to obtain 

a condition for the monomode operation in terms of waveguide thickness, light 

wavelength as well as the refractive indices of core and cladding materials. This can be 

done by assuming that mmax is equal to one and setting this as the boundary condition for 

the critical angle. The resultant expression given in Equation (3.5). 

01 = cos@% ?�2�13> (3.5) 

A more useful approach is to use normalised frequency (V Number) [1] that is commonly 

used for step-index fibres and apply it to a 2D slab waveguide under consideration here. 

This method allows to estimate the point at which the mth mode is guided in the waveguide 

in terms of minimum refractive indices difference between core and cladding materials 

as shown in the Equation (3.6) [2]. A more detailed derivation with examples of curves 

for lowest modes plotted for a number of different waveguides can be found in [3]. 

Δ� = �13 − �12 = :�?��4��13 + �12�>� (3.6) 

3.1.1.3 Electromagnetic Waves Model 

The above approach is useful as it provides a simple way of estimating the number of 

modes, particularly in larger structures, but it does not provide any information about the 

electromagnetic field distribution of light inside the waveguide. In order to obtain more 
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insight into the mode propagation, one has to solve Maxwell’s wave equations, which for 

an electric field in a linear medium with no discontinuities in space or time is: 

∇�D�Ẽ, G�HHHHHHHHHHHHHI = ��Ẽ��J� K�D�Ẽ, G�HHHHHHHHHHHHHIKG�  (3.7) 

Where LM is electric field vector, NO the radius vector, P�NO� the refractive index and c is the 

speed of light in vacuum. It can rewritten for a monochromatic wave as [4]: 

∇�D�Ẽ�HHHHHHHHHI + Q���Ẽ��D�Ẽ�HHHHHHHHHI = 0 (3.8) 

where Q = ω c⁄ = 2T ?�U  is the propagation constant and ω is the radian frequency. This 

is a general equation, which can be specified for a uniform plane wave propagating along 

the z-direction (that is D�Ẽ�HHHHHHHHHI = D�V, W�HHHHHHHHHHHHHHIexp	�−\]^�, where β is the propagation constant) 

to be: 

δD�V, W�HHHHHHHHHHHHHHIKV� + δD�V, W�HHHHHHHHHHHHHHIKW� + [Q���Ẽ�� − ]�]D�V, W�HHHHHHHHHHHHHHI = 0 (3.9) 

All the solutions to the above equation can be either sinusoidal or exponential functions 

depending on whether the third term in Equation (3.9) is positive or negative [5]. Every 

set of appropriate values of β and D�V, W�HHHHHHHHHHHHHHI for a given waveguide forming a solution to the 

above equation is known as a mode with a well-defined effective mode index (neff) given 

by Equation (3.11). 

�bcc = ]Q (3.10) 

In order for a mode to be confined in the core layer and guided by the waveguide, it is 

required that ncl  < neff  < nco. The modes that fulfil this condition propagate in the core 

medium and exponentially decay in the cladding. On the other hand, when the effective 

refractive index of a mode is below that of a cladding, the mode is no longer guided and 

becomes a radiation mode. 

In addition to this, the boundary conditions for two perfect dielectrics must be satisfied, 

therefore, the electric field and its derivatives must be continuous across the core-cladding 



Chapter 3: Design and Modelling of EDWAs 

73 

interfaces. The field distribution varies for all the modes existing in the waveguide with 

an example of three lowest order modes shown in Figure 3-2. 

 

Figure 3-2: Field distribution of low order modes in a symmetric slab waveguide 

Figure 3-2 clearly indicates that different modes have sinusoidal field distribution with 

most of the field trapped inside of the core medium. However, at the interface with the 

cladding layers, it does not decay to zero, but a portion of the field leaks into the cladding 

medium. This indicates that the power is not completely confined in the waveguide, but 

the tails of the evanescent field are present in the surroundings. In order to quantify this 

phenomenon a parameter called mode confinement factor is used to describe the fraction 

of the total power of a given mode confined within the guide layer. Based on the slab 

waveguide example, the formula can be written as follows: 

Γ = � D<��W�eW7�� D<��W�eWf@f
 (3.11) 

where Γ is the confinement factor and a is the thickness of the core layer in the slab 

waveguide. This property of a mode becomes an important factor in EDWA design as it 

allows one to quantify the proportion of the signal and pump light interacting with the 

erbium ions. 

Calculations of the mode profiles become considerably more complex in waveguide 

systems with two-dimensional confinement. In most of the cases, waveguide structures 

are created with a combination of various materials with different refractive indices 

surrounding the core leading to asymmetric modal shape. As a result, it is necessary to 

use numerical methods to accurately investigate light behaviour in polymer waveguide 
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amplifier systems. This is done throughout this work using commercially available 

FimmWave software that employs the finite difference method. 

3.1.2 Polymer Materials 

There exist a range of polymer materials that have been used to fabricate waveguides and 

more complex integrated components. The majority of them can be classified into one of 

the following general groups: acrylates, polyimides, epoxies and siloxanes [6]. Despite 

the great variety of polymers available, the most commonly used and widely available are 

SU-8 [7] and PMMA [8]. The availability of different materials exhibiting different 

properties means that the right one needs to be chosen for a given application. There are 

many criteria affecting this choice as shown in Table 3-1, but most impactful for EDWA 

applications are the absorption loss, refractive index difference, thermal stability and 

fabrication method.  

Table 3-1: Key polymer material properties [9] 

Low absorption loss 

Low polarisation dependent loss 

Low birefringence 

Thermal stability 

Adhesion (to substrates, self, electrodes) 

Stability with humidity 

Stability with optical power 

Patternability with low scattering loss 

Machinability (cleaving, dicing, polishing) 

Large thermo-optic coefficient (dn/dT) 

Manufacturability with repeatable properties 

Ability to vary refractive index profile 

 

Initially the development of polymer materials and optimisation of their properties has 

been focused on wavelengths around 850 nm with low-cost and high-speed optical 

backplanes in mind [10],[11]. As a result of this research, a new class of polymer 

materials with favourable mechanical, thermal and optical properties for direct integration 

onto printed circuit boards (PCBs) have been developed [12]. Siloxanes have become one 

of the leading types of polymer materials as they exhibit all the necessary properties to 

withstand the manufacturing processes of PCBs (solder reflow), good environmental 
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stability, long lifetimes and low absorption at the datacommunications’ wavelength of 

850 nm (~ 0.04 dB/cm) [13].  

 

Figure 3-3: Comparison of various polymer types for datacom applications [14] 

Siloxanes are unusual in their structure as the backbone is composed of alternating silicon 

and oxygen atoms without a typical presence of carbon in the polymer chain. This results 

in the material being more suitable for operation in harsher environments [15]. Not only 

do they exhibit resistance to high temperature exposure occurring during the PCB 

manufacturing process as shown in Figure 3-3, but also are not affected by increased 

transmission loss due to discoloration caused by thermal ageing [16]. A standard board 

manufacturing process may require several soldering cycles that expose the material to 

temperatures in range of 250 °C. The polymer has to withstand that process without losing 

mechanical integrity leading to performance degradation. Furthermore, the reliability 

under harsh environmental conditions such as heat or humidity is one of the key factors 

supporting use of Dow Corning silicone material (type of polydimethylsiloxane – PDMS 

polymer) in communications applications. It has also been proven to maintain good 

performance under extensive periods of time in hot and humid environment [17]. 

The current interest in migrating this technology to longer telecommunications’ 

wavelengths (1310 nm and 1550 nm) and to single mode waveguides has led to 

advancements in polymer materials engineered for this purpose. Some of the most 

promising materials have been listed in Table 3-2, but a larger number of types can be 

found in literature [18]. 
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Table 3-2: Optical polymers developed for telecom applications 

Manufacturer 
Polymer Type  

[Trade Name] 

Patterning 

Techniques 

Propagation 

loss at 1550 

nm [dB/cm] 

Amoco [19] 
Fluorinated polyimide 

[Ultradel] 

Photoexposure 

/ wet etch 
1.0 

DuPont [20] Cyclotene RIE 1.5 

NTT [18] Halogentaed acrylate RIE 1.7 

NTT [18] Deuterated polysiloxane RIE 0.43 

Optical Crosslinks [21] Acrylate [Polyguide] Diffusion 0.6 

Nissan Chemical [22] Hybrid [Sunconnect] Photoexposure 0.49 

Dow Corning [23] Polysiloxane Photoexposure 1.5 

 

Many of the aforementioned benefits for siloxane polymers are also applicable to the 

fabrication of compact EDWAs for applications other than optical backplanes. Thermal 

and environmental stability are key requirements for optical devices that require relatively 

high pumping power densities due to high Er concentrations involved. The siloxane 

materials used in this work have been developed by Dow Corning. They have been 

improved over the years to maintain their reliability and advantageous performance in 

PCB-integrated systems while improving their performance at higher telecom 

wavelengths. The latest material used in this work, named WG-2020 Optical Waveguide 

Core and WG-2021 Optical Waveguide Cladding, have been engineered not only to 

improve propagation losses at 1310 nm and 1550 nm, but also to allow for relaxed 

waveguide size restrictions due to a carefully designed refractive index difference. 

Finally, all the elements required in a practical system, such as bends, crossings or 

splitters have been demonstrated in this material showing suitability for high transmission 

rate applications in more complex, integrated systems [23], [24]. The combination of all 

of the above factors combined with very low birefringence and high processability 

(adhesion, coating, dicing, etc.) makes Dow Corning polymer a good candidate for 

waveguide implementation in this work. 

3.1.3 Waveguide Losses 

There are a number of sources of loss in a Er-doped waveguide amplifier in addition to 

the Er absorption loss described in Chapter 2. In telecommunications systems a term 



Chapter 3: Design and Modelling of EDWAs 

77 

insertion loss is often used, which refers to the total difference between the optical power 

entering and leaving the system expressed as a ratio in decibels. In a typical optical fibre 

network it is also called fibre-to-fibre loss as the device is placed in-between input and 

output fibres. 

3.1.3.1 Coupling Losses 

In case of EDWAs, presence of the coupling loss necessitates a distinction between net 

and internal gain quoted for a given amplifier. One of the advantages of system integration 

on a single PIC is that this additional loss source can be greatly reduced or even eliminated 

depending on the design. However, if the erbium-doped device is to be externally pumped 

as well as the 1550 nm signal is coupled in and out of the device via optical fibres, 

coupling losses need to be accounted for. 

In general, two contributors can be distinguished for this power degradation mechanism. 

The first one, called Fresnel loss, is related to the signal reflection of the waveguide facet 

and for a perfectly flat surface the reflected proportion of the incident field amplitude (R)  

is given by Equation (3.12). 

g = h��� − �%���� + �%�i
�

 (3.12) 

where n1 and n2 are the refractive indices of the media outside and inside of the 

waveguide. In a more realistic scenario, every facet will have certain roughness associated 

with it. As a result of that, the incoming light beam will reflect at slightly different angles 

leading to higher losses. In order to minimise the Fresnel loss, the refractive index contrast 

and waveguide surface roughness need to be kept as low as possible. 

An additional source of loss when coupling a signal between different guiding elements 

is mode mismatch. Different geometries and sizes of the optical fibre and typical 

waveguides mean that the optical mode profiles do not match. This is usually taken into 

account by using a coupling efficiency factor (ηc) that can be quantified with a mode 

overlap integral given in Equation (3.13). 

j1 = |�D%∗D� e5|��|D%|�e5�|D�|�e5 (3.13) 
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where E1 and E2 are complex electric field amplitude distributions of a given mode over 

area A. The mode mismatch loss is the calculated by multiplying the signal energy with 

1 - ηc to account for the light that is not coupled into the waveguide. 

Both of the above coupling losses can be estimated through theoretical modelling of the 

above equations. A lot of studies have been performed to find ways of quantifying and 

minimising the loss, including for interfaces between optical fibres and rectangular 

waveguides [25]. 

3.1.3.2 Internal Losses 

Attenuation of a light signal as it propagates through a waveguide is an important design 

parameter for EDWAs. There are multiple sources of loss in an optical transmission, but 

three main internal sources can be distinguished. 

• Scattering Loss 

First contributor that is important in dielectric waveguides used in this work is the 

scattering loss. This source of loss is a result of imperfections such as impurities or defects 

in the guiding layer itself or surface roughness at the core-cladding interface. Even if the 

fabrication process is optimised to reduce the volume imperfections to minimum some 

wavelength-dependent scattering is always present due to the Rayleigh scattering. It is 

particularly relevant in EDPWAs as the polymer host is doped with erbium particles and 

as a result non-negligible, excess scattering is introduced onto the beam propagation path 

resulting in some photon energy moving in other directions. The additional loss 

introduced (αRayleigh) can be estimated using the following formula: 

mn7o2b6pqres :U t = 4.34 × xn7o2b6pq ×4 × Γ (3.14) 

where N is the particle density [m-3] and Γ is the overlap factor between the guided mode 

and the waveguide region with scattering particles. The Rayleigh scattering coefficient 

(CRayleigh [m2]) can be calculated using Equation (3.15) [26]. 

xn7o2b6pq = �2T�y48 × ez?� × �;� × � �{
� − �;��{� + 2�;� �� (3.15) 

where d is the diameter of the particle [m], λ is the signal wavelength [m] and nm and nn 

correspond to the refractive indices of the host matrix and the particle, respectively. This 

method has been proven to work well to estimate the volume scattering loss in case of 
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nanoparticles doped material where the NP size is over an order of magnitude smaller 

than light wavelength, distance between particles is comparable to their size and their size 

is narrowly distributed without clustering [27]. 

The second source of scattering occurs due to thickness fluctuations in different layer 

interfaces between core and cladding. This is particularly problematic in multi-mode 

structures where more interaction between light and surface takes place. This loss can be 

estimated using ray optic theory [28] and is proportional to the surface roughness and 

inversely proportional to the refractive index contrast [29]. As a result, it is not expected 

to play a significant role in this work as the developed EDPWAs are single mode 

structures with low refractive index contrast and siloxane polymers chosen have been 

shown to have surface roughness below 50 nm [30]. 

• Absorption Loss 

Another key type of loss in a waveguide is the absorption loss occurring when photon’s 

energy is transferred into the host material’s atoms. It depends on the molecular structure 

of the used material and is particularly important in semiconductors, but also present in 

glasses and dielectrics. A lot of effort has been made in polymer engineering in order to 

reduce losses at various wavelengths. This has been particularly important in organic 

materials designed for telecommunications applications where a shift from original low-

loss window of 850 nm towards second and third communications windows of 1310 nm 

and 1550 nm respectively has been underway [31].  

 

Figure 3-4: Straight waveguide loss variance with light wavelength for Dow 

Corning siloxane polymer measured on a 10-cm-long multimode waveguide [13] 
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Even though it may be complicated to measure accurately the internal losses of a 

waveguide, several techniques exist to achieve this. The most popular, albeit destructive, 

method is through a cut-back comparison of different length’s of waveguides [32].  

The internal loss of an older generation of the same type of the polymer material as used 

in this work has already been done as shown in Figure 3-4.  The two key EDWA spectral 

regions of 980 nm for pumping and 1550 nm for signal are highlighted showing losses of 

around 0.2 dB/cm and 2.4 dB/cm, respectively. It must be kept in mind that these values 

were measured for a waveguide with a larger cross-section and as a result in multi-modal 

operation. Therefore, the above values are only taken as reference as they will vary 

depending on the waveguide geometry and size used for more compact devices in this 

work.  

• Bending Loss 

Finally, a potential source of signal loss, particularly relevant for photonic integrated 

circuits is linked to components with non-straight features and corners. Bending loss is 

determined by a combination of factors such as the curve radius, refractive index 

difference and waveguides size. It is more problematic for low-index-contrast systems, 

such as polymers, as it limits the density and size of used components. This work mainly 

focuses on straight waveguides, so it is not considered an important source of attenuation. 

3.1.4 Refractive index 

Another important factor when designing waveguide-based systems is the refractive 

indices of core and cladding layers. The advantage of siloxanes is that they have a wide 

range of values ranging between 1.4 and 1.54 [33] and can be tuned accurately depending 

on what is required for a given application. The great amount of control allows for a very 

small refractive index difference (∆n) between core and cladding of approximately 

0.0065 and gives an opportunity for generation of single mode features with relatively 

large cross-sections. 

Dow Corning WG2020 and WG2021 polymers used have been provided with refractive 

index data for 470-1310 nm range. In order to calculate the values for other required 

wavelengths a Sellmeier formula [34] has been employed as presented in Equation (3.16). 

��?� = |1 +} s~?�?� − x~~
 (3.16) 
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where n(λ) is a wavelength-dependent refractive index while Bj and Cj are pairs of 

constants used to describe the relationship. A non-linear regression algorithm [35] was 

used to fit known data points into the formula and derive the coefficients. It has been first 

run on a well-defined fused silica glass [36] and then the polymer data giving the 

coefficient pairs listed in Table 3-3. 

Table 3-3: Derived Sellemier coefficients for fused silica glass  

and Dow Corning WG2020 and WG2021 polymers 

Coefficient 
Fused silica glass WG2020 WG2021 

2 pairs 3 pairs 2 pairs 3 pairs 2 pairs 3 pairs 

B1 1.1037 0.7025 0.8412 0.7873 0.8318 0.7808 

C1 0.09 0.0687 0.015675 0.015675 0.014568 0.014568 

B2 0.5229 0.4016 0.4412 0.3879 0.4318 0.3819 

C2 7.6752 0.1165 0.015675 0.015675 0.014593 0.014593 

B3 - 0.8973 - 0.1073 - 0.1009 

C3 - 9.8952 - 0.015675 - 0.014593 

 

For all of the above coefficients the correlation factor between the generated plots and 

original points was above 0.999 and the root mean square error (RMSE) below 0.0005. 

The resultant coefficients have been used to plot the refractive index for all three materials 

in Figure 3-5. 
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Figure 3-5: Refractive index variance with light wavelength for Dow Corning 

siloxanes and fused silica as a reference 

When designing a waveguide-based amplifier for a single-mode operation one has to keep 

in mind the fact that the refractive index of the polymer is different at the two spectral 

regions of interest. The values used for the simulations and simulations of various designs 

presented in this work are listed in Table 3-4. 

Table 3-4: Key refractive index values used in this work 

Material 980 nm 1550 nm 

WG-2020 core 1.5178 1.5135 

WG-2021 cladding 1.5110 1.5071 

Refractive index contrast 0.0068 0.0064 

Fused silica glass substrate 1.4507 1.4440 

 

3.2 Waveguide Architectures and Simulations 

The waveguide theory introduced in section 3.1.1 has been based on a planar structure 

with only one dimensional confinement. In practice three-dimensional waveguides are 

used and the light is controlled in both x- and y-directions to maximise the mode overlap 

in the active EDWA region as well as implemented in more complex structures such as 
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bends and splitters. There exists a number of practical designs for such structures with 

the most common geometries shown in Figure 3-6. 

 

Figure 3-6: Waveguide geometries: a) channel, b) embedded, c) rib, d) ridge 

The above structures can be implemented using the introduced polymer core and cladding 

materials, but also combined with other media such as silica glass or Er-doped polymers. 

With the exception of the channel waveguide, the above designs have different refractive 

indices (air - nair or cladding - ncl) surrounding the core medium nco introducing an 

asymmetric shape to the modes propagating through the structure. As a result, the 

calculations of mode profiles are much more complex than in the case of a slab waveguide 

presented before. The pure TE or TM modes are no longer supported in these structures, 

hence an approximate analysis of TEM hybrid modes polarised along the x- and y-axis 

that resemble the basic light modes in a 2D structure has to be employed throughout this 

work. 

3.2.1 Channel Polymer Waveguide 

The initial simulated system assumes a channel waveguide of square cross-section. This 

is a standard architecture employed in many EDWA systems and offers a good benchmark 

for other structures. Another benefit of starting with a simple and symmetric case is that 

it allows for intuitive assessment of the mode orders supported by the structure with 

examples shown in Figure 3-7. 



Chapter 3: Design and Modelling of EDWAs 

84 

 

Figure 3-7: Examples of light intensity profiles and their orders in a square 

waveguide 

The refractive index data for Dow Corning WG2020 core and WG2021 is used to begin 

with. These results offer a chance to simulate a benchmark system with minimum 

achievable refractive index contrast of 0.0064 for a 1550 nm signal. The results of these 

simulations shown in Figure 3-8 (a) allow one to quantify the maximum size of a channel 

waveguide to support single mode operation. In case of the EDWA signal band, the 

maximum size of a waveguide side is estimated to be approximately 7.5 µm before the 

first order modes become weakly guided. This size limit is even stricter when simulations 

are run at the EDWA pump band of 980 nm as shown in Figure 3-8 (b). Even though the 

refractive index contrast is only slightly greater, the waveguide width and height 

requirement is reduced to 4.5 µm. While it is crucial for the system to remain single mode 

(SM) around 1550 nm, it is not a firm requirement for the pump wavelength. It has been 

shown in literature that even though a multimode behaviour at 980 nm reduces the 

potential efficiency of an amplifier device due to lower confinement, high gain is still 

possible [37]. The difference in achievable gain is relatively small and can be minimised 

by either pumping the device from both ends or adjusting the optimal EDWA length. 
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Figure 3-8: Mode orders supported in a square polymer channel waveguide  

at (a) 1550 nm and (b) 980 nm 

3.2.2 Channel Er-doped Waveguide 

A polymer-only system is a good starting point for analysis, however, an introduction of 

erbium ions into the material results in an increase of the refractive of this region. In 

general, the higher the dopant concentration, the higher the refractive index of the active 

core of the waveguide [38]. In this report, an introduction of 1 wt.% Er (equivalent to an 

erbium concentration of approximately 0.91 × 1021 cm-3) into the material results in a 

refractive index increase of 0.093 in this layer at 1550 nm. 
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It is therefore crucial for the change in the refractive index to be taken into account when 

designing EDWA devices. One of the possible approaches is to fix the device size and 

investigate the limit in the refractive index contrast for SM operation as shown in  

Figure 3-9. In case of a channel waveguide device with fixed a 2×2 µm2 area, a refractive 

index difference between cladding and Er-doped core can be slightly over 0.09 for single 

mode operation. The advantage of keeping the size and refractive index contrast as close 

as possible to the transition point of the monomode operation is that the fundamental 

mode confinement factor is maximised leading to more efficient EDWA performance. 

 

Figure 3-9: Number of supported modes and fundamental mode confinement 

dependence on refractive index contrast in a 2×2 µm2 channel waveguide 

Even though the channel size of 2×2 µm2 is chosen as a benchmark for the full EDWA 

model based on the polymer platform employed in this work, alternative combinations of 

size and core refractive index can be used. A non-exhaustive list of potential combinations 

is plotted in Figure 3-10. 
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Figure 3-10: Single- and multi-mode regimes of operation for polymer  

doped with erbium 

In the above figure, a discrete range of refractive index contrasts and square channel 

waveguide sizes is shown. The distinction between SM and MM is based on the number 

of modes fulfilling the guiding requirement of ncl  < neff  < nco. The wavelength is assumed 

to be 1550 nm and the refractive index of the polymer cladding remains unchanged at 

1.5071. The investigated waveguide size range starts at a micron and increases to the 

point where SM operation is not possible even in an all-polymer system. Not surprisingly, 

a trade-off between the allowable waveguide dimension and the refractive index contrast 

is observed. Therefore, it must be kept in mind when designing practical EDWAs that by 

increasing the doping concentration the maximum size of the waveguide becomes further 

limited in order to ensure single mode operation. 

3.3 EDWA Model 

All the key characteristics of an erbium system and the resulting EDWA parameters have 

been covered in Chapter 2 and the remaining amplifier design parameters based on the 

polymer platform introduced in the previous section. Once all of these are combined, 

behaviour of the erbium-doped waveguide amplifier can be predicted. 

An EDWA can be modelled using rate equations for a multi-level system. The energy 

diagram for relevant levels including interactions between erbium and ytterbium ions is 
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shown on Figure 3-11. Throughout this work a 976-nm pump is used for both simulations 

and experimentally, due to the Yb co-doping efficiency benefit explained in the previous 

chapter. 

When pumped at this wavelength, the photons are absorbed by either erbium resulting in 

ion being promoted from level 4I15/2 to 4I11/2 or ytterbium where a corresponding change 

from level 2F7/2 to 2F5/2 occurs. The corresponding pumping rates are W13 and W56. If the 

case of the second transition, it is then usually followed by a fast energy transfer to a 

neighbouring erbium ion’s state 4I11/2 at a rate of Ccr. From the excited state the ions then 

non-radiatively decay to the metastable level 4I13/2 with a corresponding rate of A32. This 

process is typically very rapid in range of a few to few hundred microseconds depending 

on the phonon energies of the host material. The lifetime at the metastable level is usually 

found to be in range of a few milliseconds, resulting in a build-up of Er ions that later go 

back to the ground state radiatively through either stimulated or spontaneous emission. 

These energy transfers have been used to describe EDFA systems used in telecoms, but 

in case of EDWAs additional transitions need to be taken into account due to the very 

high dopant densities leading to upconversion phenomena. As a result, the model also 

includes a probable transfer from level 4I13/2 to 2H11/2 that accounts for processes of excited 

state absorption and energy transfer upconversion explained in the previous chapter. 

 

Figure 3-11: Energy diagram with key state transitions  

in an erbium-ytterbium co-doped system 

All the above interactions can then be combined and modelled by using rate equations. 

The erbium populations and changes between them due to different excitation and 

emission processes are described as follows. 
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e4%eG = −�%�4% +��%4� −�%�4% + 5�%4� + x��4��    

              −x1�4%4� + x��4�
� − x1�4%4z 

(3.17) 

e4�eG = �%�4% − 5�%4� −��%4� + 5��4� − 2x��4�� + 2x1�4%4� (3.18) 

e4�eG = �%�4% − 5��4� + 5��4� − 2x��4�� + x1�4%4z (3.19) 

e4yeG = −�yz4y + 5zy4z + x1�4%4z (3.20) 

4% + 4� + 4� +4� = 4�� (3.21) 

4y + 4z = 4�� (3.22) 

where N1, N2, N3, and N4 are the populations of the erbium levels 4I15/2, 4I13/2, 4I11/2, and 

2H11/2, respectively. The ytterbium levels of 2F7/2, and 2F5/2, are represented by N5 and N6, 

while the total concentrations of Er3+ and Yb3+ are NEr and NYb. Cup and Ccr are 

coefficients corresponding to upconversion and cross-relaxation between various energy 

levels needed to represent energy transfer between Er-Yb neighbours as well as the 

cooperative upconversion process. A21 and A65 are the spontaneous emissions from both 

ion types while A32 and A43 are non-radiative relaxations between different energy levels. 

The stimulated transitions are represented by W terms and calculated with the following 

formulas: 

��% = ��%����ℎ�� ���V, W, ^, G, ���
+}��%��~�ℎ�~ [������V, W, ^, G, �~� + ����@�V, W, ^, G, �~�]~

 

(3.23) 
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�%� = �%�����ℎ�� ���V, W, ^, G, ��� 																												
+}�%���~�ℎ�~~

[������V, W, ^, G, �~� + ����@�V, W, ^, G, �~�] (3.24) 

�%� = �%�����ℎ�� [����V, W, ^, G, ��� + ��@�V, W, ^, G, ���] (3.25) 

�yz = �yz����ℎ�� [����V, W, ^, G, ��� + ��@�V, W, ^, G, ���] (3.26) 

where σ12, σ13 and σ21, σ56 are the absorption and emission cross-sections for a given 

energy transition, respectively. Signal, pump and ASE signal intensities and photon 

frequencies are represented by Is, Ip, IASE, and νs, νp, νASE, respectively, while h is the 

Planck’s constant. In order to get more accurate results, both ASE (IASE) and directionality 

of the signals (+/- indicators) have been taken into account. In case of the amplified 

spontaneous emission, the erbium emission bandwidth is divided into a finite number of 

spectral intervals to reflect the noise generated in the amplifier. The power change along 

the length of the amplifier is described by using the propagation equations for all three 

signals (Pp, Ps, PASE) shown below. 

e��±�^�e^ = −��±�^�����V, W�	
� ��%�����4%�V, W, ^�

+ �yz����4y�V, W, ^��eVeW − ����±�^� (3.27) 

e���^, ���e^ = ���^, �������V, W�	
� [��%����4��V, W, ^�

− �%�����4%�V, W, ^�]eVeW − �����^� (3.28) 

e����±�^, �~�e^ = ±����±�^, �~�����V, W�	
� ���%��~�4��V, W, ^�

− �%���~�4%�V, W, ^��eVeW± ℎ�~Δ�~����V, W���%��~�4��V, W, ^�	
� eVeW

∓ �~����±�^, �~� 
(3.29) 
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where parameters ls, lp and lj correspond to losses in the waveguide for signal, pump and 

ASE respectively. Ψp(x,y) and Ψs(x,y) are the normalised field intensity profiles, while 

∆νj and A represent spectral resolution of ASE and cross-section area of the ion-doped 

region. 

In order reduce the number of parameters in Equations (3.27)-(3.29), mode overlap 

factors are introduced. These are used to represent the overlap integral between the optical 

field distribution of a given signal and the dopant ions [39]. 

Γ� =����V, W�46�V, W�	
� eVeW (3.30) 

Γ� =����V, W�46�V, W�	
� eVeW (3.31) 

where Ni(x,y) is the normalised cross-sectional Er-Yb ion distribution. Throughout the 

simulations performed in this work, the overlap factor is considered to be equal to the 

overlap between the guided mode and the total ion concentration as well as independent 

of the optical power. These are valid approximations in systems with dopant population 

well-confined to the active region and intensity not varying significantly over the 

transverse dopant profile. The system is investigated in a steady state, when the rate of 

change is equal to zero, i.e. dNi/dt=0, with Equations (3.30)-(3.31) substituted into 

Equations (3.27)-(3.29) as shown below. 

e��±�^�e^ = −Γ�[�%�4%�^� + �yz4y�^�]��±�^� − ����±�^� (3.32) 

e���^, ���e^ = Γ�[��%����4��^� − �%�����4%�^�]���^, ��� − �����^� (3.33) 

e����±�^, �~�e^ = ±Γ����%��~�4��^� − �%���~�4%�^������±�^, �~�± ℎ�~Δ�~Γ���%��~�4��^� ∓ �~����±�^, �~� 

(3.34) 

The model is solved numerically and run using commercially available VPI Photonics 

software that employs the above equations. The length of the amplifier is divided into 

smaller sections of length ∆z and then solved at each interval and calculated until the 

difference in gain figure between the consecutive iterations is below 0.001 dB. 
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3.4 Theoretical EDWA Studies 

The parameters used for theoretical EDWA feasibility studies in this chapter are listed in 

Table 3-5. The simulations are based on a channel waveguide with cross-section of  

2×2 µm2 with overlap factors derived through FimmWave simulations. The maximum 

available dopant concentration of 1.63 × 1027 m-3 is used as this corresponds to the 

reported value for the ion implantation technique used in this work [40]. Remaining 

parameters are selected based on literature reports on similar systems where various types 

of erbium particles are doped in to polymer systems. 

Table 3-5: Key EDWA simulation parameters and their sources  

used in this section 

Parameter Sym. Value used 
Reported for similar 

systems 

Er concentration NEr 
max 1.63 × 1027 m-3 

[40] 
- 

Yb concentration NYb 
max 1.63 × 1027 m-3 

[40] 
- 

Er lifetime τEr 9.1 ms [40] up to 13.2[38] ms 

Yb lifetime τYb 1.5 ms [37] 0.78[41] – 2.0[42] ms 

Er absorption (1533) σ12 5.13 × 10-25 m2 3.45-16.2 [43] × 10-25 m2 

Er emission (1533) σ21 5.13 × 10-25 m2 3.79-18.6 [43] × 10-25 m2 

Er absorption (975) σ13 2.54 × 10-25 m2 [44] 2.0[45] – 9.9[46] × 10-25 m2 

Yb absorption (975) σ56 1.42 × 10-24 m2 [37] 0.25[42] -10[47] × 10-24 m2 

Er-Yb cross-relaxation Ccr 2.3 × 10-22 m3s-1 
0.7[42] – 3.4[48] × 10-22 

m3s-1 

Upconversion 

coefficient 
Cup varied 

0.8[37] – 10[42] × 10-23 

m3s-1 

Overlap factors Γs,Γp 0.83, 0.81 - 

Active region area A 4 µm2 - 

Background loss ls,lp,lj 1 dB/cm - 

 

In addition to the values used in this work, a range of reported parameters from various 

sources is listed as a reference. This shows that very often implementations of similar 

devices and corresponding models result in different values of the same parameter 
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depending on the fabrication technique as well as complexity of the simulation. 

Furthermore, a lot of modelling work based on Al2O3 systems have been done in the past 

leading to development of sophisticated models and highly accurate parameter values 

confirmed by multiple sources [49]–[52] which is not always the case with other materials 

as seen by some of the parameter value ranges in Table 3-5. 

The amplifier length step size for the simulations was fixed at 100 µm and the input power 

was set at 10 µW while the pump power was varied to see how it impacts the achievable 

gain. In the rest of this section different design parameters are varied in order to optimise 

the structure of the EDWA in terms of the achievable internal gain and to investigate 

feasibility of obtaining 10 dB/cm gain using the polymer platform combined with ion 

implantation technique. 

3.4.1 Concentration 

The first investigated design parameter was the concentration of erbium ions in a  

1-cm-long waveguide. The pump power incident on the device was varied between 0 and  

600 mW while all the other design parameters were kept constant. The maximum reported 

erbium concentration achieved through ULPI was 1.63 × 1027 m-3 and this value was used 

as the highest level. The upconversion factor was kept at 0.8 × 10-23 m3s-1 [37] for this 

part of analysis. 

Figure 3-12 shows the change in internal gain with an increase of the pumping power for 

a number of selected erbium ion concentrations. At lower Er doping levels, the maximum 

gain can be achieved with relatively low power before it becomes constant and an 

increased pumping has little effect. For example, at Er concentration of 1.63 × 1026 m-3
 

the maximum gain of approximately 1.6 dB is reached at 300 mW, but only a third of this 

power is needed to gain 1.4 dB. As the concentration is increased, the maximum 

achievable gain becomes higher culminating with 20.5 dB at the highest concentration at 

the maximum power of 600 mW. However, a number of observations can be made with 

respect to this trend. The higher the number of erbium ions, the greater the pump power 

needed to reach the gain saturation point. In most practical devices, the sustainability and 

availability of intensive pumping may be limited. Therefore, it can be observed that 

having maximum possible Er concentration is desirable for systems where more than  

180 mW of pump power is available. Below this level, it is beneficial to reduce the 

number of dopant ions as higher internal gain can be obtained. 
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Figure 3-12: Dependence of internal gain on pump power  

for different erbium concentrations 

In order to understand better the mechanisms behind the benefit of lowering the erbium 

concentration, analysis of the population of the excited 4I13/2 state along the devices is 

needed. Figure 3-13 tracks the percentage of Er ions that can be found on this level when 

the EDWA device is pumped at a relatively low 50 mW. It can be observed that by 

increasing the number of erbium ions at a fixed pump power the population inversion 

becomes lower. In case of 1.63 × 1026 m-3 ions, 50 mW is enough to reach the gain 

saturation which is confirmed by having a constant inversion percentage along the device. 

It is worth noticing that due to the upconversion process happening inside of the amplifier, 

it is impossible to have 100% of Er ions in the 4I13/2 state as a proportion of them will be 

excited to even higher levels. At this pump power the highest gain of 3.4 dB is achieved 

when Er concentration is at 8.15 × 1026 m-3 which corresponds to a relatively high 

population inversion with a large number of dopants. After this point, the increase in 

concentration leads to a reduced gain due to insufficient power to maintain a large 
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population inversion. When the number of ions is so high that the level drops below 50%, 

the absorption process dominates over stimulated emission and results in signal loss at 

the far end of the device from the pump. 

 

Figure 3-13: Er population inversion along EDWA pumped at 50 mW  

with various dopant concentrations 

Fabrication techniques used in this work offer flexibility in terms of the ion concentration 

which means that the system can be optimised with power requirements in mind.  

Figure 3-14 presents optimal dopant concentrations for a number of pump powers. 

Depending on application, a maximal pump intensity may be a limiting factor which then 

results in reduced need for extremely high dopant concentrations. The maximum 

concentration of 1.63 × 1027 m-3 provides the highest gain at high power above 180 mW, 

but below this it is beneficial to reduce the erbium content. For example, if only 50 mW 

of pump power is available the optimal concentration for this 1-cm-long EDWA is much 

lower at approximately 6.5 × 1026 m-3. 
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Figure 3-14: Optimal erbium doping concentration for a range of pumping powers 

3.4.2 Length and Scalability 

A practical EDWA requires high gain per unit length as investigated in pervious section, 

but in many cases 1-cm-long device will not be able to provide enough gain. As a result, 

it important to investigate how well the device scales. Figure 3-15 shows results of such 

gain analysis for EDWA devices of varied Er concentration and a fixed pump power of 

200 mW. Initially, for every ion concentration the internal gain scales linearly with length. 

However, the greater the concentration the sooner this relationship ceases to apply. At 

8.15 × 1026 m-3 this is still the case up to 5 centimetres when pumped at 200 mW. As the 

concentration is increased, the pump power becomes insufficient to create population 

inversion along the entire length of the device. Throughout a short distance along the 

device the population inversion becomes lower and eventually drops below 50% resulting 

in signal reabsorption happening at faster rate than stimulated emission as discussed in 

the previous section.  
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In the figure below, it can be noticed that Er concentrations of 8.15, 12.2 and  

16.3 × 1026 m-3 provide maximal gain of 23.1 dB, 19.4 dB and 15.6 dB for different 

EDWA lengths of 3.9, 2.4 and 1.6 cm, respectively. Despite the fact that, with a careful 

erbium concentration selection, the internal gain of EDWA increases with distance, 

resulting improvement is not linear. Using the optimised gains for lengths of 1.6, 2.4 and 

3.9 cm, the corresponding gain per unit length is 9.8, 8.1 and 5.9 dB/cm. It is therefore 

important to keep in mind that while with careful design a higher overall gain is possible 

with increased distance, the efficiency becomes lower. With the design used in this model, 

a maximum gain of 24 dB over 5-cm-long EDWA is achievable when pumped at  

200 mW and Er concentration is set at 6.1 × 1026 m-3. 

 

Figure 3-15: Dependence of internal gain on EDWA length  

for different erbium concentrations pumped at 200 mW 

The above analysis assumed that the pump power is fixed at 200 mW, but in the same 

way as for the 1-cm-long device, a different value may be available for different 
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applications. Figure 3-16 depicts the impact of changing the assumed power while 

keeping the Er concentration at a constant level of 8.15 × 1026 m-3. As in case of varying 

the concentration, there is a different optimal device length depending on the supplied 

power. Across the investigated range of 50 to 600 mW, the maximum gain increases from 

3.6 dB in a 1.3-cm-long amplifier to 36.3 dB in a 5-cm-long one. 

 

Figure 3-16: Dependence of internal gain on EDWA length  

for different pump powers at a fixed Er concentration of 8.15 × 1026 m-3 

The pump of 50 mW is not enough for a longer and a heavily doped device as only short 

part of the amplifier is inverted after this point the absorption becomes more and more 

dominant leading to high losses. In order to avoid that, the device can be either shortened 

or the concentration reduced. For a 5-cm-long EDWA with Er concentration of  

8.15 × 1026 m-3 pump power of 600 mW is very close to optimum as around this value 

the gain reaches its saturation point and the maximum value. It is important to realise that 

even though at this point the absorption and emission processes become equal at the end 
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of the device, there is still a lot of pump photons that have not been absorbed and leave 

the amplifier. In order to minimise this inefficiency, the pump absorption has to be 

increased which typically is achieved through ytterbium co-doping as explained in 

previous chapter. 

3.4.3 Upconversion 

In the previous section an upconversion value of 0.8 × 10-23 m3s-1 was assumed based on 

a similar material with a comparable dopant concentration [37]. In practice this may not 

be the case and the impact of change in this parameter has been analysed. In order to 

understand the impact of the cooperative upconversion processes on design parameters 

of erbium concentration, pump power and scalability these parameters were varied as 

shown in Figure 3-17, Figure 3-18 and Figure 3-19 respectively. 

 

Figure 3-17: Upconversion impact on optimal erbium concentration  

based on a 1-cm-long EDWA pumped at 200 mW 
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Figure 3-17 shows that if it wasn’t for the upconversion process, the internal gain of the 

EDWA would scale linearly with the erbium concentration. However, by accounting for 

the upconversion processes, the achievable gain shifts further away from this ideal 

scenario. At the point when it becomes higher than 1 × 10-23 m3s-1 (last three simulated 

curves), increasing the erbium concentration increases the impact of upconversion faster 

than gain leading to less efficient devices. In these cases it is beneficial to reduce the 

doping concentration to increase the achievable gain in the EDWA. 

 

Figure 3-18: Upconversion impact evolution with pump power  

based on a 1-cm-long EDWA doped with 1.63 × 1027 m-3 Er ions 

While reducing erbium concentration for a given upconversion parameter in the amplifier 

system is beneficial, higher pump power always leads to higher gain as presented in 

Figure 3-18. Even though higher upconversion coefficient always results in lower gain at 

a given pump power, a net gain is achievable if enough power is provided. From a 

practical perspective, energy efficiency of an amplifier is very sensitive to variation in 
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upconversion. In a case with no upconversion, a gain figure of 20 dB/cm only requires  

20 mW of pump power. When the CUC parameter is increased to a level of  

0.8 × 10-23 m3s-1 used in previous section, almost 600 mW are needed to reach this level. 

For the coefficient above that, reaching this gain becomes impossible within a power 

constraint of a practical system. 

 

Figure 3-19: Upconversion effect on amplifier scalability based on an EDWA 

doped with 8.15 × 1026 m-3 Er ions pumped at 200 mW 

In Figure 3-19, the effect of upconversion on scalability of an amplifier is shown. In all 

cases, initially the gain increases with length of the device till it reaches saturation point. 

The higher the upconversion, the lower the gain value and the shorter the optimal device 

for a given pumping and Er concentration. Without upconversion, 34.6 dB from 4.3 cm 

is possible, but with 0.8 × 10-23 m3s-1 it drops to 23.1 dB at 3.9 cm. Furthermore, an 

increase of about an order of magnitude to 10 × 10-23 m3s-1 makes a practical design 
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impossible as with the design specifications assumed in this section internal gain is not 

possible at all. 

As in the simulation papers referred at the beginning of this section, a single value of 

upconversion is used across the entire concentration range of this work. However, it has 

been experimentally shown on example of Al2O3 using both Zubenko method [53] and a 

quenched ion model that the upconversion parameter increases linearly with erbium 

concentration [54]. With this assumption, the upconversion coefficient and erbium 

concentration were scaled linearly at the same time to investigate how this change 

affected the optimal operating points for the devices in term of pump power and length. 

 

Figure 3-20: Dependence of internal gain on pump power for different erbium 

concentrations with linearly scaled upconversion coefficient 

Figure 3-20 shows a result of a 1-cm-long amplifier with upconversion and Er 

concentration scaled linearly in range of 1.63-16.3 × 1026 m-3 and 0.4-4 × 10-23 m3s-1 

respectively. These results can be compared with Figure 3-12 where a fixed value for 
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upconversion was used. Not surprisingly, the increase in the upconversion reduces the 

achievable gain particularly at high Er concentrations. Previously, maximum gain of  

12.9 dB from a 1-cm-long device pumped at 200 mW was achieved with the maximum 

available erbium concentration. With increasing upconversion, relatively more power is 

needed to obtain comparable gain and, as a result, within a 200 mW power limit lower 

gain of 5.7 dB is achievable by keeping erbium concentration at 8.15 × 1026 m-3, half of 

the ULPI maximum value. 

 

Figure 3-21: Dependence of internal gain on EDWA length for different erbium 

concentrations with linearly scaled upconversion coefficient pumped at 200 mW 

An analogous analysis was performed to investigate the impact on EDWA scalability as 

presented in Figure 3-21. As in the results for a fixed upconversion parameter  

(Figure 3-15), increasing the length of the amplifier at a fixed pump power benefits from 

reduction in erbium concentration. This is compounded with the scaling of the 

upconversion factor leading to even lower concentrations being preferred, particularly for 

longer devices. The updated model predicts a maximum internal gain of 18.5 dB and  
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14 dB from 5- and 3-cm-long devices with re-optimised Er concentrations of 4.5 and  

5.3 × 1026 m-3, respectively. The values are lower at all the investigated lengths due to the 

upconversion scaling, but the difference becomes smaller as the length of the amplifier 

increased and corresponding number of dopants decreased. 

3.4.4 Er/Yb Ratio 

The previous section discussed the adverse impact of upconversion in the amplifier 

system showing that increasing Er content beyond certain point causes reduction in 

EDWA gain. One of common methods to counteract this process is through addition of 

ytterbium ions into the mix. The co-doping has been long used to sensitize the amplifier 

resulting in more efficient use of the pump power. However, an additional benefit comes 

from the fact that adding Yb introduces an alternative transition path that is competing 

with upconversion process. Simulations in this section assume constant total dopant 

concentration of 1.63 × 1027 m-3 where the difference between this number and a later 

quoted Er concentrations gives the number of ytterbium ions. 

The impact of erbium-ytterbium co-doping is first investigated by looking at the gain 

evolution with pump power for a number of different concentrations. Figure 3-22 shows 

the same Er concentration and upconversion values as presented in Figure 3-20 where 

only the effects of linear upconversion scaling were investigated. When comparing the 

two, the positive impact at low erbium doping is clearly visible as the full potential of the 

EDWA is realised at much lower pump powers. The maximum gain of 1.7 dB and 4.2 dB 

for Er concentrations of 1.63 and 3.26 × 1026 m-3 is achieved at pump powers of 

approximately 4.5 and 10 mW. This highlights the pump power absorption efficiency and 

upconversion reduction provided by Yb as without it the corresponding pump powers 

were 85 mW and 130 mW, respectively. 

In case of 1:1 ratio of dopants at 8.15 × 1026 m-3 each, first a rapid increase to an internal 

gain of approximately 8.8 dB at 130 mW can be observed and then a slow increase to 

10.4 dB at 600 mW. The initial raise is a result of Yb efficiently absorbing and 

transferring the energy to neighbouring Er ions. However, the erbium population is high 

enough for upconversion to still have an effect on the performance of the amplifier. The 

relatively high number of ions on the 4I13/2 level results in upconversion becoming a factor 

affecting the excited population and therefore preventing a fuller population inversion. 

This can be contrasted with behaviour of an amplifier at the same Er concentration 
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without Yb co-doping where only a slow gain build-up stage with no initial high increase 

at low pump powers was visible as shown in Figure 3-20. 

As the Er concentration is further increased, the benefit of co-doping becomes smaller. 

When looking at 12.2 × 1026 m-3 Er with and without the additional 4.1 × 1026 m-3 Yb 

only a relatively small difference can be observed. It is more pronounced at medium pump 

powers compared to lower and higher as the relative improvement is 1.8, 4.1 and 2 dB at 

100, 200 and 500 mW, respectively. At low pump powers the erbium-induced signal 

reabsorption closer to the end of the device reduces the initial Yb benefits. When the 

pump power is increased this process becomes less significant as higher population 

inversion is achieved and higher relative improvement is achieved. At high pump powers 

the absorption effectiveness of ytterbium becomes a smaller factor due to the very high 

pump density. 

 

Figure 3-22: Internal gain dependence on pump power for a 1-cm-long  

Er-Yb co-doped amplifier with linearly scaled upconversion factor 
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In Figure 3-23 the benefits of ytterbium are depicted in the process of device optimisation 

for various amplifier lengths and they offer a chance for a direct comparison with Er-only 

results presented in Figure 3-21. The presented concentrations have been adjusted to show 

maximum gain at different lengths up to 5 centimetres. When the Er-Yb mix is used, a 

much sharper gain peak at a fixed pump power of 200 mW is visible compared to Er only 

systems. With careful optimisation the maximum gain is achieved at the desired length 

as for example for a 1.7-cm-long design gain of 14.3 dB can be obtained with Er:Yb ratio 

of 8.97:7.33 × 1026 m-3. A much sharper response can be explained with two effects taking 

place along the device. Initially, a much faster increase of gain with length is a result of 

ytterbium ions efficiently absorbing pump power. However, this fast absorption leaves 

less pump power further along the EDWA leading to an increased reabsorption before the 

signal is coupled out of the device. 

 

Figure 3-23: Internal gain optimisation for Er-Yb co-doped amplifiers  

of different lengths with linearly scaled upconversion factor 
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The introduction of ytterbium to the EDWA results in increased internal gain for all 

investigated amplifier lengths. It is important to adjust both Er and Yb concentrations for 

a specific length and pump power in a given system. Table 3-6 shows that under various 

upconversion and doping assumptions different optimal Er/Yb concentrations need to be 

chosen leading to a maximum gain. As explained throughout this section, a more realistic 

assumption about the upconversion factor scaling with concentration reduces the potential 

performance of the amplifier. However, by introducing ytterbium co-doping this effect 

can be counteracted and partially reversed leading to a better performance.  

In the end, a short channel amplifier with optimised Er-Yb ratio based on system 

parameters expected form similar systems in literature should be able to reach a gain of 

almost 10 dB/cm without a need for pump powers above 200 mW. With this supply power 

limit in mind, the system can be readjusted to maximise the gain for longer designs, but 

the increase is not linear. 

Table 3-6: Summary of optimised EDWAs based on a channel structure pumped 

at 200 mW with different Er concentrations and upconversion estimates 

Length 
Optimised 

parameter 

Er + fixed 

upconversion 

Er + scaled 

upconversion 

Er-Yb + scaled 

upconversion 

1 cm 
Gain [dB] 12.9 5.9 9.6 

Er/Yb [× 1026 m-3] 16.3 6.9 9/7.3 

3 cm 
Gain [dB] 21.9 14.0 23.0 

Er/Yb [× 1026 m-3] 9.0 5.3 6.1/10.2 

5 cm 
Gain [dB] 23.8 18.5 27.2 

Er/Yb [× 1026 m-3] 6.1 4.5 4.5/11.8 

 

3.5 Device Structures 

The above modelling and analysis have been performed on a square channel waveguide, 

but in practice alternative designs have to be considered in order to accommodate for the 

fabrication process. In this work two different approaches towards EDPWA have been 

taken with the fabrication techniques described in Chapter 4. In the first case, ultrafast 

laser plasma implantation (ULPI) is performed on samples to introduce rare-earth ions 

into the host material [55]. As a result of this process ideal channel structures are difficult 

to achieve as shown in Figure 3-24 (a) and (b). An alternative method of nanoparticle 
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dissolution in polymer is also studied, but in this case square channel waveguides were 

achieved. 

 

Figure 3-24: Waveguide structures used throughout this work. Shading represents 

the relative refractive index of the material 

3.5.1 Hybrid Structure 

This approach is based on a silica glass substrate that is implanted with Er-doped TZN 

particles to form erbium-doped tellurite-modified silica (EDTS) as described  

in [56]–[58]. Then a polymer ridge is deposited on top to create an strip-loaded structure 

where the fundamental mode is index-guided in the highest refractive index region 

underneath the polymer stripe [59].  

The dimensions of the polymer strip and thickness of the Er-doped glass layer need to be 

controlled in order to achieve good performance. Figure 3-25 shows a well-designed 

structure with only a single mode trapped in the active region underneath the ridge in the 
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middle. Even though more transverse magnetic (TM) modes exist due to the planar nature 

of the structure they are not confined in the desired area. If the thickness of the EDTS 

layer is too thin or too thick, the fundamental mode shifts to the polymer ridge or multiple 

transverse electric (TE) modes become possible respectively. The size of the polymer 

waveguide is also important as by making it too large more than one TM mode can 

emerge leading to lower device efficiency. 

 

Figure 3-25: Guided mode intensity profiles obtained through FimmWave 

simulations for hybrid structures 

This method employed to combine available EDTS samples with the polymer platform is 

described in more detail in Chapter 5. More quantitative analysis of the above SM 

conditions is performed based on the variable properties of the available samples such as 

the refractive index of the Er-doped layer that depends on the ion doping concentration. 

3.5.2 Direct Implantation 

This approach assumes direct ion implantation via ULPI process into polymer samples. 

This can be achieved either by performing this process on a planar polymer thin film 

leading to a strip-loaded architecture or on pre-fabricated polymer waveguides.  

In the first case, a similar analysis to the hybrid approach is performed to ensure good 

operation. Alternatively, instead of adding a ridge for strip-loading an etching process can 

be employed to form waveguides that can later be covered with polymer cladding to form 

an asymmetric structure with fused silica glass substrate as presented in Figure 3-26. 
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Figure 3-26: Asymmetric channel waveguide structure with glass substrate  

and polymer cladding 

In case of the pre-fabricated polymer waveguides, the polymer features are prepared first 

using standard techniques such as spin-coating and photolithography. This is then 

followed by ULPI process that, depending on the operating conditions, can lead to either 

implantation into the polymer core and uncovered cladding or to deposition on top of the 

polymer features. The latter structures then can be tested for evanescent tail amplification 

as the light is not fully confined in the polymer core.  

3.5.3 Nanoparticles 

The last approach to EDPWAs used in this work is based on introducing Er-doped 

nanoparticles into the polymer host. This approach has been highly successful in recent 

years and a number of synthesis methods has been proposed [60]–[62] with some of the 

highest gain per unit lengths reported so far, as summarised in Chapter 2. 

Once a core material is doped with NPs, the fabrication process follows this as for any 

polymer. In this work spin-coating and UV photolithography have been used to generate 

features such as waveguides. Since this process has allowed for fabrication of square 

channel waveguides, the same design procedure as in section 3.2 was used. In case of a 

uniformly NP-doped material, the refractive index of the core and, consequently, the 

refractive index contrast depend on the doping concentration. In order to ensure a single 

mode operation, a right feature size for a given NP density must be selected. The 

waveguide losses for NP-doped polymer are a combination of polymer absorption and 

scattering losses due to the particle presence as discussed in detail in Chapter 6. 
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3.6 Conclusions 

In this chapter, the previously discussed erbium material properties are supplemented 

with the amplifier design parameters required for accurate modelling of EDWAs. The 

optical waveguide theory is introduced to describe and characterise behaviour of light 

inside of a guiding structure. 

The range of available polymer materials is presented with particular focus on siloxanes 

chosen for amplifier implementation in this work. These materials have been shown to 

have all the necessary optical, mechanical and thermal properties required for the 

application environments of EDWA amplifiers. The chosen Dow Corning polymer has 

been shown in multi-mode waveguides to have propagation loss of about 0.2 dB/cm 

around pump wavelength of 980 nm and a higher loss of over 2 dB/cm across erbium 

emission spectrum. What is more, core and cladding material refractive indices indicate 

a possibility of fabricating single mode features of size up to 7.5 × 7.5 µm2. 

The increased refractive index resulting from Er doping into the polymer core reduces the 

SM maximum waveguide size. However, even when the effect of erbium concentration 

of 1.63 × 1027 m-3 is accounted for, a SM operation at 1550 nm is possible when a 

waveguide size is reduced to 2 × 2 µm2. In this case SM operation is not achieved for the 

pump light leading to reduced device efficiency due to lower overlap with active region. 

A full EDWA model based on multi-level equations with processes such as upconversion 

and energy transfer is used to investigate the potential of combining polymer platform 

with erbium through techniques such as ULPI. Realistic assumptions based on previously 

reported characterisation results on similar systems have been made and led to a thorough 

analysis of impact of erbium concentration increase. While using maximum achievable 

Er of 1.63 × 1027 m-3 does not lead to highest gain due to unfavourable upconversion 

scaling effects, optima have been found for various operating conditions such as pump 

power and length. It has also been shown that a gain of almost 10 dB/cm, comparable to 

the best reported in literature, can be achieved at relatively low pump power of 200 mW 

with help of a carefully optimised Er-Yb co-doping. 

Finally, device structures alternative to channel waveguide are discussed based on the 

two employed Er-doping techniques: ion implantation and nanoparticle dissolution. Due 

to their different fabrication methods, slightly adjusted designs are proposed for a final 

EDWA device. The fabrication procedures for both are described in detail in Chapter 4 
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while further modelling, characterisation and measurement results specific to ultrafast 

laser plasma implanting and NP dissolving are presented in Chapters 5 and 6 respectively. 
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Three different approaches to designing polymer-compatible EDWAs have been 

presented in the previous chapter. Each of these designs requires a different fabrication 

process flow to implement the proposed systems. The hybrid structure and direct 

implantation EDWAs take advantage of the novel ULPI process to implant erbium ions 

into glass or polymer substrate respectively. Alternatively, the nanoparticle dispersion 

approach allows for pre-mixing of the materials followed by standard polymer fabrication 

techniques. 

In this chapter, commonly used polymer fabrication techniques are presented with 

particular focus on the UV photolithography process suitable for siloxane materials. The 

employed fabrication steps are described in detail showing how the final features are 

manufactured. The wafers are patterned using a mask designed with the doping processes 

in mind and accommodating for the different waveguide sizes required by different 

amplifier architectures. The background losses of the fabricated polymer waveguides are 

then characterised, background loss being a key parameter for polymer-based EDWA 

designs. 

The doping technologies, namely ultrafast laser plasma implantation and nanoparticle 

dispersion, are also described in the chapter. These fabrication processes are used to 

prepare three types of Er-doped thin films: erbium-doped tellurite-modified silica 

(EDTS), Er-implanted polymer and nanoparticle dispersed polymer. These planar erbium 

layers are then characterised through a visual inspection, including scanning electron 

microscopy (SEM), photoluminescence (PL) spectrum analysis and lifetime 

measurements. Based on the thin film characterisation most promising approaches and 

samples are chosen for amplifier studies in Chapters 5 and 6 of this thesis. 

4.1 Polymer Component Fabrication 

One of the aforementioned advantages of polymers is their ease of processing as well as 

the variety of methods that can be employed to process them. Some of the most common 

fabrication techniques are discussed in this section, followed by a description of the 

detailed process employed in this thesis work. 

4.1.1 Fabrication Techniques 

Polymers can be used to create a wide range of waveguides and waveguide components 

with a variety of fabrication methods. Different fabrication methods may be required 

depending on the type of polymer, but in many cases multiple options are available for a 
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given material. Thin films can be deposited by a range of methods such as spin-coating, 

doctor-blading or drop casting on various substrates (glass, silicon, FR4). There are 

advantages and disadvantages for each method: for example spin coating allows for 

formation of uniform layers of controllable thickness while making removal of striations 

difficult. Most common methods for patterning and generation of waveguides can be 

performed on a wafer scale, such as photoresist, lithography and embossing or one feature 

at the time as in case of direct laser writing and a mosquito method [1]–[3]. 

Photoresist-based patterning (Figure 4-1 (a)) is based on a standard semiconductor 

processing technique where a photoresist is deposited and ultra-violet (UV) patterned on 

the polymer layer. After removing the undeveloped material with solvent, etching is used 

to translate the pattern onto the polymer itself. Reactive ion etching (RIE) can be used but 

a problem with using conventional RIE is that it often results in large surface roughness. 

To reduce this phenomenon and the adverse effect it has on sidewall scattering losses, 

alternative processes such as inductively coupled plasma (ICP) etching have been 

proposed. Careful calibration of the ICP process parameters including RF power, 

chamber pressure and oxygen flow rate led to sub-20-nanometre root-mean-square 

roughness [4]. 

Direct lithographic patterning process is used to make waveguides based on 

photosensitive polymers. The structures are prepared through wet etching of a polymer 

film after it has been selectively exposed to UV light through a mask. Compared to 

photoresist-based pattering (Figure 4-1 (b)), this technique has a simplified and faster 

process in addition to usually resulting in a lower surface roughness [5]. 

Soft lithography techniques such as embossing, moulding or stamping are a well-known 

microfabrication methods [6]. In order to use this method, a PDMS mould needs to be 

prepared first, which is usually achieved through casting polydimethylsiloxane on a 

micro-structured silicon master [7]. The structures are then replicated by pressing the 

mould against a substrate with polymer melt as shown in Figure 4-1 (c) on an example of 

micromoulding in capillaries (MIMIC) process. These techniques are considered to be 

cost efficient and offer large-scale fabrication, but the surface roughness is usually 

relatively large.  

A variety of other techniques exist, but two mask-free approaches have caught a lot of 

attention. Laser direct writing and mosquito method both offer a flexible method of 

generating patterns in polymer with rapid prototyping capabilities and a relaxed limitation 

in terms of the maximum area and waveguide length generated as no mask is needed. 
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While the first uses a laser beam spot to outline the desired pattern, the latter uses a syringe 

needle inserted into a cladding material to inject core monomer along the pre-

programmed path before UV exposure of the entire system [8], [9]. These methods offer 

an option to write features within restricted regions without affecting the surrounding as 

well creation of novel structures. Despite their serial nature, progress has been made to 

increase the speed of the pattern generation [10]. 

 

Figure 4-1: Schematic illustration of polymer patterning techniques  

(a) photoresist-based, (b) direct lithographic and (c) MIMIC 

Different patterning techniques have their advantages and disadvantages as summarised 

in Table 4-1. For the purpose of this work, the relatively simple photolithography method 

is used. It has been chosen with the available fabrication facilities in mind as well as the 

fact that the chosen siloxane polymers are photosensitive to UV exposure. More details 

on the details and optimisation of the fabrication processes for different EDWA amplifier 

designs is given is Chapter 4. 
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Table 4-1: Trade-off of common polymer patterning methods 

Patterning method Advantages Disadvantages 

Photoresist-based 
Standard semiconductor 

processing technology 

Rough surface, mask 

required, high cost 

Direct Lithography Simple process Mask required 

Laser Writing 
Rapid prototyping, mask-

free 

Features like Y-splitters 

problematic, serial nature 

Mosquito 
Rapid prototyping, graded 

index 

Complex features 

problematic, serial nature 

Soft Lithography 

(moulding / embossing) 
Cost-efficient, large scale Rough surface (< 150 nm) 

 

4.1.2 Siloxane Waveguide Fabrication 

There is a number of processing steps involved in fabrication of polymer waveguides 

based on the Dow Corning siloxanes as summarised in Figure 4-2. Initially, the substrate 

is prepared before any polymer deposition can take place to remove potential 

contaminants from the surface. Then flat horizontal layers of a defined thickness are 

obtained through spin coating and solidified using a combination of UV photolithography 

and thermal treatment often referred to as baking. In order to obtain features, such as 

waveguides, a mask is used to expose only required areas to the UV light. The remaining 

polymer is then removed from a substrate to uncover the final design through 

development. 
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Figure 4-2: Fabrication process flow for siloxane polymers used in this thesis 

4.1.2.1 Spin-coating 

The polymer materials come in form of a highly viscous liquid that is poured onto a 

substrate or preceding polymer layer. The underlying wafer can be made from a wide 

range of materials, but in this work fused silica and silicon are used as they are compatible 

with the laser plasma implantation process described in the following section. Spin-

coating is used to equally distribute the polymer onto a 100 mm diameter round substrate. 

The thickness of the resulting layer is determined by two parameters: rotation speed and 

time. 

For the WG-2021 cladding material, the thickness of the layer is not required to be 

carefully controlled, particularly for a glass substrate, which has lower refractive index 

than the polymers used (detailed values shown in section 3.1.4). In case of silicon wafers, 

the thickness of the polymer cladding layer separating the substrate from waveguides has 

been maintained at more than a magnitude larger than the wavelength of the light to 

ensure that the signal doesn’t leak out of the desired region. 

In case of the core WG-2020 material the thickness is controlled to a much greater extent 

as the dimensions of the waveguides are crucial for maintaining a single mode operation. 
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The relationship between the rotation speed and the corresponding layer thickness for a 

fixed 1-minute-long spinning is shown in Figure 4-3. The presented values have been 

obtained at a room temperature for a wafer-scale deposition with the polymer material 

diluted with toluene at a ratio of 4:1. Increasing the rotation speed of the spin-coating 

reduces the thickness of the resulting polymer layer. In case of Dow Corning WG-2020, 

rising the speed from 1000 to 4000 rpm resulted in a change in polymer layer thickness 

from an average of 13 µm to 7 µm. However, the rate of change slows at higher speeds 

and ultimately is limited by the viscosity of the material used. Alternative means of 

controlling the thickness of the layer are through changing polymer-to-toluene ratio or 

spinning time [11].  

 

Figure 4-3: Measured dependence of Dow Corning WG-2020 layer thickness  

on spin-coating speed 

After the spin-coating process is finished, the polymer remains in a liquid form as the 

solvents are still present in the material. The solvents can be evaporated by baking and 

photolithography. Heating the wafer to a temperature in range of from 110 ˚C to 130 ˚C 

(referred to as “soft baking”) removes some of the solvent and has been shown to improve 

adhesion as well [12]. Usually it is accompanied with a photolithography processing step 

in order to create a more permanent and good quality layers or generate features when 

combined with an exposure through a mask. 



Chapter 4: Fabrication and Er-doped Thin Film Characterisation 

126 

4.1.2.2 UV Photolithography 

Contact photolithography is normally used in order to obtain very high-resolution 

features. If, however, the mask touches the liquid polymer it can stick to the metal patterns 

making it impossible to use again [13]. As a result, photolithography is used in a 

proximity mode where the mask is set in a small distance, in range of tens of microns, 

above the polymer. In this way it can be used repetitively to pattern entire wafers at once 

and ensure high process throughput leading to cost-efficient fabrication. 

Introducing a gap between the two objects reduces the achievable resolution of the 

process due to a light diffraction through the patterns on the mask. The quality and 

minimum size depends on the separation distance that can be reduced through ensuring 

that the polymer layer is as uniform as possible. Spin-coating results in a relatively flat 

surface in the middle of the wafer with slightly thicker sides because of more material 

accumulating at the edges as shown in Figure 4-4. This difference between edges and the 

centre of the layer is proportional to the target polymer thickness and can be reduced 

through techniques such as chemical [14] or mechanical edge bead removal. The latter 

has been performed using a mesitylene-coated polyester swab after spin-coating. This has 

resulted in a thickness variation as low as 15 µm (measured with KLA Tencor Alpha-

Step D-600 profilometer) enabling close proximity of the mask to the exposed polymer 

in the following lithography steps. 

 

Figure 4-4: Reduction in the size of the edge-bead of the WG-2021 bottom cladding 

before (blue) and after (green) mechanical edge-bead removal 

Furthermore, the UV exposure dose has an additional effect on the height of the developed 

features. The mask used in this work has waveguides of varying width leading to a 

different amount of light shone on the spin-coated polymer. Figure 4-5 shows a result of 
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a 6-µm-thick layer exposed through mask slots of varying width. A variation is observed 

with the smallest 3 µm features having an average height of 3.2 µm and then increasing 

till eventually reaching 5.6 µm for the widest 10 µm waveguides. The benefit of this 

phenomena is that waveguides of almost square cross-sections can be achieved for even 

the smallest design sizes. To obtain similar width-to-height proportions for the largest 

features, the spinning speed has to be reduced to start with a thicker layer pre-exposure. 

 

Figure 4-5: Height variation of polymer features with different waveguide widths 

(marked) spin-coated at 4000 rpm and UV exposed for 30 seconds 

4.1.2.3 Optimised wafer fabrication procedure 

The final procedure for wafer-scale fabrication using Dow Corning siloxanes with both 

glass and silicon substrates has been optimised as shown in Table 4-2 for single mode 

waveguides. This procedure has been used as a benchmark for all-polymer, undoped 

systems. This process has been then adjusted to accommodate for plasma implantation 

and NP dispersion Er doping procedures as discussed in later sections. Another important 

factor that affected the optimal deposition parameters has been the size of the sample. 

While the below methodology has been prepared for wafers with diameter of  

100 millimetres, adjustments have been made for smaller samples. 
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Table 4-2: Detailed procedure for wafer-scale polymer fabrication 

Step Material 
Spin Rate 

(RPM) 

UV 

exposure 

Temperature 

(°C) 
Time (min) 

Coating WG-2021 800   1 

UV Exposure   flood  1 

Coating WG-2020 4000   1 

Prebake    110 5 

UV Exposure   proximity  0.5 

Post Bake    130 5 

Develop mesitylene    1 

Post Bake    180 5 

Coating WG-2021 500   1 

UV Exposure   flood  1 

Post Bake    130 5 

Hard Bake    180 30 

4.1.3 Lithography Mask Design 

Implementation of the designs put forward in Chapter 3 using photolithography requires 

a metal mask with which to pattern waveguides by blocking the UV light. The maximum 

size of the single mode waveguides depends on the refractive index contrast which is a 

function of the erbium concentration in the polymer. In order to accommodate for this 

variation, a versatile mask is prepared allowing for waveguide sizes in range of 3 µm to 

10 µm. Furthermore, one of the limitations of the ULPI setup is that it can only implant 

samples up to size of 2×3 cm2. This is accounted for in the final design by dividing the 

wafer area into six smaller pieces of this size as well as additional, longer sections used 

for alternative fabrication methods. A detailed mask design showing the component and 

section positioning is attached in the Appendix. 

4.1.3.1 Bends 

In addition to straight waveguides, the mask design included a number of additional 

features required for more complex system architectures. One of the key basic geometries 

are 90° and 180° bends. Using FimmWave simulations based on siloxane core and 

cladding materials, loss per 90° bend is estimated depending on factors such as refractive 

index contrast, waveguide width (square channels assumed) and bending radius. All of 

the aforementioned factors have an impact on the additional loss introduced as the signal 
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propagates along the waveguide. The mask used in this work is designed with a range of 

waveguide widths meaning that different sizes have varying requirements for low loss 

bending. Figure 4-6 shows loss results for a number of SM waveguide designs with 

different combinations of size and refractive index contrast. In order to maintain the single 

mode operation, as the refractive index contrast between Er-doped core and cladding 

increases the waveguide size has to be reduced. It is observed that an additional benefit 

of higher doping is reduced bending radius for a given loss leading to more compact 

design. In an unaltered polymer system, a radius of 5.7 mm is required to have an excess 

bending loss of 0.5 dB while a highly doped system with refractive index contrast of 0.02 

and a smaller waveguide of 3 µm achieves the same with radius of 1.2 µm. 

 

Figure 4-6: 90° bend loss variation with bending radius  

for a number of SM polymer waveguides 

In order to accommodate for the range of requirements, the final mask design is made to 

accommodate for a wide range of bending radii for the waveguide sizes from 3 µm to  

10 µm. Additionally, to increase the length limit of a straight waveguide on samples used 

in the project U-turns consisting of two such bends are used. In this way, a potential 

amplifier length is raised to 5.7 cm on a 2×3 cm2 sample as shown in Figure 4-7 b) with 

red light illumination. 
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Figure 4-7: Red light illuminated a) 90° and b) 180° bends  

4.1.3.2 Curves 

Curves are useful features included in the mask design that are a basis for both S-bends 

and Y-splitters Figure 4-8. The losses in this type of structures are minimised by ensuring 

a minimal change in direction at any given point. In this work it is implemented using 

parametric Bezier curves that have found many applications over the years, particularly 

in computer graphics and animation, to model smooth curves that can be indefinitely 

scaled [15].  

 

Figure 4-8: Bezier curve used to model a) S-bend and b) Y-splitter 

The S-bends and Y-splitters are based on a cubic Bezier curves that can be defined using 

four points: P0 to P3 as marked in Figure 4-8 a). It starts at P0 going towards P1 and 

eventually comes to P3 from the direction of P2, where the middle two point are there to 

provide direction. Mathematically, the path of the curve is described using the Equation 

(4.1). 

s�G� = �1 − G��	�� + 3�1 − G��G	�% + 3�1 − G�G�	�� + G�	�� (4.1) 
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where 0 ≤ t ≤ 1 and, for S-curve, x-coordinate of P1 and P2 as well as y-coordinate of both 

P0, P1 and P2, P3 pairs are kept equal to one another. Using this method, a number of 

splitters and S-bends of varying angles is included in the final mask design as shown in 

Figure 4-9. 

 

Figure 4-9: Examples of a) S-bends and b) Y-splitters based on Bezier curves 

4.1.4 Cut-back measurements 

Measuring a fibre-to-fibre signal with and without a sample gives a good idea of the 

overall loss in the device, but it is more useful to find what the contribution of internal 

loss is. One of the most common techniques to achieve this is the cut-back method [16], 

[17]. It is a straightforward albeit destructive procedure that requires a section of the 

original waveguide to be removed after each measurement. The reduction in the total loss 

between the consecutive measurements is attributed to the internal loss in the removed 

section. In the simplest case with a single cut, the internal loss can be found using 

Equation (4.2), but in practice the procedure is repeated a number of times and a linear fit 

is found to estimate coupling and internal losses. 

m	[es J:U ] = 10 log%� �% ��U
�% − ��  

(4.2) 

A set of polymer only straight waveguides with various widths were prepared using the 

wafer-scale fabrication procedure listed in Table 4-2. The sample with waveguides was 

then diced from a wafer and investigated using a cut-back setup presented in Figure 4-10 

a). A tuneable laser (HP 8168E) was used to measure loss in the waveguide across the 

1475-1575 nm erbium emission spectrum combined with a multimode fibre is used at the 

output to maximise amount of light captured and reduce measurement inaccuracy due to 

changing facets. In order to align the sample, visible (633 nm) laser was used to take 
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advantage of high scattering loss at this wavelength and, therefore, clearly visible signal 

path along the sample as shown in Figure 4-10 b). 

 

Figure 4-10: Cut-back measurement setup showing a) experimental schematic and 

b) straight waveguide sample under red light illumination 

After completion of a set of measurements the sample was then diced at the output end 

using a Disco DAD341 machine. The procedure was repeated a number of times in order 

to have enough data points to estimate contributions of internal and coupling losses to the 

total loss measured through linear fitting. 

4.1.5 Waveguide Loss Results 

The cut-back procedure was performed on waveguides of different widths to estimate 

their internal loss as shown in Figure 4-11 a). The values were obtained through a 

methodology presented in Figure 4-11 b) on an example of a 6-µm-wide waveguide at 

signal wavelength of 1550 nm.  
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Figure 4-11: Polymer waveguide cut-back results a) internal loss across 1475-1575 

nm spectral range and b) on an example of a 6-µm-wide waveguide at 1550 nm 

The sample with initial length of 37.5 mm was measured and then cut and re-measured 

three more times at lengths of 28.7, 18.9 and 9.8 mm. For each length multiple 

measurements were taken and averaged and a method of least squares was used to find 

the best linear fit. The y-axis intersection gives the value for coupling loss while the slope 

of the calculated line is the internal loss per unit length. 

The results for the internal loss show higher signal degradation at lower end of the 

investigated spectrum with loss exceeding 3 dB/cm around 1475 nm indicating that 

EDWA in-band pumping at 1480 nm would be inefficient. As the wavelength is increased 

towards 1530 nm corresponding to erbium emission peak the loss drops to approximately 

2.2 dB/cm and stays constant till a smaller peak at 1550 nm. After this point it reduces 

again to slightly over 2 dB/cm at the highest measurement wavelength of 1575 nm. The 

spectral shape of the internal loss across the investigated signal wavelengths remains 

almost the same for measured waveguide widths and only small variation in magnitude 

is observed in the range of 3 µm to 7.5 µm. 
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The measured internal loss of 2.2 dB/cm at 1530 nm is higher than some of the best values 

reported in other specialist polymers mentioned in Chapter 3. However, it is lower than 

in case of most common, commercially available materials such as SU-8 where 2.6 dB/cm 

at Er peak emission wavelength has been reported [18]. In contrary to some of the lower 

loss materials, siloxane polymers used in this work have the benefit of being UV sensitive 

required for the lithography process as well as having a high degradation temperature [19] 

important for ultrafast laser plasma implantation process described in the next section. 

4.2 Er-doped Thin Films 

The next step towards realisation of EDWAs, after investigation of polymer waveguides, 

is demonstration of planar Er-doped planar films. These can be used not only to optimise 

the fabrication steps necessary for obtaining high quality doped material without 

damaging the host but also assessing best methods of combining doped and undoped 

layers to form waveguides. Furthermore, erbium thin films can be used investigate the 

key amplifier properties such as Er emission spectrum and 4I13/2 metastable lifetime. 

These results then offer a possibility of comparing NP-dissolved and ULPI-implanted 

polymer films against an erbium-doped tellurite-modifies silica (EDTS) glass obtained 

through ion implantation process. 

4.2.1 Doping Technologies 

In this thesis two promising erbium doping techniques are investigated. ULPI is chosen 

due to the fact that it has demonstrated some of the highest reported erbium concentrations 

up to 1.63 × 1021 cm-3 while maintaining very long metastable lifetimes around 9.16 ms 

[20]. An alternative approach of nanoparticle dispersion in a still liquid polymer matrix 

is investigated as it has already been shown to generate relatively high internal gain of 

6.6 dB/cm [18]. In contrary to the suggested approach of using additional polymer 

materials to form complex active core shells, in this work doped material is prepared 

through a membrane filtering process.   

4.2.1.1 Ultrafast Laser Plasma Implantation 

Ultrafast lasers have been reliably used for material processing, micromachining and 

surface ablation [21]. For many years nanosecond pulsed laser deposition (ns-PLD) has 

been considered a promising doping method as it has been shown to produce NPs with 

process-controllable size, morphology and composition [22]. Fabrication of NPs using 

even shorter, femtosecond pulses (fs-PLD) has also been validated on a range of dielectric 
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materials such as aluminium or various glasses [23], [24]. Decreasing the duration of the 

pulses has been demonstrated not only to improve the properties of the fabricated thin 

films in terms of NP size uniformity and agglomeration, but also provide greater degree 

of control of the nanoparticle size [25]. The ULPI process used in this thesis for 

fabrication glass and some of the polymer Er-doped thin films is based on the fs-PLD 

[26] as shown in Figure 4-12 and has been performed by project collaborators from the 

University of Leeds.  

 

Figure 4-12: ULPI fabrication schematic showing formation of the EDTS layer 

First, tellurite glass targets required for deposition are prepared using standard glass 

melting and quenching processes [27], which allow for good control of the concentration 

and ratio of erbium and ytterbium ions in the final deposited layer. The prepared target is 

then placed in a vacuum chamber in front of a deposition substrate. The high-energy 

femtosecond pulses are then used to ablate the prepared target leading to generation of a 

highly energetic plasma that expands towards a heated-up substrate surface. Silica 

temperatures in range of 600 °C to 800 °C assist the diffusion process resulting in a 

homogenous Er-doped thin film layer deposited on the substrate [28]. 

The ULPI process has been mainly used for rare-earth ion implantation into silica glass 

to form EDTS layer that is used in this work to investigate hybrid structures where the 

fabrication process is completed by addition of polymer ridges on top of the deposited 

erbium layer. However, the process has also been modified in order to deposit erbium 

into a siloxane polymer thin film layer on top of a substrate as described in the next 

section. 
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4.2.1.2 Nanoparticle Dispersion 

An alternative technique of fabricating polymer-based EDWAs is dispersing Er-doped 

nanoparticles in the polymer matrix. A lot of work has been done to address inorganic 

material insolubility in polymers through, for example, active core-shells, leading to the 

promising results summarised in Chapter 2. 

In this work, ceria-based (CeO2) nanoparticles and siloxane polymer materials are 

combined to develop a cost-effective method of producing Er-doped polymer thin films 

and waveguides with strong photoluminescence properties required for EDWA 

applications. Er:Gd co-doped ceria nanoparticles (EGC NPs) are synthesised using a 

novel Leeds Alginate Process (LAP) sol-gel method developed for a single-step 

fabrication of complex functional ceramic oxide NPs of highly controlled composition 

[29]–[31]. 

The LAP process has been used by collaborators at the University of Leeds to prepare 

Ce0.8Er0.1Gd0.1O1.9 nanoparticles using the procedure shown in Figure 4-13. 

Commercially available nitrates: Ce(NO3)3·6H2O (>99% of purity), Er(NO3)3·6H2O 

(>99.9% of purity) and Gd(NO3)3·6H2O (>99.9% of purity) are used to prepare the 

dopants. Two separate solutions are prepared under magnetic stirring – one with metal 

complex and one with sodium alginate, before the sodium alginate solution (SAL) is 

added into the metal complex solution using a steel needle attached to a syringe. The 

resulting gel beads are kept for 14 hours before the wet metal-alginate material is dried at 

90 °C for 24 hours. The final nanoparticles are then obtained through a calcination process 

from the dry beads taking place at 500 °C for 2 hours in ambient atmosphere. The 

optimum process parameters, such as calcination temperature, have been experimentally 

determined on dried beads of similar composition [31]. 
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Figure 4-13: Fabrication process flow for ceria nanoparticles used in this thesis 

4.2.2 Fabrication Processes 

Three different approaches to making Er-doped polymer-based amplifiers are 

investigated with the detailed fabrication steps and process optimisations presented in this 

section. Hybrid structures and direct implantation both take advantage of the ULPI 

technology, but the key difference is that silica glass (UQG Optics Spectrosil 2000) and 

siloxane polymer (Dow Corning WG-2020) are used as a substrate respectively. The third 

method is based on combination of the same polymer material with ceria nanoparticles to 

then produce thin films via spin-coating. 
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4.2.2.1 ULPI – Glass Substrate 

The ULPI fabrication has been carried out by Dr Eric Kumi-Barimah as a part of a 

collaboration work on the Seamatics project. The Functional Materials group at the 

University of Leeds has the required implantation setup to create Er-doped thin films and 

the expertise in operating it. ULPI is a complex and relatively new process where many 

operating parameters affect the final Er-doped layer. Some of the key process variables 

include target glass composition, laser pulse energy, substrate temperature, pressure in 

the vacuum chamber and duration of the process. These parameters have been studied on 

the setup used to prepare samples for this thesis as summarised based on published data 

in Figure 4-14 in terms of the key design properties of Er concentration and refractive 

index. 

 

Figure 4-14: Summary of refractive index and Er concentration data based data 

published on ULPI setup used in this work 

In general, an increasing erbium concentration results in higher refractive index, but there 

are a number of other important factors. When the only varied parameter is the erbium 

content in the target glass (red squares), the resultant EDTS layer shows that higher Er 

concentration leads to higher refractive index when target glass composition  

(80-x)TeO2-10ZnO-10Na2O-xEr2O3 is varied for x = 0.125,0.5,0.75 and 1 [32]. Similar 

experiments under an altered deposition procedure is performed on higher dopant 

concentrations of 1 and 2 wt.% in the target glass (purple circles) showing a similar 

increasing trend, but at a different rate [33]. However, it is not the only factor affecting 

thin film properties as even with identical target glasses and changing only the laser 
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energy (yellow triangles corresponding to 50, 60 and 80 µJ) the implanted layer erbium 

concentration increases from 0.4 to 0.53 wt.% and refractive index grows from 1.5587 to 

1.6172 [34]. 

The samples received for analysis in EDWA studies based on EDTS layer for polymer-

glass hybrid structures are listed in Table 4-3 with all the known implantation parameters 

and the measured layer thickness. The corresponding dopant concentrations in the EDTS 

layers are estimated to be 1.63 × 1027m-3 for T-series and 0.91 × 1027m-3 for the other thin 

films.  Samples O6, C1 and C2 are deposited on a maximum substrate size fitting the 

ULPI chamber (2×3 cm2) while T26 and T28 are half this size (2×1.5 cm2). 

Table 4-3: Summary of implantation parameters for EDTS samples 

Sample 

Name 

Target composition 

[TeO-ZnO-Na2O-

Er2O3-Yb2O3 wt.%] 

Laser 

energy 

[µJ] 

Deposition 

time [h] 

Chamber 

pressure 

[mTorr] 

Measured 

EDTS 

thickness [µm] 

T26 85.4-5.5-7.2-1.9-0 60 8 95 2.05 

T28 85.4-5.5-7.2-0.6-1.3 65 4 65 2.54 

O6 79-10-10-1-0 300 4 80 0.62 

C1 79-10-10-1-0 150 4 80 0.84 

C2 79-10-10-1-0 160 4 80 1.20 

 

4.2.2.2 ULPI – Polymer Substrate 

Ultrafast laser plasma implantation into polymer has not been attempted prior to this work 

therefore the process is adjusted for this type of substrate. The polymer samples are spin-

coated onto a silica substrate at 2000 rpm for 1 minute, UV-exposed for 1 minute and 

hard-baked at 180 °C to form a uniform ~ 10-µm-thick layer. The wafers are then cut into 

2×3 cm2 pieces suitable for the ULPI chamber. 

The target Er-TZN glass used for direct implantation into polymer layer has a composition 

of 79.5TeO2-10ZnO-10NaO2-0.5Er2O3 (wt.%). As in case of implanting into a glass 

substrate, a number of parameters are varied to find best quality of thin film. The substrate 

temperature is reduced from 700-750 °C used for silica glass to 100 °C in order to 

minimise polymer damage. The implantation time and laser energy are also reduced as 

keeping the sample for over 1 hour in the chamber results in polymer film peeling off the 

substrate. In the end, the two most promising samples which have been used for further 

analysis have corresponding ULPI parameters summarised in Table 4-4. 
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Table 4-4: Summary of implantation parameters for polymer samples 

Sample 

Name 

Laser 

energy [µJ] 

Deposition 

time [h] 

Substrate 

temperature 

[°C] 

Chamber 

pressure 

[mTorr] 

F1 45 0.75 100 70 

F3 60 0.75 100 70 

 

A visual inspection of the two Er-implanted polymer samples uncovered a granular 

character of the surface that led to a SEM check to obtain more information on the surface 

quality as shown in Figure 4-15. The two images revealed that the process parameters 

such as temperature and laser energy, set at much lower values than for EDTS 

implantation, have led to the ablated target glass particles deposition on top of the polymer 

layer rather than implantation into it. Furthermore, the higher energy deposition of sample 

F3 resulted in the average deposited Er-TZN glass particle size of ~ 21 nm to be larger 

than for F1 where ~ 11 nm are observed. 

 

Figure 4-15: Visual inspection of ULPI on polymer samples using a microscope 

and SEM on samples F1 and F3 [35] 
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4.2.2.3 Nanoparticles 

The polymer thin films doped with ceria nanoparticles have been prepared using the 

fabrication procedure shown in Figure 4-16. The EGC NPs are dispersed in toluene and 

polymer at various concentrations with the amount of toluene kept at a constant 20 wt.% 

as used for polymer-only systems. The weight ratio of the polymer (80% – x) and 

nanoparticles (x) is varied with NP content being in range from 0.1 wt.% to 12.5 wt.% of 

the total mix. After all the components are combined together, the mixture is stirred 

overnight and then undergoes ultrasonication process to reduce particle agglomeration in 

the solution [36]. The process is completed by membrane filtration though a 

commercially available (Whatman) syringe filters before deposition on a small  

15 × 20 mm2 silica glass sample. The optional filtering step is added to the procedure in 

order to remove any larger NP agglomerations in the material and reduce the 

luminescence quenching. 

 

Figure 4-16: Fabrication process flow for NP-dispersed polymer thin films 
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The first batch is prepared using readily available at the time, un-optimised NPs has been 

used to determine the most suitable membrane filter size. The same 0.1 wt.% EGC 

concentrations is used to prepare a set of samples without filtering as well as with 

membrane sizes of 20, 200 and 1200 nm. The resultant thin films are then compared in 

terms of their relative PL intensity and FWHM as shown in the next section. 

Based on these results, a second batch of NP-doped polymer materials is prepared using 

fabrication-optimised EGC nanoparticles. The powdered nanoparticles have been 

measured by project collaborators using high resolution transmission electron microscopy 

(HRTEM) as shown in Figure 4-17. The image shows that the agglomerated cubical-

shaped particles have size in range of 7 to 10 nm before the dispersion in the polymer 

matrix. 

 

Figure 4-17: HRTEM image of EGC NPs taken at University of Leeds 

The same dispersion process is used with the key difference being the nanoparticle 

concentration is increased from 0.1 wt.% to higher values in range from 1 wt.% to  

12.5 wt.%. The effect of filtering is investigated by comparing unfiltered and filtered 

material in the same way as for the first batch. As a result of the initial material analysis, 

only the smaller (20 and 200 nm) membrane filters are considered. During the fabrication 

process it has been revealed that due to the higher concentrations involved the 20 nm filter 

would block before a deposition process on a glass sample is finished. Therefore, ten thin 

films are prepared based on EGC nanoparticle concentrations of 1, 2.4, 5.1, 9.2, 12.5 wt.% 

with and without a filtering step before thin film deposition. The resultant thin films are 

visually inspected using a microscope as shown in Figure 4-18. It is observed that without 

filtering large agglomerations of inorganic nanoparticles are present in the mix. They are 
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often larger in size then the waveguide features designed for this work, making the 

additional filtering step necessary for better quality film fabrication. Even with the 

proposed filtering step, sub-micron spots are noticed on the final thin film suggesting that 

additional clustering may occur between the filtering and sample fabrication completion. 

 

Figure 4-18: Microscope pictures of filtered and unfiltered EGC NP-doped 

polymer thin films at various dopant concentrations 

4.3 Thin Film Characterisation and Comparison 

4.3.1 Characterisation Methodology 

Optical characterisation of the erbium-doped thin films is performed in order to extract 

the key parameters required for characterising EDWA performance. The key properties 

that are determined though thin film measurements are not only the emission spectrum, 

in particular full width at half maximum (FWHM) and peak wavelength, but also lifetime 

of the erbium ions. These results then are combined to derive emission and absorption 

cross-sections required for full amplifier studies as presented in Chapters 5 and 6. 

The photoluminescence spectrum of the EDTS layer is measured at a room temperature 

using the setup shown in Figure 4-19. A pump laser diode (BL976-PAG500) emitting at 

976 nm is used to excite an erbium-doped thin film sample mounted on a 3-axis stage. 

The pump light is then filtered out (FELH1500 long-pass filter with 1500 nm cut-off 

wavelength) before the signal is collected using multi-mode fibre connected to an optical 

spectrum analyser (Yokogawa AQ6370D). Optimal alignment and focusing is achieved 

with a set of four lenses mounted on movable stages. 
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Figure 4-19: Photoluminescence measurement setup 

The lifetime and photoluminescence spectrum of the polymer films is measured by 

collaborators at a room temperature using a more sensitive integrated setup with the 

FS920 spectrometer (Edinburgh Instruments) under a 976 nm laser-diode excitation. The 

pump light is prevented from reaching the spectrometer by using a long-pass filter with a 

cut-off wavelength of 1100 nm. 

4.3.2 Photoluminescence Spectrum and Erbium Lifetime 

4.3.2.1 ULPI Glass 

The photoluminescence emission spectra across the telecommunications C-band of the 

five EDTS samples are plotted in Figure 4-20. The results are normalised with respect to 

the emission peak of the strongest sample – T28 in order to assess the relative intensity 

of the light. It is noticed that the T-series samples are performing the best in terms of 

intensity which is expected due to their higher dopant concentration and greater thickness. 

The main difference between samples T26 and T28 is that the latter is co-doped with 

ytterbium at a ratio of 1:2 Er:Yb. This suggested that even at extremely short pump 

interaction distances adding ytterbium to the mix can beneficial in terms of NIR emission 

strength. The remaining three samples have the same, lower erbium concentration and, as 

a result of the implantation process parameters, have slightly different thicknesses. The 

similarity of the target material is apparent when the peak emission intensity is found to 

be approximately 1534 nm for all the investigated samples. 
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Figure 4-20: PL spectra of EDTS samples normalised against  

the strongest emitting sample T28 

The measured relative intensity peaks of 0.09, 0.11 and 0.29 for thickness of 0.62, 0.84 

and 1.2 µm are observed for samples O6, C1 and C2, respectively. The intensity 

difference is adjusted by the sample thickness and dopant concentration in order to see 

the impact of other factors on the film quality and compared to the thickest sample T28 

as shown in Figure 4-21. The results indicate that a large part of the previously observed 

discrepancies is an effect of these two variables as the differences between samples 

became much smaller. There is still a deviation in the emission intensity indicating other 

implantation parameters play a role in the resultant film quality. Additionally, FWHM 

results confirm spectral shape similarity between the samples as not only the peak 

emission intensity is approximately the same but also the spectral width is very close to 

20 nm for all the EDTS samples. 
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Figure 4-21: EDTS sample comparison in terms of the relative PL peak adjusted 

by sample thickness & dopant concentration and FWHM 

Even though the spectral shape of all the samples is very similar, they differ in terms of 

their metastable lifetimes. The strongest emitting thin films from the T-series have very 

good lifetime of lifetimes of 11.8 and 12.1 ms for T26 and T28, respectively. Remaining 

samples have not only weaker PL intensity but also shorter Er lifetimes of 2.2 and 4.9 ms 

for C1 and C2 respectively indicating that they are less suitable for EDWA fabrication in 

terms of these properties and sample T28 is the most promising candidate for hybrid 

structure studied in detail in Chapter 5. 

4.3.2.2 ULPI Polymer 

The same measurement procedure is performed on the most promising polymer samples 

F1 and F3 as shown in Figure 4-22. It is apparent that the polymer-doped samples have 

much weaker photoluminescence signals compared to the strongest EDTS sample. At 

their peaks they only reach 0.04 and 0.08 emission coming from the T28 sample. Part of 

the difference arises from the fact that a target glass with only 0.5 wt.% Er is used for 

ULPI, but this does not explain the entire observed difference. Another important reason 

expected to contribute to the reduced NIR emission is the clustering seen in Figure 4-15.  
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Figure 4-22: PL spectra of implanted polymer thin films normalised  

against the strongest emitting EDTS sample T28 

Furthermore, a broader FWHM of 39 nm is observed for the F-series polymer samples 

peaking at wavelength of 1533 nm. Compared to the EDTS the peak occurs at a slightly 

lower wavelength and the spectrum is slightly broader. In terms of their lifetime, 3.5 and 

4.2 ms are measured for F1 and F3 respectively, which is shorter than the EDTS T-series 

samples but comparable to the remaining glass-doped thin films. 

4.3.2.3 Nanoparticles 

Figure 4-23 shows a result of varying the filter size on the PL intensity of the first batch 

of the polymer doped with low concentration of 0.1 wt.% where all the investigated 

samples have the same peak emission wavelength of 1532 nm. Compared to the base case 

where no filtering is used, both 20 and 200 nm show a stronger photoluminescence signal 

while a larger 1200 nm filter reduced the light emission intensity. Using small membrane 

filters is believed to remove agglomeration sizes above their size. However, by comparing 

results for 20 and 200 nm pores, it can be seen that having too small membrane is 

detrimental as it results in removal of too many EGC NPs and lower intensity. In contrary 

to beneficial impact of these two filters, 1200 nm membrane has led to lower PL signal 

compared to the unfiltered benchmark indicating removal of some Er particles but without 

the benefit of quenching reduction. 
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Figure 4-23: Relative PL intensity of the first batch of EGC NPs  

normalised with respect to unfiltered sample 

Further analysis of the filtering effect is performed based on another important material 

property from a perspective of the amplifier operation. FWHM, which determines the 

amplification spectrum of the EDWA, is measured for the different filter sizes. Figure 

4-24 shows that, as expected from the PL intensity graph, there is not much disparity in 

this thin film property and a relatively constant value around 55 nm is observed. The value 

for unfiltered sample is approximately 53.5 nm and using filters increased it slightly by 

1.4, 4.4 and 3.1 nm for membrane sizes of 1200, 200 and 20 nm respectively. 

 

Figure 4-24: FWHM measurement results of the first batch of EGC NPs 
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Similar photoluminescence studies of the thin films from the second batch with higher 

dopant concentration of optimised NPs are carried out for both filtered and unfiltered 

samples as shown in Figure 4-25. The same scales are chosen to present the improvement 

between films obtained with additional 200-nm-membrane filtering step (Figure 4-25 a)) 

and without (Figure 4-25 b)). Despite the differences in the intensity depending on the 

concentration, all the measured films exhibit very similar spectral shape peaking at 

approximately 1532 nm.  

 

Figure 4-25: Photoluminescence intensity of EGC NP-doped polymer thin films  

at various concentrations a) with and b) without filtering 

The improvement in PL intensity with increasing NP concentration and as a result of 

filtering is summarised in Figure 4-26 where not only intensity but also FWHM and Er 

metastable level lifetimes are compared across the obtained thin films. Figure 4-26 a) 

shows the relative peak (1532 nm) PL intensity normalised against the unfiltered film of 

the lowest concentration. In an ideal system with no clustering and perfectly uniform 

distribution, the emission value for higher concentrations would increase in line with the 

NP ratio. However, by observing the progression for unfiltered samples almost no change 

is observed for 2.4 and 5.1 wt.% samples while the highest doped films improve PL 

intensity by 28% and 44% for 9.2 and 12.5 wt.% respectively. There is an improvement 

in the emission intensity, but it is much lower than expected suggesting a significant 

concentration quenching and poor dispersion uniformity. A very similar trend emerges 

for filtered samples, where for smallest two concentrations a minimal reduction in the 

emission intensity is detected compared to unfiltered samples indicating some dopants 

being removed without any benefit to signal strength. Only at the higher concentrations 
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there is a more pronounced improvement of 59%, 105% and 154% compared to the 

unfiltered 1 wt.% sample for filtered concentrations of 5.1, 9.2 and 12.4 wt.% 

respectively. It is believed based on PL intensity that the filtering step helps to remove 

the largest NP clusters leading to improved performance, but the dispersion is still not 

completely uniform as the relative intensities are lower than expected from the relative 

dopant concentration. 

Despite the fact that similar spectral responses with peak around 1532 nm are observed 

(Figure 4-25), there is some degree of variation between samples in terms of their FWHM 

as shown in Figure 4-26 b). A large FWHM is key requirement for a broadband amplifier 

and is a useful performance parameter to study in practical designs. In most of the 

prepared films, the emission spectral width around 35 nm, from 1520 to 1555 nm covering 

most of the telecom C-band (1525-1565 nm). However, in case of the lowest NP 

concentration of 1 wt.% it is much lower at 22.1 and 28.8 nm while for the highest  

12.5 wt.% it becomes 41.4 and 33.3 nm for unfiltered and filtered films respectively. This 

would suggest that this is an effect related more to clustering rather than the concentration 

as the FWHM is much more uniform for filtered thin films. 

The final comparison criteria for the NP dispersed thin films is the lifetime of the 4I13/2 

erbium level measured at the peak wavelength. As in case of the FWHM values, no clear 

trend emerges across the samples when looking for an effect of filtering. In both cases, 

the peak lifetime occurs at NP concentration of 2.4 wt.% and then slightly shortens as the 

concentration is increased. This is expected as higher concentrations tend to increase 

quenching effects, however in case of doping with NPs it appears to be more affected by 

the nanoparticle composition than the dispersion uniformity in the polymer. In the ECG 

NP-doped polymer, increasing concentration from 2.4 to 12.5 wt.% reduced the lifetime 

by 0.7 and 0.4 ms for unfiltered and filtered samples respectively. This is a much smaller 

change compared to the difference between second and first NP batches where the 

average lifetimes are 5.7 and 3.1 ms respectively. The shorter lifetime of the first batch 

of un-optimised EGC NPs is measured despite the dopant concentration being only  

0.1 wt.% compared to second batch’s 1-12.5 wt.% of the total mix. 
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Figure 4-26: EGC thin film comparison in terms of a) relative peak PL intensity,  

b) FWHM and c) Er lifetime 
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4.3.3 Result Comparison and Discussion 

The samples prepared with different methods presented in previous sections have been 

compared with one another with the aim to find best representatives of a given batch. It 

is also important to compare the thin films between the methods as shown in Figure 4-27. 

In order to address discrepancies between films such the thicknesses and  

Er-concentrations, the results for a given group have been averaged and normalised. 

 

Figure 4-27: Comparison of normalised average PL emission spectral shapes  

for the investigated doping approaches 

Even though the resultant photoluminescence emission spectra vary between the thin film 

types, they all have emission peak around 1533 nm. Interestingly, the materials prepared 

using ULPI method show distinctively different spectral shapes based on the substrate 

used. The two shapes can be traced to reports in literature [37], where Er-doped TZN 

glass properties are investigated. It has been shown that as a result of implantation in 

silica the emission spectrum becomes narrower, 1540 nm secondary peak more 

pronounced and the signal around 1510 nm is much lower as seen in this work. 

Furthermore, the shape of ULPI-made polymer with its secondary peaks around 1500 and 

1550 nm matches very closely the shape of bulk TZN target glass. This indicates that the 

implanted material does not mix well with the polymer host and the observed signal 

comes from the target glass deposited on top of the sample as seen via visual inspection 

in Figure 4-15. This hypothesis is also supported by the very short lifetime in implanted 
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polymer where the measured values around 4 ms come very close to 4.4 ms reported in 

bulk target glass of the same Er content in the mix [35]. In case of a materials with well 

distributed Er-TZN particles a much longer lifetime is expected as seen in the T-series 

samples [38]. 

The spectral shape difference of the ECG NP dispersed thin film is a natural outcome of 

a different composition of the nanocrystals with erbium content. Even though there are 

no reports on similar material to compare the spectra, polymer-hosted nanocrystals with 

erbium-cerium mix have been described to have a singular peak at a wavelengths slightly 

shorter than 1535 nm [39]. Additionally, the measured lifetimes around 6 ms are 

comparable to the best values reported in literature for NP dispersed in polymer hosts 

[18]. 

4.4 Conclusions 

In this chapter polymer platform fabrication methods are discussed and an optimised UV 

photolithography process for siloxane-based materials is presented. The fabricated 

waveguides are then used to estimate background loss throughout Er-emission spectrum 

from 1475 to 1575 nm via cutback method measurements showing a signal reduction of 

approximately 2.2 dB/cm around the erbium peak emission wavelength of 1530 nm. This 

value is comparable to other commercial polymer materials, such as SU-8, which do not 

possess thermal stability of siloxanes required for PCB integration or long-term high 

energy EDWA pumping. Even though the measured loss is relatively low for a polymer 

material, it is an additional contributor to the signal strength degradation that needs to be 

accounted for and compensated through amplification.  

Two promising techniques of erbium-doping, namely ultrafast laser plasma implantation 

and nanoparticle dispersion, are described and their fabrication processes explained. 

These processes are then used to fabricate three distinct types of Er-doped thin films. 

ULPI is used to implant both polymer directly and a silica glass substrate for hybrid 

structures. The latter forms EDTS layer with high dopant concentration of  

1.63 × 1027 m-3 while maintaining long Er lifetime of 12.1 ms. This result is used as a 

benchmark to compare with previously unattempted direct polymer implantation. 

Analysis of thin films obtained in this way shows a number of challenges arising from 

the combination of high-temperature and high-energy process even with siloxanes that 

are known for being polymers with a good thermal resistance. After ULPI process 

adjustments, thin films are found to have a dopant layer deposited on top of them rather 
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than implanted. As a result, the characterisation of their PL properties demonstrates a 

broader emission spectrum and shorter lifetime closely matching this of a bulk target glass 

rather than uniformly implanted EDTS. 

The alternative method of nanoparticle dispersion in undeveloped polymer is also studied 

on thin films. Two batches of prepared material are used to improve the fabrication 

process in terms of the emission properties. The initial assessment shows that by adding 

an additional filtering step in the thin film preparation procedure stronger 

photoluminescence is observed and largest NP agglomerations are removed. The lifetime 

of the ECG NP dispersed thin film at highest prepared weight ratio of 12.5% remains at 

approximately 6 ms which is longer than in case of the ULPI polymer films range of  

3.5-4.2 milliseconds. 

The comparison of the thin film properties has led to the conclusion that most promising 

approaches to polymer-platform-compatible EDWA designs are hybrid approach using 

EDTS layer as explained in the previous chapter and direct doping via NP dispersion. 

More detailed studies on the first of the methods including design and fabrication 

optimisation are presented in Chapter 5. Waveguide systems based on the ECG-doped 

siloxane polymer with relevant experimental and simulation results are described in 

Chapter 6 of this thesis.  
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The hybrid polymer-glass approach to fabricating EDWAs takes advantage of the 

available highly-doped EDTS thin films investigated in Chapter 4. The benefit of using 

this approach comes from a more mature ULPI fabrication process in silica glass 

compared to a polymer that has in turn led to more promising thin film characteristics in 

terms of their lifetime and photoluminescence intensity. 

In this chapter, the methodology for designing such amplifiers is explained in order to 

maintain single mode operation for both channel and strip-loaded waveguides. The 

corresponding waveguide size and the modal overlap information is then combined in a 

full amplifier model with absorption and emission cross-sections derived from the 

material properties. The cross sections are obtained through a combination of McCumber 

and Füchtbauer-Ladenburg methods. 

Hybrid EDWAs based on known sample properties are simulated using the rate-equations 

model introduced in Chapter 3. The potential amplifier gain is assessed for both channel 

and strip-loaded geometries to compare the potential of both approaches. These are not 

only optimised in terms of their Er-Yb ratios, but also operating factors, such as available 

pump power, are accounted for in the simulations. Based on these results, as well as other 

factors such as fabrication process, strip-loaded structures are prepared using available 

EDTS thin films. The polymer ridge deposition process is optimised to combine two 

dissimilar materials to form the designed waveguides. 

Furthermore, the prepared hybrid amplifier samples are experimentally investigated via 

SEM, surface roughness inspection, near-field profile and ASE measurements. 

Assessment of these results has led to a conclusion that while the strip-loaded hybrid 

approach has a potential to form polymer platform compatible EDWAs, better quality 

samples with lower surface roughness are required for practical devices. 

5.1 Parameter Extraction 

A number of physical and design parameters are needed in order to simulate an EDWA 

device. While many of the properties have been measured on the Er-doped thin films in 

the previous chapter, several characteristics depend on the chosen waveguide geometry. 

The single mode operation for a square channel waveguide is modelled in Chapter 3, 

therefore focus on asymmetric geometries is placed in this section. Size and refractive 

index requirements for such designs are described as well as references to the available 
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thin film samples are made. Additionally, emission and absorption cross sections are 

derived from the EDTS thin film measurements based on the most promising sample T28. 

5.1.1 SM operation in hybrid amplifiers 

The dimensions of the polymer ridge and the thickness of the doped layer affect the 

operating conditions. The focus is placed on the latter as the polymer waveguide 

minimum size is determined to be approximately 3.5×3.5 µm2. These dimensions are 

limited by a combination of the material, where polymer viscosity limits the minimum 

layer thickness, and the fabrication procedure used. Figure 5-1 shows the investigated 

geometries for hybrid EDWAs based on an EDTS layer implanted into a silica glass 

substrate. The first approach assumes a square channel fabricated by etching the planar 

Er-doped layer which is later cladded with a polymer material to reduce the refractive 

index difference between remaining EDTS core and the surrounding material as shown 

in Figure 5-1 (a). The additional step of the cladding addition allows for a reduced size 

limit for single mode operation through reduction of the refractive index contrast. 

The channel waveguide is used as a benchmark for the strip-loaded geometry which only 

requires a single preparation step. In order to generate this structure a polymer strip is 

deposited on top of the EDTS layer using waveguide fabrication techniques presented in 

Chapter 4. The resulting device uses the principle of index guiding to contain the 

fundamental mode underneath the ridge [1].  

 

Figure 5-1: Investigated hybrid waveguide geometries: (a) square channel,  

(b) strip-loaded with fundamental mode shown (λ = 1550 nm) 

Two physical properties of the Er-doped thin film, namely refractive index and thickness, 

determine the conditions for the single mode of operation in the case of a fixed polymer 

strip size. The refractive index of the EDTS layer is predominantly determined by the 

erbium and ytterbium co-dopant concentration in the target glass while the thickness of 
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the implanted layer depends on the ULPI parameters such as duration. These two 

parameters also determine the mode overlap with the active erbium-doped region as 

presented in Figure 5-2 for the signal wavelength. In an efficient amplifier, the overlap is 

kept as high as possible in order to maximise light interaction with Er ions. 

 

Figure 5-2: Fundamental mode overlap dependence on doped layer thickness and 

refractive index with marked three most promising EDTS samples 

The highest fundamental mode overlap is achieved by increasing both refractive index 

and thickness of the doped layer. The limiting factor to this rise is that at a certain point 

it leads to first order transverse-electric mode being guided underneath the polymer ridge. 

At this stage the amplifier becomes less efficient as the two coexisting modes have lower 

total overlap due to the TEM10 mode being more weakly confined in the active region. 

Designing the device to operate in this regime is not optimal. However even highly 

multimode EDWAs have been shown to achieve gain [2]. 

The three EDTS samples with the most promising photoluminescence emission strengths 

and metastable lifetimes are also plotted in Figure 5-2 to predict their behaviour. The 
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target glass with higher dopant concentration used on the T-series samples leads to a 

higher refractive index compared to C2. It is observed that both T26 and T28 are thicker 

than the modelled single mode operation limit. As a result, a less efficient operation is 

expected from these samples compared to the theoretically predicted hybrid strip-loaded 

amplifiers. 

5.1.2 Emission and absorption cross sections 

The emission cross section of a given Er-doped material can be approximated using 

Füchtbauer-Ladenburg method discussed in Chapter 2 (Equation 2.3). The three physical 

properties required by this method are: metastable level lifetime, doped layer refractive 

index and normalised emission spectrum. All the above parameters have been measured 

for EDTS samples as shown on an example of T28 in Figure 5-3. 

 

Figure 5-3: Optical characterisation results for T28 sample.  

(a) PL intensity profile, (b) metastable lifetime 

Figure 5-3(a) presents the normalised PL emission spectrum in the 1450 nm to 1650 nm 

range demonstrating a strong peak at 1534.4 nm and a FWHM of 24.2 nm. Even though 

the exact spectral shape of the emission depends on the host material and target glass 

composition, a comparable linewidth has been observed from similar types of materials 

[3]. Figure 5-3(b) presents the single exponential decay with time of the normalised 

spontaneous emission light intensity at the peak of 1534 nm. The lifetime of the Er ions 

in the material is calculated by a standard procedure of finding the amount of time it takes 

for the signal to drop to 36.8% (1/e level) of the initial value. The existence of a long 

metastable time that the erbium ion remains in the I13/2 energy level, which in this case is 

estimated to be 12.1 ms, shows promise for implementation of efficient optical amplifiers 

using ULPI fabricated EDTS layer.  
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The effective emission cross section σe between the excited (I13/2) and ground (I15/2) levels 

using the shape of the photoluminescence spectrum is calculated as shown in Figure 5-4. 

The corresponding absorption spectrum required to implement a full EDWA model is 

calculated based on the McCumber theory [4] using the extracted emission cross section. 

According to the procedure proposed by Miniscalco and Quimby [5], and confirmed for 

a range of various materials, these two quantities are related with the equation below: 

�7��� = �b����q�@� � U = �b����q��@�¡� � U
 (5.1) 

where σa and σe are absorption and emission cross-sections respectively, h and k are 

Planck and Boltzmann constants, T is the temperature, ε is the net free energy required to 

excite one Er ion from I15/2 to I13/2 and ν corresponds to the wave frequency. Equation 

(5.1) is used to calculate the corresponding absorption cross-section of the fabricated 

EDTS layer and is plotted in Figure 5-4.  

 

Figure 5-4: Emission and absorption cross-sections of the EDTS layer  

based on sample T28 

The obtained results show that the fabricated sample exhibits absorption and emission 

cross-sections maxima of very similar magnitude of 4.7 × 10-21 cm2 at 1534 nm. The 

spectral shape also highlights a secondary absorption peak around 1485 nm which 

corresponds to a potential in-band pumping of the I13/2 level without a high probability of 

the resultant emission occurring at wavelengths below 1525 nm. The obtained cross-

section results for the EDTS layer agree well with the previous literature reports on 
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similar materials (Table 5-1). Although a TZN material of this composition has not been 

investigated before, similar Er-doped tellurite-based glass thin films have been shown to 

possess cross-sections in range from 3.45 to 8.81 × 10-21 cm2 [6]. The target material with 

most resembling chemical constituents of 75TeO2–20ZnO–3Na2O–2Er2O3 has been 

measured to have absorption and emission cross sections of 3.46 and 3.79 × 10-21 cm2 

respectively [7]. Even though higher cross sections have been reported as summarised in 

Table 5-1, the TZN-doped into silica used here offers comparable cross sections while 

maintaining an Er ion lifetime longer than alumina (7.5 ms) [8], tantala (2.4 ms) [9] or 

tellurite glasses (3.5 ms) [10]. 

Table 5-1: Erbium cross sections in various host materials 

Host material 

Absorption cross 

section  

[× 10-21 cm2] 

Emission cross 

section  

[× 10-21 cm2] 

Ref. 

75TeO2–20ZnO–3Na2O–2Er2O3 3.5 3.8 [7] 

Phosphate glass 5.4 5.3 [11] 

Alumina (Al2O3) 5.6 4.2 [8] 

Tantala (Ta2O5) 4.8 4.4 [9] 

85.4TeO2–5.5ZnO–7.2Na2O–

0.6Er2O3-1.3Yb2O3 
4.7 4.7 - 

5.2 Hybrid Structures Modelling 

The hybrid geometries described in the previous section are simulated using a multi-level 

rate equations model implemented in the VPI Photonics software. The available 

parameters, measured on the T28 sample, are used, and supplemented with values 

obtained from similar materials where necessary as listed in Chapter 3. 

5.2.1 Waveguide Configurations 

The channel and strip-loaded waveguide designs that can be implemented using the Er-

doped thin films (Figure 5-1) are compared with one another in terms of their performance 

potential. In both cases the dimensions of the waveguide are chosen to ensure single mode 

operation based on the refractive indices of the glass layer, the polymer materials and the 

light wavelength.  
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Both of the above geometries are simulated using the Fimmwave software package in 

order to check the required feature sizes and determine their operating parameters. The 

key derived values for the EDWA simulations are listed in Table 5-2 below for both 

configurations. In order to obtain these, an EDTS refractive index of 1.631 is used as 

measured for the T-series samples with the highest dopant concentration of  

1.63 × 1021 cm−3. 

Table 5-2: Key waveguide simulation parameters extracted 

Parameter Channel Strip-loaded 

Size [µm] 1.9 × 1.9 1.5 (EDTS thickness) 

Overlap factor at signal wavelength (1550 nm) 0.87 0.94 

Overlap factor at signal wavelength (980 nm) 0.85 0.91 

Effective Er overlap area [µm2] 3.60 8.96 

 

Both of the above geometries show high overlap factors with the Er-doped area, which is 

crucial for efficient utilisation of the dopant ions. The main difference between the two 

configurations can be noted when comparing their effective overlap areas. The strip-

loaded waveguide exhibits a larger effective Er overlap area which indicates its stronger 

potential for forming a higher gain amplifier. This is due to a larger total number of the 

dopant ions interacting with both pump and signal light. The drawback of a larger overlap 

area is a requirement for more pump power in order to achieve a population inversion in 

the device. Additionally, the implementation of a channel waveguide based on the EDTS 

requires minimally smaller single mode dimensions compared to the ideal square channel 

theoretically discussed in Chapter 3. This is due to an asymmetry introduced to the system 

by having the core surrounded with polymer from three sides while the substrate 

underneath is a lower refractive index silica glass. 

Both configurations are modelled and their behaviour studied in the next sections. The 

channel waveguide is a typical configuration used in many system applications and the 

simulation studies are applicable to similar erbium-doped amplifiers obtained using 

different fabrication techniques, for example, NP dispersion in polymer as described in 

Chapter 6. This standard device geometry also provides a good performance reference for 

the alternative hybrid approach of having a strip-loaded EDWA. This configuration is 

investigated due to its fabrication process requiring only a polymer ridge deposition on 

top of the EDTS layer. 
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5.2.2 Channel Amplifier 

The gain performance of a 1-cm-long device is obtained using multi-level rate equations 

implemented using the VPI Photonics software. The model parameters listed in Chapter 

3 are used with adjustments for values experimentally extracted based on sample T28 and 

hybrid structure studies.  

The main unknown aspects for this structure are the upconversion factor and the 

waveguide background loss. As a result, the rest of the parameters (total ion 

concentration, lifetime and cross-sections) are kept constant, while these two are varied 

to assess their impact on the amplifier’s performance and optimum design. Three values 

are used for the background loss: 0.3, 1 and 3 dB/cm, as 0.3 dB/cm represents a very good 

quality waveguide, 1 dB/cm represents an average quality waveguide and 3 dB/cm a 

worst-case scenario. In terms of the upconversion factor, a similar approach is initially 

undertaken with three values chosen based on values reported in other Er-doped glass 

systems: 0.8, 5 and 10 × 10-23 m3s-1. These three scenarios are used to assess impact of 

this energy transfer process, followed by a linear scaling of the upconversion with the 

Erbium concentration as proposed in Chapter 3. 

The optimum performance of the EDWA is found by varying the ratio of erbium and 

ytterbium while maintaining the total ion concentration of 1.63 × 1021 cm−3 constant. This 

is investigated through an observation of the amplifier’s gain at the peak emission 

wavelength of 1534 nm for a given pump power. 

Figure 5-5 shows the optimised internal gain that could be achieved from a 1-cm-long 

device as a function of the pump power (from 0 to 600 mW) and Er:Yb ratio (from 1:99 

to 99:1). Figure 5-5 (a-c) show how the background loss affects the device performance. 

Comparison of the three graphs indicates that the background loss reduces the achievable 

gain of the device for a given pump power. Although the highest gain can be achieved by 

using a 600 mW pump power, this power is too high for practical applications and as a 

result, a more realistic pump power of 200 mW is used for comparing the different plots 

(red dashed line in plots). 
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Figure 5-5: Gain and Er:Yb ratio optimisation for a 1-cm-long EDWA  

with varied upconversion and background losses 
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Figure 5-5: Gain and Er:Yb ratio optimisation for a 1-cm-long EDWA  

with varied upconversion and background losses (cont.) 

For an EDWA with a 1 dB/cm loss (Figure 5-5 a), a maximum gain of 4.2 dB can be 

achieved with an Er:Yb ratio slightly below 1:2. When the loss in the waveguide is 

changed to 0.3 dB or 3 dB, the maximum gain at 1534 nm becomes 5 dB and 1.9 dB 

respectively, as shown in Figure 5-5 (b) and (c). The 2 dB loss increase results in a  

2.3 dB gain drop, while the 0.7 dB loss reduction yields a 0.8 dB gain increase. Changing 

the background loss affects the intensity of the pump signal along the device length and 

therefore the population inversion along the device and the achievable gain itself. 

However, the variation of the waveguide loss does not significantly affect the optimum 

Er:Yb ratio for this device, which is found to be approximately 1:2. 
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A more pronounced effect on the optimum device structure is observed when the 

upconversion factor impact is investigated. In the initial scenario shown in Figure 5-5 a), 

a strong upconversion effect due to very high erbium concentration is assumed. However, 

introduction of ytterbium as a co-dopant not only acts as a sensitizer for the pump signal, 

but it also reduces the effect of upconversion [12] due to adding an additional energy 

transition in the system as explained in Chapter 3. Therefore, Figure 5-5 d) and e) present 

simulation results where the upconversion factor is reduced from 10 × 10-23 m3s-1 to 5 and 

0.8 × 10-23 m3s-1 respectively. For a design with the pump power limited to 200 mW, the 

reduction in the upconversion coefficient results in a significant increase in the maximum 

achievable internal gain: from 4.2 dB to 6.8 dB and 16.8 dB for the two values studied. 

A reduction in the upconversion coefficient by a factor of 2 and 10 increased the internal 

gain by 2.6 and 12.6 dB respectively.  

The change in the value of the upconversion coefficient significantly affects the optimum 

Er:Yb ratio for the amplifier, changing it from ~ 1:2 to ~ 1:1 and ~ 7:1 for the 

upconversion coefficients of 5 and 0.8 × 10-23 m3s-1 respectively. An alternative method 

of linearly scaling the upconversion factor between 0.08 and 8 × 10-23 m3s-1 with the 

erbium ion population in range of 0.0163-1.63 × 1021 cm−3 is used to compare the previous 

fixed value findings with a more dynamic approach. 

Figure 5-6 shows the results for a 1-cm-long hybrid channel amplifier with a 1 dB/cm 

background loss. The maximum gain when pumped at 200 mW (red dashed line) is  

7.7 dB/cm which corresponds to an optimised Er:Yb ratio of ~ 1:1. This is approximately 

1 dB/cm higher than in case of a fixed upconversion factor 5 × 10-23 m3s-1 at the same 

dopant ratio. These results highlight the importance of the upconversion factor for 

optimising the amplifier design and achieving a high gain in this material system. 
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Figure 5-6: Gain and Er:Yb ratio optimisation for a 1-cm-long channel EDWA 

with 1 dB/cm background loss and linearly scaled upconversion factor 

A summary of the simulation results for the optimised hybrid channel EDWAs is shown 

in Table 5-3. These highlight that change in the background loss has a negligible effect 

on the optimal dopant ratios while the upconversion factor strongly influences the device 

design. In the most realistic approach, where the upconversion factor is linearly scaled 

with the Er concentration, the best operating condition for this EDWA design is found 

when the structure is doped with 7.5:8.8 × 1020 cm−3 Er:Yb with corresponding 

upconversion factor of 3.7 × 10-23 m3s-1. Additionally, this methodology can be easily 

applied to any changes in the operating conditions for the system, such as pump power, 

where a new optimal dopant ratio and corresponding gain can be estimated using the 

presented plots. 
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Table 5-3: Summary of the simulation results for an optimised channel EDWA 

Operating Conditions Optimisation Results 

Upconversion coefficient 

[× 10-23 m3s-1] 

Background 

loss [dB/cm] 

Maximum internal 

gain [dB/cm] 

Optimum Er:Yb 

ratio 

Varying background loss 

10 

0.3 1.9 1:2 

1.0 4.2 1:2 

3.0 5.0 1:2 

Varying upconversion coefficient 

0.8 

1.0 

16.8 7:1 

5 6.8 1:1 

10 4.2 1:2 

linearly scaled 7.7 1:1 

5.2.3 Strip-loaded Amplifier 

The same analysis is performed on the second hybrid waveguide geometry and the 

respective results for a linearly scaled upconversion factor are shown in Figure 5-7. The 

first key observation is a lower potential gain despite the presence of more dopant ions in 

the amplifier, due to a larger overlap area. The maximum gain of 7.4 dB/cm when pumped 

with 200 mW is lower than this achieved from the channel structure (7.7 dB/cm). This is 

due to the fact that at a fixed pump power a lower population inversion can be achieved 

in a device with a higher volume, thus, resulting in a lower overall gain.  

In order to counteract the reduced pump energy density, a larger number of ytterbium 

ions is required. The optimum Er:Yb ratio for a strip-loaded device that is 1-cm-long is  

~ 1:2 compared to ~ 1:1 in the channel structure operated under the same conditions. 

Despite the difference in the active area and optimal Er:Yb ratio, the achievable gain at 

200 mW is only 0.3 dB/cm lower than in case of a channel structure showing that the 

strip-loaded geometry is a viable alternative if the amplifier is carefully designed. 
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Figure 5-7: Gain and Er:Yb ratio optimisation for a 1-cm-long strip-loaded EDWA 

with 1 dB/cm background loss and linearly scaled upconversion factor 

The optimised strip-loaded EDWA is further investigated in terms of its spectral response 

and efficiency as shown in Figure 5-8. It can be observed in Figure 5-8 (a) that when the 

amplifier is not pumped, very high absorption is observed across the erbium spectrum 

peaking around -12 dB/cm at 1534 nm. As the pump laser is turned on and with power 

increased loss becomes smaller and eventually an internal gain is observed. The design is 

optimised for a 200-mW operation (Er:Yb ratio of 37:63) leading to a gradual gain 

increase until this pump power is reached. Increasing the pump intensity beyond this point 

brings almost no benefit to the amplified signal. 

The pump power of approximately 85 mW is needed for the erbium absorption and 

background loss to be perfectly countered by amplification resulting in device 

transparency at 1534 nm. Additionally, when operated at the designed optimum of  

200 mW, the amplifier is observed to provide internal gain over a wide bandwidth of  

137 nm, from 1475 nm to 1612 nm. 
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Figure 5-8: Strip-loaded waveguide EDWA results showing  

(a) gain spectrum for various pump powers at Er:Yb ratio fixed at 1:2 and  

(b) amplifier efficiency at various dopant rations 

In terms of the amplifier efficiency, Figure 5-8 (b) indicates that, peak performance occurs 

at different pump powers depending on the Er:Yb ratio used. Based on the plotted 

examples, it can be observed that by increasing the ytterbium content the efficiency is 

increased, particularly at low pump powers. Introducing more erbium ions reduces the 

overall efficiency and shifts the peak gain to higher pump powers.  

When the two hybrid systems are compared, it is found that a channel geometry offers a 

higher gain when operated at the same maximum power of 200 mW. The difference is 

minimised to 0.3 dB/cm by carefully optimising both designs in terms of their Er:Yb 
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ratios. The highest gain per 1-cm-long waveguide of 7.7 dB/cm and 7.4 dB/cm at  

1534 nm is predicted for channel and strip-loaded EDWAs with erbium-to-ytterbium 

ratios of approximately 1:1 and 1:2, respectively. These results are obtained based on 

known EDTS thin film properties and assuming background loss to be 1 dB/cm while the 

upconversion factor is linearly scaled with the erbium concentration. 

5.3 Strip-loaded Waveguide Fabrication 

The fabrication procedure for siloxane waveguides has been presented in Chapter 4 for a 

wafer-scale system with polymer core and cladding. This methodology is adjusted for the 

hybrid polymer-on-glass devices due to two main factors: the size of the substrate is 

reduced from a 100-mm-diameter wafer to a 20 × 30 mm2 rectangle and the waveguides 

are deposited on EDTS directly, without a planar layer of polymer cladding. The modified 

procedure is presented in Figure 5-9 with key adjustments to process parameters 

highlighted in steps 3 to 6. 

 

Figure 5-9: Polymer ridge deposition procedure on EDTS samples 

The initial two steps of the fabrication process were kept unchanged. The only variation 

attempted was to use plasma cleaning (40 ccm oxygen at 149 mTorr for 1 minute) to 

remove impurities from the glass surface. While it was found to be useful in terms of 
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polymer adhesion by relaxing the carefully optimised processing steps, it was not 

necessary for a successful ridge deposition. The duration of the process steps 3-6 is shown 

in Figure 5-10 in addition to highlighting how the unsuccessful attempts have led to the 

final protocol. 

 

Figure 5-10: Effects of under- and over-optimal processing times during different 

fabrication steps of the strip-loaded hybrid structures 

In general, the soft bake step was found to have the smallest impact on the quality of the 

final waveguides. The duration at which the spin-coated polymer was heated up had to be 

reduced from the original 5 minutes due to a visible deposited layer retraction from the 

edges towards the centre of the sample. Further reduction beyond 4 minutes was 

determined not to make any observable difference at this fabrication stage. Therefore, it 

was kept at this duration to maximise the amount of solvent evaporated in the process. 

Duration of the UV exposure and the post bake step were established to be crucial factors 

in forming good quality features. In case when either or both of these times had been set 
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too short, the resulting waveguides were underdeveloped and come off during the later 

stages. Contrarily, running these processes for too long resulted in well-developed 

features that did not properly adhere to the glass surface and formed wave-like patterns 

instead of straight lines (Figure 5-10). 

The last crucial fabrication step was mesitylene development performed in order to 

remove any undeveloped material from the surface. As in the previous steps optimal 

process time was found by varying the duration while keeping all the other steps 

unchanged. In case of a too short development, visible residue traces were observed on 

the sample surface with a particularly high density around the waveguides. Alternatively, 

developing the sample for too long caused the mesitylene to detach the waveguides 

together with undeveloped polymer material. 

5.4 Experimental Studies 

Based on the optimised fabrication procedure, three thin-film samples presented in 

Chapter 4 were used for waveguide fabrication. Strip-loaded hybrid waveguides were 

made using samples T28, O6 and C2 due to their promising planar layer characterisation 

results. The latter two were initially 20 × 30 mm2 large while T28 was half of this size 

(20 × 15 mm2). The final length of the waveguides deposited along the longer side was 

shorter than these lengths due to an edge removal needed to create accessible waveguide 

facets on both ends of the samples. 

5.4.1 Visual Inspection 

The three samples were prepared using the optimised fabrication process presented and 

waveguides were deposited in order to create hybrid strip-loaded devices. The initial 

investigation was performed using an optical microscope in order to visually assess the 

quality of the devices as shown in Figure 5-11. In terms of the waveguide quality, samples 

T28 and O6 looked more promising than C2 where traces of undeveloped polymer could 

not be removed without damaging the waveguides themselves. Furthermore, the best 

fabricated structures were 9-µm-wide as the optimisation only allowed for formation of 

non-wavy (Figure 5-10) waveguides in a relatively narrow size range that did not cover 

the entire width range available on the designed mask.  
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Figure 5-11: Microscope images of samples T28, O6 and C2  

with focus on the sample surface and deposited waveguides 

Additional checks were also performed on the surface of the samples showing various 

unexpected features. T28 was discovered to have small cracks on the surface forming 

flakes which were believed to be an outcome of too high temperature of the in-situ heating 

during the erbium implantation stage [13]. The same surface defect was not observed on 

either sample C2 nor O6. However, in case of the first one, the surface was not completely 

smooth and relatively large particles of the TZN target material deposited on the surface 

rather than implanted into the glass were visible. A similar phenomena was observed in 

the polymer thin films reported in Chapter 4 leading to a belief that the ULPI process still 
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needed further optimisation to ensure fabrication of smoother doped films as reported in 

[14]. 

To confirm the visual observations made with the microscope, SEM was employed to 

further investigate the two samples – T28 and O6 as presented in Figure 5-12. The first 

sample was chosen to inspect the nature of the cracks leading to a number of additional 

features being spotted. In addition to micron-sized particles of the target glass seen in 

Figure 5-12 b), a number of larger pieces were noticed with size comparable or larger to 

that of the waveguides (Figure 5-12 a)). A much better implantation quality was observed 

on the surface of the sample O6 with very few pieces of the target glass deposited on top 

of the surface rather than implanted (Figure 5-12 d)). 

 

Figure 5-12: SEM images of samples T28 [a), b)] and O6 [c), d)] 

5.4.2 Near-field Profile Measurements 

In addition to visual inspection, near-field profiles were recorded as shown in  

Figure 5-13 a) and b). The most promising results were recorded using red HeNe laser 

sample on sample T28 where light modes under the strip as well as in the strip were 

recorded depending on the lensed fibre alignment. The structure was found to be highly 

multi-modal due to its size as the ridge was found to be 9 × 15 µm2. This size was also 

confirmed through a profilometer measurement. 
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Figure 5-13: Sample T28 investigation: a) & b) near-field profiles, c) sample edge 

view highlighting high-power damage and d) green upconversion light 

Furthermore, the sample was investigated for green light upconversion emission through 

976 nm pumping as on the setup shown in Figure 5-14. The pump power was increased 

to find the maximum that could be delivered to the system before polymer was damaged 

(Figure 5-13 c)). It was found that less than 400 mW could be delivered before the 

polymer waveguide was destroyed. With this limit in mind, it was possible to observe a 

weak green upconversion light only in sample T28 as presented in Figure 5-13 d). 

Through this investigation a problem of poor quality waveguiding became apparent. A 

green light was expected to cover the entire length of the sample [15] while in this work 

only small traces were visible in a number of points along the sample.  

5.4.3 ASE Measurements 

Amplified spontaneous emission measurements were performed on the most promising 

ridges using the setup presented in Figure 5-14 without the tuneable laser turned on. The 
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intensity of the erbium emission spectrum was measured at the output and input of the 

sample under a 976 nm pump excitation. 

 

Figure 5-14: Amplifier characterisation setup 

The results of the measurement are presented in Figure 5-15 for the two ridges with 

strongest signals on sample T28. The first observation was that the ASE power is very 

weak, under -80 dBm for all wavelengths. In theory, a signal stronger than -50 dBm was 

expected based on the high dopant concentration of 1.63 × 1021 cm−3 and the pump power 

of over 300 mW. This expectation was confirmed by an experimentally measured ASE 

peak of -51 dBm in a system with lower erbium concentration (1.1 × 1020 cm−3) and 

pumped at much lower power of 180 mW [16]. Additionally, a difference of almost 8 dB 

between signal measured at the front and back of the sample indicated that the light is not 

guided well underneath the polymer strip and high losses were incurred along the sample. 
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Figure 5-15: ASE emission from front and back of T28 sample 

5.4.4 Surface Roughness 

The final confirmation of the underlying problems with the hybrid glass-polymer system 

presented in this thesis was made through measuring the surface roughness of the 

fabricated samples. A height of a 3-mm-long section around the central part of samples 

T28 and C2 was measured using a profilometer. The obtained outline was then averaged 

over the entire length and the distance from this average for both samples is plotted in 

Figure 5-16. It was noticed that sample T28 has a larger variation and in some cases peaks 

over 1 µm higher than the average could be observed. The root mean square (RMS) value 

was calculated to be 193.3 nm and 95.8 nm for T28 and C2 respectively. This was a large 

value, particularly when compared with 46 nm experimentally measured on  

UV-photolithography-developed siloxane polymers [16].  

The importance of low surface roughness is highlighted by the impact it has on the 

propagation loss in optical waveguides. This source of loss can be theoretically quantified 

using Gaussian statistics with the upper bound for a single mode planar structure shown 

in Equation (5.2) [17]. 

m = 0.76	 ��Q�e��% (5.2) 
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where α is the scattering loss, σ is the surface roughness, k0, d and n1 are the free-space 

wavenumber, planar layer thickness and refractive index respectively. The quadratic 

relationship between the scattering loss and the surface roughness stresses the importance 

of smooth waveguide boundaries for low-loss transmission.  

This formula is a useful tool to estimate the maximum potential loss and emphasise its 

dependence on the surface roughness. It needs to be used carefully, due to the number of 

the underlying assumptions. The single mode assumption allowing usage of this equation 

is not true for T28 (sample too thick), but in case of C2 the upper bound on the slab 

waveguide can be estimated to be 82 dB/cm. Even though this number shows that the 

scattering loss can be expected to be very high for a surface with this roughness, in 

practice this number should be much lower due to presence of the polymer ridge that 

reduces the refractive index contrast. 

 

Figure 5-16: Surface roughness measurements for samples T28 and C2  

showing large deviation  

5.5 Conclusions 

The combination of the ULPI fabrication in silica glass and siloxane materials to create 

hybrid waveguide structures has a potential to achieve high-gain erbium-doped optical 

amplifiers. In this chapter, the performance of such EDWAs via simulation studies based 

on the parameters of the fabricated Er-doped glass layers is investigated. Two common 
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waveguide configurations: the channel and strip-loaded geometry are compared in terms 

of their performance. Simulation results on a 1-cm-long channel EDWA provide 

optimisation guidelines for the co-doping of Er and Yb as a function of the background 

waveguide loss and upconversion coefficient. The study has shown that variation in the 

background loss has a minimal impact on the preferential erbium-to-ytterbium ratio, 

while change in the upconversion factor results in a great shift in this optimum. 

The investigated scenarios reveal that, when pumped at 200 mW, a 1-cm-long device can 

produce a gain of 4.2 dB even when worst case scenario for upconversion  

(10 × 10-23 m3s-1) is accounted for. In the more realistic case, when the upconversion 

factor is scaled linearly with erbium concentration, the optimal Er:Yb ratio of 

approximately 1:1 yields a gain of 7.7 dB/cm in a hybrid channel waveguide. This result 

indicates that an optimised system with a fixed dopant concentration of 1.63 × 1021 cm−3 

has potential of delivering high gain even when operated at moderate pumping powers.  

Strip-loaded waveguide is an alternative hybrid geometry which has the benefit of a single 

step ridge deposition fabrication. It is shown that under the same single mode assumptions 

as for channel structure a similar internal gain figure of 7.4 dB is theoretically possible. 

This is achieved by adjusting the Er:Yb ratio to 1:2 where the new maximum is found for 

the given operating conditions. 

The polymer waveguide lithography process is adjusted for a small glass sample 

deposition required for fabrication of hybrid strip-loaded structures. This is then used to 

prepare three samples for the hybrid EDWA studies. The experimental analysis via 

microscope (including SEM), ASE measurements and surface profiling has revealed that 

the fabricated structures do not perform in accordance to the simulation studies. It is 

believed that a combination of rough surface (RMS in range of 95.8-193.3 nm) and larger 

than required polymer waveguides have been the main causes behind this disappointing 

outcome. However, the latter reason is believed to be only a secondary problem as high-

gain (6.6 dB/cm) multimode erbium-doped amplifiers have been demonstrated in the past 

[18]. Therefore, to fully benefit from the high erbium concentration provided though the 

ULPI, further optimisation of the process parameters is required to reduce the surface 

roughness while maintaining favourable properties measured in thin films. 

Despite the fact that the hybrid EDWAs have not been successfully realised, the 

optimisation approach proposed in this chapter has a lot of potential to improve 

performance of alternative designs based on other systems, particularly ones with all the 

parameters, including the key upconversion factor, well-established through experimental 
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studies. The presented optimisation based on polymer and ULPI technologies is still valid 

and, with the high surface roughness eliminated, can be employed in future as recently 

shown in similar, non-optimised, hybrid structures [19]. 
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Work on the design, fabrication and characterisation of hybrid structures was presented 

in the previous chapter. Even though these polymer-glass devices are compatible with the 

polymer platform, the erbium is confined in the glass and an organic waveguide is added 

on top. However, as seen in the state-of-the-art review in Chapter 2, direct doping of 

polymers has resulted in the highest reported internal gain in EDWAs to date.  

In this chapter, purely polymer-based systems are presented using the fabrication 

technologies and processing steps introduced in Chapter 4. Based on the Er-doped thin 

film characterisation of the ULPI as well as nanoparticle dispersion obtained samples, the 

latter technique is selected for NP-doped waveguide implementation in this thesis. 

The fabrication of Er-doped polymer waveguides is discussed highlighting changes from 

the original protocol for an undoped material. The additional steps of membrane filtering 

and ultrasonication are investigated to assess their impact on NP dispersion uniformity. 

The fabricated waveguides are then visually inspected and characterised using the 

methodology presented in the previous chapter in addition to transmission measurements 

across the erbium emission spectrum. 

The measurement results are then used to extract additional parameters for simulation 

studies of the NP-doped polymer amplifiers. The emission and absorption cross sections 

are estimated using the McCumber theorem leading to a good match between the 

analytical model and measurements in terms of their spectral shapes. The main loss 

contributors and the Er-concentration are derived for a full EDWA simulation based on 

cross section results combined with a Rayleigh scattering model. 

Furthermore, the EGC NP-doped polymer EDWAs are modelled using the rate-equations 

model introduced in Chapter 3 and employed in Chapter 5. The parameters are adjusted 

with the fabricated material properties showing a good match with the experimental 

values. The leading cause of poor performance is determined and a potential device 

performance with reduced scattering losses is presented and compared with alternative 

state-of-the-art NP-doped polymer systems. 

6.1 Device Fabrication 

The erbium-doped waveguides presented in this chapter were prepared by combining the 

results of the thin-film analysis and the optimised polymer-only fabrication process 

discussed in Chapter 4. The protocol was adjusted to account for additional processing 
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steps such as ultrasonication and filtering of the doped core material as summarised in 

Figure 6-1. 

Several wafers were prepared with the available material of various NP concentrations. 

In every case the wafer fabrication process was preceded by a material preparation that 

was not required in the case of the pure WG-2020 core polymer. The additional steps after 

the core material and the nanoparticles were mixed together included magnetic stirring 

and ultrasonication. These processes were employed in order to ensure a more uniform 

dopant distribution as well as to reduce particle agglomeration in the solution. 

The remaining steps in the process followed the optimised wafer scale protocol for all-

polymer systems with an additional optional step of membrane filtering. This addition to 

the process was an outcome of the Er-doped thin film characterisation performed in 

Chapter 4 with the most promising syringe membrane size of 200 nm used during the 

wafer-scale core material deposition before the spin-coating step. All the wafers prepared 

using this procedure included this additional fabrication step except for the lowest 

concentration of 0.05 wt.% used as a reference for the higher concentration devices. 

 

Figure 6-1: Fabrication process flow for EGC-doped polymer wafers 
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Based on the optimised fabrication procedure, four wafers were fabricated for further 

investigation. Two of them were used as references. The first was prepared using an 

undoped WG-2020 core material while the second had a low NP concentration of  

0.05 wt.% and waveguides were produced without the additional filtering step. The 

remaining two wafers were prepared using higher concentrations of 5.1 wt.% and  

9.8 wt.%. 

6.2 Device Characterisation 

In this section the fabricated EGC-doped polymer waveguides are characterised, and the 

results discussed. The prepared wafers were visually inspected and the highest quality 

sections diced into smaller samples for further investigation. Near-field profile 

observations were used to assess the waveguiding potential and the most promising 

components were selected to measure the transmission across the 1475-1575 nm 

wavelength range of interest. 

6.2.1 Visual Inspection 

The fabricated wafers were inspected visually with a microscope to assess the quality of 

the waveguides as well as to identify any potential issues arising during the fabrication 

process. The images of the waveguides post fabrication as well as the central section of 

the wafer are summarised in Figure 6-2. The undoped polymer wafer was prepared as a 

reference with good quality waveguide sections visible.  

Initially, the lowest concentration of 0.05 wt.% nanoparticles was used to investigate the 

outcome of the process without the additional filtering step. After the spin-coating step 

large NP agglomerations were visible on the surface with sizes greater than those of the 

designed waveguides. After UV photolithography and development, even waveguides 

that were not completely damaged by the largest particles had very rough surfaces. This 

was demonstrated through a highly granular and often interrupted waveguide surface. 

As a result of these observations, wafers were prepared with the additional filtering step 

to remove the largest nanoparticle agglomerations from the mix. Much higher 

concentrations of 5.1 and 9.8 wt.% (shown in Figure 6-2) were chosen based on the 

available material mixes. These two concentrations also highlighted an important 

phenomenon occurring during the fabrication process: despite the additional filtering 

step, agglomerations larger than the membrane size formed on the wafer after the initial 
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deposition. This led to a yellowing of the wafer surface as well as visible damage to the 

obtained waveguides.  

 

Figure 6-2: Waveguide and wafer surface for EGC-doped polymers  

at various concentrations 
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The visible particle agglomeration prompted further investigation into the cause of the 

quality deterioration of the deposited material since the same outcome was not visible in 

the previously fabricated thin films using the same material as reported in Chapter 4. The 

analysis of the differences in the fabrication protocol led to a notion that the rotation speed 

during the spin-coating step was the biggest change between the two processes. In order 

to test this theory, the remainder of the material was used to prepare smaller 30 × 20 mm2 

samples using an identical process except for the spinning speed which varied from  

1000 to 5000 rpm. 

The prepared samples were then measured using a profilometer to check for any 

differences in the surface roughness. The RMS results obtained across the 6-mm-section 

taken in the middle of the samples showed an increase in the surface roughness as 

presented in Figure 6-3. A smooth surface with RMS under 100 nm was measured at  

1000 rpm used for thin film fabrication in Chapter 4. However, for the waveguide 

fabrication on a wafer scale in this chapter, a much higher speed of 4000 rpm resulted in 

a rougher surface with RMS of almost 7000 nm as indicated in this measurement. This 

result confirmed that the quality degradation problem observed during the wafer 

fabrication process was most likely an outcome of the increased rotation speed during the 

spin-coating process. 

 

Figure 6-3: Surface roughness variation over spin-coating speed  

of NP-doped polymer based on 30 × 20 mm2 samples 
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6.2.2 Near-field Profile Measurements 

The visual inspection of the fabricated waveguides was followed by dicing of the wafers 

into smaller sections to identify best quality waveguides for further testing. Straight 

sections were investigated via red-light illumination used in the previous chapter to find 

candidates with the strongest output. 

The near-field profiles and images of the waveguide facets made from the 5.1 wt.% EGC 

material were recorded with examples shown in Figure 6-4. As a result of this testing, it 

was observed that waveguides with larger cross-sections (approximately 9 × 5 µm2 as 

confirmed with a profilometer measurement) possessed clearer output profiles. However, 

due to the relatively large size of these features in combination with the lack of the top 

cladding, a multimodal behaviour was observed as shown in Figure 6-4.  

Even though the large size was not desirable due to reducing the potential device 

efficiency, similar sized devices without the top cladding have been reported with a low 

internal gain [1][2]. Furthermore, the lack of visible particle agglomerations on a set of 

waveguides of this size was believed to allow for transmission measurements and to 

provide useful information in terms of losses due to additional scattering from the 

dispersed particles inside of the waveguide.  

 

Figure 6-4: Waveguide facet pictures after dicing and near-field images  

under red-light illumination of the most promising waveguides 
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6.2.3 Gain/Loss Measurements 

The NP-doped polymer waveguides were investigated using the experimental setup 

shown in Figure 6-5. Their loss performance in the 1475-1575 nm wavelength range was 

measured using a tuneable laser (HP 8168E) and optical spectrum analyser (Yokogawa 

AQ6370D) with the pump laser turned off during measurement. The same measurement 

was repeated with the pump laser turned on as well as without the sample for  

a back-to-back (B2B) reference. 

 

  Figure 6-5: Er-doped waveguide transmission characterisation setup 

As a result of the measurements across the sample, a highly promising 1.4-cm-long 

waveguide was found and fully characterised. The insertion loss was calculated through 

measurements with and without the sample as plotted in Figure 6-6 a). The obtained 

spectrum indicated that the signal across the entire measurement range experienced much 

higher loss than expected based on the used polymer material investigated in Chapter 4. 

Furthermore, the observed shape was similar to a typical erbium absorption band [3]–[5] 

with some minor differences. The absorption peak at 1533 nm matched well the value 

expected for Er; however, the secondary peak occurring below 1500 nm was larger than 

anticipated relative to the maximum. 

Another outcome of the measurements was a calculation of the signal enhancement along 

the sample under approximately 300 mW pumping as shown in Figure 6-6 b). The relative 

difference resulting from pumping was only up to 2 dB which was lower than 7.6 dB 

reported in a similar polymer amplifier attempt [6].  
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Figure 6-6: The results of a) insertion loss measurement and  

b) signal enhancement as a result of pumping 

The poor transmission results combined with visual inspection results prompted a further 

analysis into the underlying causes of this behaviour. In order to gain a better 

understanding of the high losses and low relative gain, modelling of the various loss 

sources was performed and then combined with the full amplifier model as reported in 

the next section. 

6.3 Device Loss Analysis 

The obtained insertion loss of a 1.4 cm long NP-doped polymer waveguide across the 

erbium emission region was too high to form efficient waveguide amplifiers. As a result, 

the underlying loss components were identified, and their magnitude was estimated in 

order to better understand the limitations in the observed device performance. Three main 

loss components could be recognised: propagation and coupling loss due light 

propagation in the polymer waveguide (polymer-only), scattering (Rayleigh) loss due to 

the presence of the NPs in the polymer core material, and erbium absorption loss due to 

the presence of the Er ions.  

6.3.1 Loss Component Breakdown 

The initial loss component breakdown was performed in three stages to estimate the 

contribution of various components as shown in Figure 6-7. These results were obtained 

through a combination of additional experimental measurements as well as theoretical 
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modelling, as described below. The final outcome was then compared to a simulated 

EDWA system to check the assumptions made in the process. 

 

Figure 6-7: Insertion loss (red line) of a 1.4-cm-long NP-doped waveguide  

and estimated loss components 

Firstly, the polymer-only loss was estimated using a non-doped polymer waveguide of 

the same dimensions and length. The wafer was prepared following an identical 

fabrication procedure, with WG-2020 material as a core, and then diced into equally sized 

samples. The values obtained this way were used to represent the underlying waveguide 

propagation loss as well as the coupling loss in and out of the device. 

In order to distinguish between the remaining two signal attenuation sources an 

assumption regarding the erbium absorption at the highest recorded wavelength had to be 

made. The fact that very low Er-induced absorption losses are expected at 1575 nm [4] 

meant that the remaining loss at this wavelength could be assigned to NP-induced 

scattering in the waveguide. 

The scattering loss is calculated using a Rayleigh model [7] with the scattering coefficient 

and the resulting loss estimated using equations 3.14 and 3.15 introduced in Chapter 3, 

respectively. The analysis reveals a scattering loss between 11 dB and 14 dB for the 

wavelength range studied. The lowest value is assigned to the difference between the 

polymer and total losses. Then based on this, the loss value is fitted into the model to 
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arrive at the highest scattering value of 14 dB at 1475 nm as expected from the wavelength 

dependence of the Rayleigh loss. 

In order to obtain a more detailed picture of the dispersed nanoparticles, further 

investigation using the Rayleigh scattering model was performed as shown in Figure 6-8. 

The ceria (EGC) and phosphate NPs were investigated at various concentrations to 

provide a better understanding of the impact of particle size and type on scattering. The 

second material was added as a reference to the EGC used in this work and a phosphate 

glass was chosen as it was previously investigated as a material for polymer dispersion 

[8]. The key difference between the two materials lay in their refractive indices where the 

typical range for erbium-doped ceria is 2.0-2.2 [9], [10] compared to 1.5-1.6 for  

rare-earth-doped phosphate [11]–[13]. 

As a result of much smaller refractive index contrast between the spherical nanoparticles 

and the polymer host, the acceptable particle size for a given scattering loss level was 

much higher for the phosphate glass. In order to keep the NP-induced scattering arising 

from a 10% doped mix at a reasonable 1 dB/cm level the theoretical dopant radius limit 

for EGC was 14 nm compared to 74 nm in the case of the P2O2:Er. Furthermore, in both 

cases increasing the concentration of the dispersed dopant in the mix resulted in a higher 

Rayleigh loss. The important assumptions in this model were that the particles had a very 

narrow size distribution and were homogenously dissolved which might not always be 

the case in practice. 

 

Figure 6-8: Dependence of the scattering loss at 1550 nm on the NP radius  

for ceria and phosphate mixed with polymer 
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The above model for ceria nanoparticles was used in order to approximate the size of the 

NPs in the waveguide. For a 5.1% concentration of EGC, the particle radius required to 

match the estimated loss of 11.9 dB (8.5 dB/cm) at 1550 nm was 36 nm. This estimate 

indicated that there was particle agglomeration taking place in the doped polymer as the 

pre-mixing particle size was in the range of 7 to 10 nm as shown in Chapter 4. In practice, 

however, the resulting particle size was likely to be even higher as the 200-nm-membrane 

filtering process was expected to remove the largest ceria clusters, thus reducing the 

actual NP concentration. Therefore, based on the scattering loss estimate, the lower limit 

to the ceria cluster radius was predicted to be 36 nm, but was expected to be larger than 

this value. 

The remaining loss in the source breakdown presented in Figure 6-7 was assigned to 

erbium absorption. This was verified in the following section by comparing it to a 

predicted absorption spectrum obtained through the previously introduced McCumber 

theorem. 

6.3.2 Parameter Extraction 

In order to validate the above transmission loss analysis, the procedure proposed by 

Miniscalco [14] was employed to derive the Er absorption cross section from the thin film 

photoluminescence in the same way as for the EDTS samples in Chapter 5. This 

procedure enabled not only the comparison between the experimental and theoretical 

erbium absorption spectra but also estimation of the Erbium concentration inside the 

waveguide. 

The measured emission spectrum of the Er-doped thin film presented in Chapter 4 was 

used to calculate the emission cross section of the material as shown in Figure 6-9 a). The 

corresponding absorption cross section was then derived using the Füchbauer-Ladenburg 

method. The expected shape of the absorption spectrum was measured [15], but no 

quantified cross section results for erbium-doped ceria in the 1500-1600 nm range were 

found to compare with the values predicted in this work. 

Finally, the Er absorption loss predicted through the McCumber theorem (red line) and 

the loss analysis of the experimental results (yellow line) were compared as presented in 

Figure 6-9 b). Relatively good agreement was obtained between the two methods with a 

high correlation factor of 0.8. The two spectral response shapes exhibited peak 

absorbance around 1531 nm and a smaller secondary peak below 1500 nm. The good 

match between the two results not only validated the above loss component analysis, but 
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also allowed for an estimation of the erbium concentration. The absorbance matching 

through the least mean square error method led to a dopant ion valuation at approximately 

1.5 × 1020 cm-3. This result was an order of magnitude lower than the value reported in 

the EDTS glass layer in the previous chapter but was believed to have the potential for 

the provision of the internal gain. In order to assess the suitability and perspectives of this 

doping approach, the cross section and concentration parameters derived here were used 

for a more detailed amplifier study presented in the next section. 

 

Figure 6-9: Er-absorption analysis: a) expected absorption cross section based on 

the McCumber theorem and b) matching with the measured absorption 
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6.3.3 Model Variation 

As a result of the above loss analysis, it was concluded that the fabricated NP-doped 

polymer waveguides suffer from a very large scattering loss due to particle clustering in 

the polymer matrix. Even in the case of the best obtained features with no visible ceria 

agglomerations the losses were estimated to be in the range of 11 to 14 dB. However, the 

analysis process also predicted that the Er concentration in the waveguide would be 

approximately 1.5 × 1020 cm-3.  

The rate equations model put forward in Chapter 3 was then used to further investigate 

an EDWA relying on extracted parameters. The results shown in Figure 6-10 are based 

on the measured 1.4-cm-long Er-doped waveguide that had a rectangular cross-section of 

9 × 5 µm2. 

 

Figure 6-10: NP-doped waveguide simulations showing a) gain and  

b) signal enhancement for various pump powers 
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Most of the key parameters such as the lifetime, absorption/emission cross sections and 

background loss were derived experimentally, except for the upconversion factor that was 

unknown. Even though the erbium concentration was estimated to be 1.5 × 1020 cm-3, 

which was an order of magnitude lower than obtained through ULPI, there was no 

ytterbium in the mix. Furthermore, the great interest in the upconversion efficiency of 

ceria nanopowders [15]–[17] indicated that a very high value of 10 × 10-23 m3s-1 should 

be used in this case. 

The simulation results confirmed the very high losses exceeding 25 dB that were 

measured in the waveguide (Figure 6-10 a)) as well as the poor response to the pump 

power (Figure 6-10 b)). The simulation results showed that a combination of high 

upconversion and scattering losses prevent signal enhancement from reaching 3.5 dB 

even at the relatively high pump power of 300 mW. The predicted low internal gain 

confirmed that high scattering losses were detrimental to the device operation as they not 

only reduced the magnitude of the signal but also diminished the pump power absorption. 

The measured signal enhancement was then compared with the simulations to check if a 

good agreement was obtained, as presented in Figure 6-11. The resultant plots had a 

correlation factor of 0.62 and a poor match was obtained at lower wavelengths of the 

investigated range. A possible explanation for discrepancies in shape between the two 

plots was the fact that the measured signal was very weak and, therefore, prone to noise.  

 

Figure 6-11: Signal enhancement spectrum matching of experimental 

measurements and model predictions 
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In order to match the magnitudes across the investigated range, RMSE minimisation was 

performed on the simulation results. This approach led to a pump power at the waveguide 

input estimate of 110 mW. Even though approximately 300 mW were launched in the 

experiment, when the component losses on the input side of the setup and the coupling 

loss in the waveguide were accounted for, a similar value was expected. 

6.4 Waveguide Potential Validation 

The results of experiments and simulations both indicated that the poor performance of 

the investigated device made it unsuitable for signal amplification. The main reason was 

apportioned to the very high scattering losses arising from poor dopant particle 

dispersion. To validate the potential of this approach and, in particular, the utilisation of 

the EGC NPs employed in this work, additional simulations were run. Throughout this 

study, the impact of scattering loss as well as other waveguide properties were 

investigated.  

6.4.1 Scattering Loss 

The high scattering loss estimated in the previous section prevented the waveguide from 

performing the desired operation. In order to investigate the potential to form an EDWA 

using this approach three scenarios, based on the extracted parameters, were explored as 

shown in Figure 6-12.  

In the first case, a 1-cm-long device was assumed to have a background loss of  

11.6 dB/cm corresponding to previously estimated NP scattering (9.3 dB/cm) and 

polymer loss (2.3 dB/cm). The combined impact resulted in a consistent loss with erbium 

absorption further contributing to signal power reduction. The high losses also meant that 

even at pump power of 300 mW only minimal signal enhancement was possible at 

wavelengths above 1560 nm (signal above the dashed line). 

The second scenario, shown in Figure 6-12 b), assumed that the scattering loss due to the 

EGC particles was reduced to 0.3 dB/cm achievable in similar NP-doped systems [18]. 

Even in this case 300 mW were required in order to overcome the Er absorption losses at 

the peak wavelength of 1534 nm. Better performance was observed at longer wavelengths 

where small relative gain of up to 0.5 dB/cm was possible. This result highlighted that 

even though signal enhancement was achieved, an internal gain was not possible in a 

large, multi-mode waveguide fabricated using the materials used in this work. 
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Figure 6-12: NP-dispersed EDWA simulations with background loss set to  

a) 11.6 dB/cm, b) 2.6 dB/cm and c) 0 dB/cm 
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In the final scenario, plotted in Figure 6-12 c), an ideal case of a lossless device was 

considered to check the possible gain magnitude and the amplification spectrum. An 

internal gain of 0.8 dB/cm peaking at 1538 nm indicated an important design issue. As a 

result of the device’s large cross-section area (45 µm2), higher pump powers were 

required to provide population inversion of the large number of Er ions. This effect was 

additionally compounded by the upconversion process, further reducing the number of 

erbium ions available for the stimulated emission on the radiative 4I13/2 level. 

A further check of the effect of high background loss was performed by comparing the 

expected reduction in the device’s gain with the simulations as shown in Figure 6-13. 

This plot was obtained by comparing the magnitude of the signal at 1534 nm in the three 

scenarios considered above. While a background loss of 2.6 or 11.6 dB/cm would have 

indicated expected reduction in the gain magnitude to match these values, a larger drop 

was calculated in practice. An additional 0.5 dB and 2 dB difference was found, 

respectively. This indicated that, as a result of the high scattering loss, not only the signal 

itself but also the pump power was reduced along the device. This in turn led to a lower 

population inversion and thus further decreased the potential gain.  

 

Figure 6-13: Excess reduction in the device gain due to scattering 

6.4.2 Solubility Limit 

The simulations in the previous section confirmed that the combination of high scattering 

losses and large waveguide dimensions prevented the efficient operation of the device. 

Based on the available mask for photolithography, the minimum waveguide size of 3 µm 
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was simulated to further investigate the potential performance of the EGC-doped 

polymer. 

Simulations of a single mode 3 × 3 µm2 waveguide were run to examine the impact of 

reducing the device dimensions as well as increasing the erbium concentration from 5 to 

10 wt.% as shown in Figure 6-14. Two key conclusions were drawn based on the result 

of decreasing the device size: much lower pump power requirements for the population 

inversion and more efficient utilisation of the erbium ions. This was particularly visible 

in the case of lower dopant concentration where Er ions contributed to signal power 

increase across almost the entire investigated wavelength range.  

 

Figure 6-14: EGC-doped polymer gain potential based on a 3 × 3 µm2 channel 

waveguide with 5 and 10 wt.% NP concentration 
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However, even with this improvement in efficiency signal enhancement was not strong 

enough to generate a net internal gain in the case of the device with parameters as listed 

in Table 6-1. At the peak emission wavelength, the net loss was reduced to approximately 

0.1 dB/cm for both erbium concentrations of 1.5 and 3.0 × 1020 cm-3. This indicated that 

at the lower concentration, net internal gain was not possible in a system that combined a 

relatively high upconversion factor and background loss. In the case of the higher dopant 

concentration, internal gain was possible at the higher pump power of 320 mW. This 

meant that the system was capable of overcoming background losses but was power 

inefficient as it required unsustainable pumping levels to do so. A potential solution in 

this case is to further reduce the device dimensions in order to increase pump density 

while maintaining or reducing the absolute value. 

Table 6-1: Key simulation parameters used for NP-doped polymer studies 

Parameter Sym. Value used Reference 

Er concentration NEr 1.5/3.0 × 1026 m-3  

Er lifetime τEr 5.6 ms   

Er absorption (1533) σ12 8.8 × 10-25 m2  

Er emission (1533) σ21 9.0 × 10-25 m2  

Er absorption (976) σ13 4.5 × 10-25 m2   

Upconversion coefficient Cup 1 × 10-22 m3s-1 [8],[19] 

Erbium cross-relaxation Ccr 0.7 × 10-22 m3s-1 [8],[19] 

Overlap factors Γs,Γp 0.76, 0.80  

Active region area A 9 µm2  

Background loss ls,lp,lj 2.6 dB/cm  

6.4.3 Discussion 

In this section the potential of combining the available EGC nanoparticles with siloxane 

polymer is examined. Experimental measurements allowed for the estimation of 

important amplifier parameters such as Er lifetime, emission and absorption cross 

sections, background loss and dopant concentration. Based on these values, EDWA 

simulations were run showing the difficulty of achieving practical levels of internal gain 

with the undertaken approach. In order to better understand the underlying problems, a 

comparison with two recently reported nanocomposite systems was performed as shown 

in Table 6-2. 
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The two systems were selected as they emphasise the key design factors required for 

successful NP-doped polymer systems. In case of the phosphate glass particles [8], a 

purely theoretical study was performed exploring impact of particle size and NP 

concentration on the device performance. A more vital comparison is made with 

NaYF4/NaLuF4-doped PMMA [20] as it also offers insight into the fabrication of this 

type of composite materials. This work employed core-shell structures, which were based 

on a two-step preparation. Initially NPs were oleic-acid coated and copolymerised with 

methyl methacrylate and only after that a covalent-linking nanocomposite was 

synthesised. The benefit of the increased fabrication complexity was demonstrated by 

very good optical properties such as long erbium lifetime and high measured internal gain. 

This in turn indicates relatively low excess scattering losses and uniform particle 

distribution without clustering despite the relatively high Er/Yb concentration used. 

Table 6-2: Simulation parameters comparison between this work  

and best reported values 

Parameter 
EGC + siloxane 

(this work) 

P2O2: Er/Yb + 

PMMA [8] 

NaYF4/NaLuF4: 

Er/Yb + PMMA [20] 

Er concentration 1.5 × 1026 m-3 1.0 × 1026 m-3 2.8 × 1026 m-3 

Yb concentration - 5.0 × 1026 m-3 28 × 1026 m-3 

Er lifetime 5.6 ms 10.0 ms 12.0 ms 

Yb lifetime - 2.0 ms 1.86 ms 

Er absorption (1533) 8.8 × 10-25 m2 6.6 × 10-25 m2 9.5 × 10-24 m2 

Er emission (1533) 9.0 × 10-25 m2 9.0 × 10-25 m2 2.7 × 10-24 m2 

Er/Yb absorption 

(976) 
4.5 × 10-25 m2 

2.58/2.5 × 10-25 

m2 
2.36/100 × 10-25 m2 

Upconversion 

coefficient 
1 × 10-22 m3s-1 1 × 10-22 m3s-1 0.41 × 10-22 m3s-1 

Er cross-relaxation 0.7 × 10-22 m3s-1 0.7 × 10-22 m3s-1 3.4 × 10-22 m3s-1 

Overlap factors 0.76, 0.80 - 0.848, 0.87 

Active region area 9 µm2 - 26 µm2 (ridge) 

Pump power 300 mW 1 mW/µm2 400 mW 

NP size 12 nm 10-100 nm - 

Background loss 2.6 dB/cm - - 

Internal gain -0.1 dB/cm up to 12 dB/cm 11.6 dB/cm 
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The first key observation was that both approaches reported in the literature took 

advantage of ytterbium co-doping. This addition not only allowed for more efficient 

pump absorption but also reduced the upconversion effect. This was expected based on 

studies performed in previous chapters on the ULPI fabricated and optimised samples, 

but it was not possible to take advantage of this in this case due to the lack of material 

availability. 

In terms of absorption and emission cross sections the estimated values for EGC were 

very similar to those of phosphate glass NPs indicating a comparable potential in this 

regard. Much higher erbium peak emission/absorption cross sections of  

2.7/9.5 × 10-24 m2 were reported for the core-shell NaYF4 particles. An even higher pump 

absorption of 1.0 × 10-23 m2 was provided by the ytterbium ions, making it almost two 

orders of magnitude better than the estimate for the ceria particles used in this work. 

Furthermore, the alternative approaches both had an erbium lifetime which was almost 

twice as long, i.e. 10 and 12 ms for P2O2 and NaYF4 nanocrystals, respectively. While 

this difference did not fully explain the performance difference, it was an important factor 

in reducing the ceria nanoparticle performance. 

A minimal difference was found among the three approaches in terms of their 

upconversion factors. While the same, relatively high values were used in this work and 

in the case of the P2O2 NPs, as explained in the previous sections, the core-shell structures 

relied on fitting the experimental results to estimate the upconversion factor as  

0.41 × 10-22 m3s-1. This value was less than half of that used in this work, further 

explaining the reason behind the performance difference. It must be emphasised that the 

value used for ceria was a conservative estimate based on the reports of relatively high 

visible light upconversion [15]. However, an even higher value of 3.2 × 10-22 m3s-1 has 

been previously reported in the past for certain cyclic polymer complexes [21]. 

Finally, an important distinction was noticed concerning the properties of the 

nanoparticles themselves. In both of the above literature reports, a small refractive index 

contrast below 0.1 was achieved between the dopants and polymer core. This in turn 

allowed for a relaxed limit on the particle size as seen by the 100 nm used in the case of 

phosphate glass NPs. For ceria used in this work the contrast was almost 0.5, resulting in 

a much lower requirement of approximately 12 nm for the particle size in order to keep 

the NP scattering loss at a low level of 0.3 dB/cm. 



Chapter 6: Erbium-doped Polymer Waveguides 

209 

6.5 Conclusions 

The dispersion of EGC nanoparticles in the siloxane polymer was investigated as a 

potential means for the formation of EDWAs. In this chapter, the fabrication process was 

explained showing the difficulty of obtaining high quality waveguides even with the 

introduction of additional processing steps such as membrane filtration and 

ultrasonication. Numerous fabrication attempts with various NP concentrations resulted 

in limited success and a low yield. After a number of visual inspection and transmission 

tests, the best performing waveguide section was selected for more detailed analysis. 

The loss measurements across the erbium emission spectrum allowed for the estimation 

of major loss components, namely polymer propagation and coupling, Er absorption and 

NP scattering. The examination of the relative contributions of these factors led to the 

conclusion that a 9.3 dB/cm scattering loss due to NP clustering prevented the desired 

operation of the device. The results of this investigation were confirmed through good 

agreement between the measured erbium behaviour and theoretical predictions based on 

the Er-doped thin film properties. The measured scattering loss was not a fundamental 

limit and could be improved through ensuring a more uniform NP distribution in the 

polymer host. This could be achieved by, for example, employing an additional material 

in the mix designed to separate the dopant particles from one another via formation of 

core-shell structures. 

Further simulations study based on extracted material properties assessed the potential of 

a channel waveguide with the estimated Er concentration of 1.5 × 1020 cm-3 assuming the 

scattering losses were reduced to 0.3 dB/cm. The obtained results show that while the 

performance greatly improved, a pump power of 320 mW was required for device 

transparency. This was caused by a low efficiency arising from the high upconversion 

observed in ceria as well as due to the lack of ytterbium in the dopant mix. 

Finally, the system used in this thesis was compared with two state-of-the-art approaches 

to combine a polymer host with inorganic particles. Both phosphate glass and NaYF4 

nanocrystals demonstrated their capability to generate some of the highest reported 

internal gains in EDWAs, although only NaYF4 was confirmed experimentally. The key 

difference between these reported materials and the ceria used in this work come from 

the addition of ytterbium in the dopant composition. The effect of co-doping is explored 

in detail in previous chapters based on the ULPI but was not possible with the NPs due 

to the lack of material availability. Furthermore, higher absorption and emission cross 
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sections as well as longer Er lifetime also contributed to the difference in performance. 

The last important distinction is that the EGC NPs have much higher refractive index 

contrast with the polymer host resulting in a strict particle radius limit of 12 nm needed 

to keep scattering loss at a reasonable 0.3 dB/cm required for practical devices. 
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This thesis presented a comprehensive review of the current progress in the field of the 

EDWAs. Particular focus was placed on the recent achievements in the area of polymer-

based systems where the highest gain per unit length in practically sized devices have 

been reported to date. Furthermore, a theoretical study using a rate-equations model was 

performed to determine the key requirements for high gain amplifiers. As a result of this 

study, a novel methodology of optimising the ratio of the Er:Yb co-dopant ions that took 

into account the device structure as well as the upconversion factor was developed. 

A feasibility study on the fabrication of polymer platform compatible amplifiers was 

performed by investigating a number of potential approaches. Ultrafast laser plasma 

implantation and nanoparticle dispersion into a polymer host have been selected for 

implementation. The first approach was chosen due to the potential for extremely high 

RE-dopant concentration of 1.63 × 1021 cm-3 demonstrated in silica glass. It was 

investigated for both hybrid glass-polymer systems as well as, for the first time, direct 

implantation into a siloxane material. The comprehensive investigation into the optical 

properties of the obtained thin films allowed for the selection of ULPI-fabricated hybrid 

devices and NP-dispersed polymer waveguides for further analysis. 

The process of depositing polymer waveguides on erbium-doped tellurite modified silica 

to form strip-loaded waveguides was developed. Despite the early promising results of 

the optimised recipe, this approach was shown to have high sensitivity to feature size as 

well as being prone to surface scattering. Throughout this study a number of parameters 

was extracted from the fabricated samples allowing for a detailed analysis of the potential 

and competitiveness of the strip-loaded geometry with the standard channel waveguide 

geometry. In case of a system with 200 mW pump power, the gain difference between 

the two geometries was only 0.3 dB/cm after Er:Yb ratio optimisation performed for both 

designs. 

An alternative approach of dispersing erbium-gadolinium ceria particles in a siloxane 

polymer host was explored. The problem of particle insolubility was addressed with an 

extended fabrication procedure incorporating ultrasonication, magnetic stirring and 

membrane filtering. The combination of these additional steps was shown to improve the 

quality of the prepared thin films in terms of their photoluminescence intensity and the 

Er metastable lifetime. Based on these results, a number of samples was prepared and 

investigated in terms of a waveguide amplifier potential. Visual inspection combined with 

transmission measurements on the samples showed poor performance. A detailed analysis 

of the waveguides and use of an appropriate model confirmed that high scattering loss of 
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approximately 9.3 dB/cm is the main factor preventing desirable operation. Further 

theoretical investigation led to the conclusion that the specific ceria NPs used in this work 

were not the optimal material choice due to the lack of ytterbium co-doping and high 

refractive index contrast with the polymer host. Suggestions were provided on how to 

improve the results and achieve the desirable outcome by for example, employing core-

shell structures or employing Er-doped phosphate glass NPs, which have a very similar 

refractive index value. 

7.1 Conclusions 

Polymer-based erbium-doped waveguide amplifiers are a promising candidate for 

addressing the increasing demand for compact active components that can be integrated 

in practical systems. This is emphasised by the recent increase in the number of successful 

demonstrations of polymer-based systems with the internal gain figure reaching 

approximately 10 dB/cm [1]–[3]. 

In this thesis, the key parameters of the erbium doping were investigated in terms of the 

factors limiting the performance of this type of amplifiers. Based on these, supplemented 

with the waveguide design parameters, a detailed rate-equations-based model was 

prepared. An optimisation of the reported ULPI fabricated thin films with dopant 

concentration of 1.63 × 1027 m-3 showed that a 2 × 2 µm2 channel waveguide was capable 

of delivering a gain of 9.6 dB/cm when pumped at a moderate power of 200 mW. This 

result was predicted based on a combination of measured parameters reported on the 

erbium-doped tellurite modified silica [4] combined with upconversion factor values that 

were linearly scaled with the Er concentration in the range of 1.63-16.3 × 1026 m-3 and 

0.4-4 × 10-23 m3s-1, respectively.  

A number of observations was made in the process regarding the impact of various design 

aspects on the final performance. In an amplifier that contains only erbium dopant ions, 

the optimum concentration depended on the available pump power. In case of a 200 mW 

limit, there was no benefit of increasing the concentration beyond 6.9 × 1026 m-3 in the 

investigated system as after that point any additional erbium ions contributed more to the 

reabsorption rather than the stimulated emission leading to a reduction in the achievable 

gain. The benefit of introducing ytterbium, which operates as a sensitizer, to the mix is 

highlighted by the fact that the predicted gain increased from 5.9 dB/cm to 9.6 dB/cm 

with no design changes other than concentration adjustments. Under the same constraint 
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of the maximum achievable concentration, by introducing 7.3 × 1026 m-3 Yb, the Er 

concentration could also be increased to 9.0 × 1026 m-3 leading to a higher overall gain. 

The scalability of this approach was also examined by establishing the maximum gain for 

3- and 5-cm-long amplifiers. The material properties were assumed to remain the same, 

the upconversion factor was scaled linearly with erbium concentration as in case of  

1-cm-long devices, background loss was constant at 1 dB/cm and coupling losses ignored 

(internal gain). In case of an erbium-only system under a 200 mW power constraint, a 

gain of 14.0 and 18.5 dB was possible when dopant concentration was set to 5.3 and  

4.5 × 1026 m-3 for the 3- and 5-cm-long device, respectively. This could be further 

improved by Yb sensitisation to 23.0 and 27.2 dB with Er:Yb ratios of 6.1:10.2 and 

4.5:11.8. A 9 dB highlights the benefit of co-doping Er with Yb. Furthermore, it was 

observed in this work was that the relative concentration of ytterbium to erbium increases 

with both the length of the device and its cross-section area. 

The simulation studies were based the ultrafast laser plasma implantation technology that 

was then experimentally investigated for the silica host and, for the first time, polymer 

substrates. The obtained thin films were characterised in terms of their optical properties. 

In case of a glass substrate, the EDTS layer was measured to have a lifetime up to  

12.1 ms with an emission FWHM of 18.9 nm. This was obtained from a melt-quenched 

target glass with 1.95 wt.% of Er and Yb with 1:2 ratio. The direct implantation into a 

Dow Corning WG-2020 siloxane polymer has proven more challenging due to the 

damage to the material resulting from the process. The ULPI process parameters were 

adjusted by lowering the substrate temperature to 100 °C (from 700-750 °C) and reducing 

the procedure time to 1 hour (from 4-8 h) in order to fabricate more promising samples 

as summarised and compared with the alternative methods in Table 7-1. The measured 

Er lifetime of up to 4.2 ms and FWHM of 39.0 nm looked promising, however a direct 

comparison of the PL emission revealed a twelvefold drop in the intensity despite a 

concentration reduction by a factor of only 4. Additionally, a further analysis exposed a 

non-uniform distribution and a surface damage arising in the process. 

An alternative method of dispersing nanoparticles directly in a polymer matrix before the 

fabrication via traditional polymer techniques was investigated. Available ceria NPs were 

investigated and compared with the ULPI created samples. The EGC-doped thin films 

were prepared at a variety of concentrations ranging from 0.05 to 12.5 wt.%. As a result 

of a comparison study, an increase in the PL intensity with dopant concentration was 

observed, while FWHM and Er lifetime stayed approximately constant around 31 nm and 
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5.7 ms, respectively. Even when an additional filtering step was introduced, the emission 

intensity did not increase linearly with the concentration as expected, indicating that ion 

quenching due to the NP clustering was occurring. 

Table 7-1: Key physical properties of the best sample for a given approach  

to EDWA formation used in this thesis 

Parameter 
EDTS 

(T28) 

ULPI 

polymer (F3) 

EGC polymer 

(5.1 wt.%) 

FWHM [nm] 18.9 39.0 27.0 

Lifetime [ms] 12.1 4.2 5.7 

Peak emission wavelength [nm] 1534 1533 1533 

Target material concentration [wt.%] 1.95 0.5 5.1 

Estimated concentration [× 1026 m-3] 16.3 4.4 1.5 

 

In order to take advantage of the ULPI fabrication method, a hybrid design was proposed 

to combine the highly-doped EDTS layer with the siloxane polymer material. A strip 

loaded geometry was chosen as it allows a straightforward integration with the polymer 

platform. Simulation studies also showed a comparable performance with the standard 

channel waveguide configuration. The integration of EDTS planar layers can be achieved 

through implantation before polymer features are added on top to avoid the damage from 

the ULPI process. 

An adjusted model accounting for the asymmetry due to the EDTS layer contact with the 

silica glass was prepared for a polymer-surrounded channel waveguide. The simulations 

studies revealed that, when pumped at 200 mW, a 1-cm-long hybrid channel device with 

yielded a gain of 7.7 dB. In this case, the upconversion factor was scaled linearly with the 

erbium concentration leading to the optimal Er:Yb ratio of approximately 1:1. The 

alternative strip-loaded hybrid geometry was compared with the channel waveguide using 

the same dopant parameters. It was shown that, under the same single mode assumptions 

as for the channel structure, a similar internal gain figure of 7.4 dB could be achieved. 

This was attained by optimising the Er:Yb ratio to 1:2. The main reason behind the 

requirement for a higher ytterbium content was due to a larger effective active area of 

8.96 µm2 under the polymer ridge compared with 3.6 µm2 for the channel geometry. 

The polymer waveguide fabrication process was optimised for a 2 × 3 cm2 glass substrate 

compatible with the ULPI setup. The experimental analysis via the scanning electron 
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microscopy, ASE measurements and surface profiling revealed that the fabricated 

structures did not perform as the simulation studies predicted. The poor performance was 

attributed to the combination of rough surface (with RMS values in range of  

95.8-193.3 nm) and larger than predicted polymer waveguides. 

The second approach to fabricate the EDWAs investigated in this thesis was dispersion 

of the nanoparticles in the siloxane polymer. A fabrication process with additional 

membrane filtering and ultrasonication steps based on available erbium-gadolinium ceria 

NPs was proposed in order to reduce the particle agglomeration. Despite a low yield, a 

number of readings were obtained for the performance analysis. The loss measurements 

across the erbium emission spectrum of 1475-1575 nm allowed for estimation of the 

major loss components, namely polymer propagation and coupling, Er absorption and NP 

scattering. The examination of the relative contributions of these factors led to a 

conclusion that a high scattering loss of 9.3 dB/cm due to NP clustering prevented the 

desired operation of the device.  

Further simulation study based on the extracted material properties estimated the Er 

concentration to be approximately 1.5 × 1020 cm-3. However, an extended analysis 

assuming a more practical scattering loss of 0.3 dB/cm [5] revealed that a pump power of 

320 mW was required for a device transparency. This was caused by a low efficiency 

arising from the high upconversion factor observed in ceria as well as lack of ytterbium 

in the dopant mix. 

A comparison of the approaches proposed in this thesis with state-of-the-art approaches 

to EDWAs was used to supplement the feasibility study. The key difference between the 

most successful attempts and the ceria used in this work came from the addition of the 

ytterbium in the dopant composition. The resultant higher pump light absorption cross-

section as well as a longer metastable lifetime and a reduced upconversion factor 

explained the performance difference. The last important conclusion was that the EGC 

NPs employed in this work had much higher refractive index contrast with the polymer 

host resulting in a strict particle radius limit of 12 nm needed to keep the scattering loss 

at a 0.3 dB/cm achieved in best reported amplifiers. 

The proposed Er:Yb optimisation approach has a lot of potential to maximise 

performance of the approaches studied in this thesis as well as alternative designs based 

on other material systems, particularly ones with all the parameters, including the key 

upconversion factor, well-established through experimental studies. Similar, non-

optimised, hybrid structures have been recently shown [6] suggesting a combination of 
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polymer and ULPI technologies can be employed and the composition optimised using 

the proposed methodology, once the high surface roughness is eliminated. 

7.2 Future Work 

This thesis presented work on design, optimisation, fabrication and characterisation of 

the erbium-doped waveguides compatible with the polymer platform. There is room for 

improvement on the performed work in a number of aspects. 

7.2.1 Experimental Confirmation of the ULPI Upconversion Factor 

The proposed methodology for erbium-ytterbium ratio optimisation offers a guideline for 

performance improvement for EDWAs independently of the underlying implementation 

technology. While the underlying model has been tested and compared with other 

theoretical work [7]–[9] as well as experimental results [10], it could not be verified on 

the ULPI samples. The poor quality of the waveguides prepared for the strip-loaded 

approach resulted in a need for the parameter extraction from thin films using well-

established procedures. However, the results obtained in this way were missing a key 

component of upconversion factor that needs to be experimentally confirmed on either 

the proposed hybrid approach or in a standard stand-alone glass system. Therefore, next 

step towards the model completeness is to determine the upconversion factor 

experimentally through measurements on a waveguide with known erbium properties 

followed by a model fitting. To achieve this, a fabrication process resulting in a low-loss 

EDWA device in either channel or strip-loaded geometry is required. 

Another useful study related to the upconversion coefficient is to employ ULPI in order 

to implant Er ions into the aluminium oxide platform. Erbium upconversion in Al2O3 has 

been extensively studied in the past, including the impact of the fabrication process on 

the green light emission. This study could be extended by doping a sample with a similar 

waveguide design using ULPI and then compare the upconversion results with existing 

devices obtained with alternative fabrication methods. 

7.2.2 Alternative Fabrication Method of Hybrid Waveguides 

The feasibility study on combining the siloxane polymer with the ULPI carried out in this 

thesis highlighted the difficulty of combining the two technologies. Even a better-

established process of implanting into the silica glass to form an EDTS layer has yielded 

a surface roughness of up to 194 nm for the 2.5-µm-thick sample. The hybrid strip-loaded 
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structure with a target 3 × 3 µm2 ridge is only predicted to work well with a lower surface 

scattering. For this design to work well, more work is required on reduction of the surface 

roughness arising from the implantation process. An alternative approach is to combine 

much thinner Er-doped planar layers with a polymer ridge fabricated using a different 

method, such as electron-beam lithography, that allows the creation of much smaller 

features than UV photolithography which was used in this work. 

7.2.3 Core-Shell Structures 

The second fabrication approach selected in this thesis used the direct dispersion of the 

ceria NPs in the polymer matrix. Even though the additional membrane filtering step 

removed the largest particle agglomerations from the mix, the resultant waveguides had 

losses that were too high for a practical operation. The success of using core-shell 

structures with an intermediate polymer, such as polyhedral oligometric silsesquioxane 

(POSS) [11], highlights the need of additional fabrication steps. All of the most recently 

reported high-gain polymer EDWAs discussed in Chapter 2 have employed this 

technique. This trend indicates that uniform dopant distribution can be achieved with a 

range of different NP types and could be applied to the ceria material used. 

7.2.4 Ytterbium/Cerium co-doping of ECG NPs 

The lack of ytterbium co-doping was also identified as one of key performance-limiting 

factors for the EGC NPs employed in this work. In order to maximise the potential of this 

material, not only the Yb can be added according to the optimum found with the proposed 

model, but also the fraction of cerium should be reduced. Ce ions introduce an additional 

energy transfer path in the system that has been reported to reduce the upconversion 

process as shown in Figure 7-1. However, an optimal inclusion factor of 2 % has been 

reported with an increase beyond this value shown to reduce the overall 1550 nm emission 

strength [12]. 
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Figure 7-1: Additional energy transfer paths  

introduced by co-doping erbium with cerium 

7.2.5 Modelling of the Dopant Lifetime Change with Concentration 

The methodology of optimising the Er:Yb ratio is useful for systems where the total 

concentration is limited by the dopant solubility. Linear scaling of the upconversion factor 

with erbium concentration allows for an accurate representation of a trend empirically 

reported in alumina [13]. A further potential enhancement of this optimisation procedure 

can be an inclusion of the effect of ion ratio on the metastable lifetimes of both Er and 

Yb. Although this parameter is strongly dependent on the host material as discussed in 

Chapter 2, it has also been reported to vary with the dopant concentration in the same host 

[14]. Therefore, a number of ULPI-fabricated samples with varying Er:Yb ratios can be 

used to experimentally derive the lifetime relationship for both codopants. 

7.2.6 Optical Resonator 

Finally, the focus in this work was to design, fabricate and characterise the feasibility of 

these devices to act as optical amplifiers, but as mentioned before, they can also be used 

as a basis for laser sources. As discussed in Chapter 2, a number of erbium-doped 

waveguide lasers have been founded on a further development of the amplifiers [15]. An 

addition of an optical feedback in the system to the EDWA acting as the active region is 

required to create a signal generating device. 

This has not yet been successfully achieved for polymer-based systems, but worked in 

some of the more mature EDWA approaches. Early attempts that reported the C-band 
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lasing of Er-doped phosphate glass, employed external optical cavities such as end-

deposited mirrors [16] or butt-coupled fibre Bragg gratings (FBG) [17]. These methods 

have allowed to take advantage of either straightforward fabrication processes or readily 

available reflection components. However, these solutions suffered from the inherent 

problems with misalignment and, more importantly, system integration difficulty due to 

the laser signal leaving the chip. 

Several methods have been used to design on-chip resonators for Er-doped systems as 

presented in Figure 7-2. The end mirrors can be replaced with distributed Bragg reflectors 

(DBR) on both ends of the device [18] or into the centre of the waveguide to form a 

distributed feedback laser (DFB) [19]. Another approach to create a feedback structure in 

a single processing step is to integrate ring resonators as demonstrated in aluminium oxide 

integrated system [20]. All three of the above approaches to form an on-chip cavity can 

be potentially realised on the polymer platform as the underlying components have 

already been demonstrated for other applications [21], [22].  

 

Figure 7-2: Potential integrated optical feedback structures:  

a) microring resonator, b) DBR and c) DFB  
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APPENDIX 
UV Photolithography Mask Design 

The UV photolithography mask shown in Figure A- was designed specifically for this 

project. As described in Chapter 3, the design accounted for the ULPI sample size (2 x 3 

cm2) and enabled single mode operation under a wide range of dopant concentrations. 

 

Figure A-1: Mask design with the key sections marked 

ULPI-compatible sections: 

1 & 6. 3-cm-long straight waveguides with feature width varied in rang of 3-20 µm; 

2. 90° bends with varied bending radius (2.2-14 mm) and width (3-10 µm); 

3. 180° bends (U-turns) with varied radius (0.5-7 mm) and width (3-10 µm); 

4. S-bends with 150 µm y-offset over a range of lengths between 0.25 and 20 mm; 

5. Y-splitters with branching angle varied between 0.3° and 53°; 


