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waveguide and extend the waveguide length beyond 1 mm. Furthermore, to improve 

mechanical properties and investigate optical nonlinearity of polymer bridges. 

Chapter 2 begins with general introduction of photopolymerization, and then presents 

a comprehensive background of free radical photopolymerization including microscopic 

modification in the monomer state during polymerization. The reaction stages are 

described from light absorption, chain formation, and termination deactivation inhibition 

processes, which accompany polymerization reaction. Finally, physicochemical 

parameters are discussed which effect the polymerization and the optical and mechanical 

properties of the polymer structure at both pre- and post-polymerization stages. In chapter 

3 a general description of optical waveguide and light guiding mechanism is discussed in 

both step-index and graded-index optical waveguides. Then the chapter focuses on 

polymer waveguides integrated with optical fibres and the physics of light confinement 

throughout photopolymerization. The materials used for polymer waveguide fabrication, 

their structure and preparation methods are also presented.  

Chapter 4 to 6 cover the experimental work conducted during my PhD. Chapter 4 

presents polymer waveguide fabrication between two single mode fibres and its optical 

characteristics. The waveguide fabrication was started with short bridges then it was 

extended to about 600 µm as the longest possible waveguide with unidirectional 

illumination. For each bridge device, low loss (below 1 dB) was targeted and the process 

showed high reproducibility, although the device showed fragility particularly at the 

polymer/fibre interfaces. Some fabrication and structural parameter effect on the 

waveguide were investigated such as oxygen diffusion, curing beam intensity and 

photoinitiator concentration. To improve adhesion at the polymer/fibre interfaces, the 

fibre ends were treated with adhesion promoter. This fibre modification is presented in 

chapter 5. The treatment was very effective to improve bonding at the interfaces. To 

assess the polymer waveguide mechanical properties, the channel was put under shear 

and tensile stresses. Chapter 6 describes nonlinear optical effects which have been 

generated by propagating high intensity ultra-short pulsed laser in polymer waveguides. 

The dominant nonlinear effect is self-phase modulation which is mathematically outlined 

by analyzing nonlinear Schrödinger equation. In order to see the nonlinear effect more 

clearly via spectral broadening a new technique was introduced to elongate polymer 

waveguide to 1.2 mm with optical loss about 1 dB. Then the experimental result of 

spectral broadening in polymer waveguide is shown, and the nonlinear coefficient of the 
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polymer waveguide is calculated by comparison of the results with that of plain silica 

fibre. The final chapter gives a summary of the results which achieved in this research 

work also some possible further work that could be done in this field.   
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Fig. 2-2: Free radical polymerization by a visible beam in a two component 
photopolymerizable system (monomer and photoinitiator). Free radicals initially form at the 

illuminated part of the system, then polymer chains initiate. 
 

The main characteristic of this technique is its higher curing rate and the availability 

of a variety of monomers that could easily be polymerized by this process. Two types of 

photo initiators are widely used in free radical polymerization. The first type induces a 

free radical chain process. The second type generates reactive species via an ionic 

mechanism (usually cationic) [29] or in few occasions anion centre or weak bases [16]. 

Even though free radical polymerization more highly influenced by oxygen inhibition 

than cationic polymerization it is still the most reliable and dominant because most 

monomers will undergo polymerization only by free radical initiator. Also, a wider range 

of photoinitiators are applicable for free radical polymerization compared with cationic 

polymerization. Furthermore, it has some advantages over cationic photo induced 

polymerization since it is not much affected by impurities and is a faster process [29].  

 The rate of a typical single photon photoinduced free radical polymerization is 

proportional to the exposure energy supplied by the curing light beam and the absorption 

efficiency of curable system. The photophysical and photochemical properties of the 

photocurable formulation are therefore extremely important in controlling the reactivity 

and it should possess the following properties. Firstly, high absorptivity in the region of 

activation, which will depend on the application and light source used. Secondly, high 

quantum yield for free radical formation [30]. Some important factors which have 

Monomer molecule  
Combined free 

radical 
Polymer chains 

Photoinitiator 

Visible 

Liquid Solid 
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2.4.1 Photoinitiation 

Photoinitiation is commenced with light absorption, a molecule at the illuminated part 

of the solution exhibits UV, visible, or near- infrared spectrum absorption as a function 

of its skeleton [33, 34]. The molecular states as shown in the Fig. 2-4 are composed of 

electronic, vibrational and rotational energy levels due to the motions of the atoms in the 

molecule. Transitions among these energy levels are either radiative (photon emission) 

or non-radiative (no photon emission). Upon excitation by light, photoinitiator is 

promoted from its ground singlet state S0 to its first excited singlet state S1 and then 

converted into its triplet state T1 via non radiative intersystem crossing. Transition from 

singlet to triplet state occurs because the vibrational energy levels of the two states are 

overlap, therefore the transition only needs one of paired electrons reverses its spin. 

Although fast transition from S1 to S0 is more dominant than S1 to T1 transition which 

slows down photobleaching and hence polymerization. Up to this stage all processes are 

photophysical as no chemical modification happens to the starting molecules.  

 

 
 

Fig. 2-4: Jablonski diagram shows the different stages of photoinitiation process. A 
absorption, IC internal conversion, F fluorescence, VR vibrational relaxation, ISC inter-

system crossing and P phosphorescence  [11]. 
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of exposure. These two factors in turn influence the amount of photoinitiator converted 

or excited at various points of illuminated area. Hence, the amount of PI contributed in 

photopolymerization reaction depends on the radial direction from the centre of the laser 

beam that has been illuminated [37]. 

 

2.4.3 Termination 

The final step of free radical polymerization is termination. Mono or bimolecular 

termination mechanisms occur either by attaching two heavy live radicals to each other:  

 

 

 

, (2-4) 

 

which is bimolecular and called termination by radical combination: 

 

 

. (2-5) 

 

Alternatively, when newly formed mobile radicals are captured by two heavy polymer 

chains shown in equ.(2-4), monomolecular termination occurs, which is known as 

termination by radical trapping disproportionation [37]: 

 

 

. (2-6) 

 

 In free radical polymerization, dark polymerization rarely takes place or it only 

continues for a very short time after blocking illumination. In contrary, it is a remarkable 
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Another type of photochemical inhibition is intentionally used to restrict, delay or in 

some cases to slowdown reaction. The addition of certain substances quench 

polymerization of monomers. The substances react with radical species and convert them 

to non-reactive species or reduce their reactivity and prevent them to propagate. These 

additive substances are known as inhibitors or retarders. Inhibitors are more effective 

since they completely suspend polymerization development until they are consumed. 

Retarders can impose less impact as they can stop some free radicals to initiate 

polymerization [28].  

 

2.5 Effect of physicochemical parameters 
on photopolymerization 

Many of the significant features observed in photopolymerization have been shown to 

have considerable impact on the reaction. Some parameters effect on the behaviour of 

electronically excited photoinitiator and efficiency of photoinitiation, some on the 

photochemical process and free radical generation or even on the post polymerization 

optical and mechanical properties of the tailored polymer structure. Here we consider 

those parameters that their influences involve mainly in the optical and mechanical 

properties of the polymer. In addition, the parameters that determine the shape, size and 

formation processes of the polymer. 

 

2.5.1  Effect of oxygen quenching 

The inhibition mainly happens by oxygen molecules, which are either dissolved in the 

compound or diffused from the surrounding. The mechanism of oxygen quenching by O2 

is clarified in Fig. 2-5. 
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Fig. 2-5: Photopolymerization inhibition by oxygen [16]. 

 
 

Evidently, before chain initiation and propagation takes place, all pre dissolved O2 

molecules in the organic liquid monomer should be consumed by free radicals. They 

also bleach excited photoinitiator molecules and preventing them from free radical 

generation. Oxygen quench the excited photoinititors, the reaction takes place by 

transferring excitation energy to the oxygen molecules dissolved in the system. The 

quenching of singlet state is rare and complex whereas the quenching probability of 

triplet state is relatively higher. However, in the case of acrylate based systems oxygen 

molecules are mainly consumed by free radicals. The consumption of oxygen is usually 

fast process because O2 is more mobile than heavy monomer molecules [39].  Oxygen 

molecules exert a detrimental effect on free radical polymerizations by quenching the 

reaction at all steps of polymerization from photoinitiation until chain propagation. It is 

more effective with type II photoinitiators by reducing the rate of initiation. Then it 

becomes more influential with growing polymer radicals to form peroxy radicals. The 

peroxy radicals are unable to reinitiate polymerization, and thus, oxygen essentially 

consumes free radicals. Therefore the polymerization cannot proceed until the 

propagation reaction dominates over inhibition reaction. For acrylate monomers, 

polymerization proceeds only when oxygen concentration drops from ~ 10-3 M to nearly 

~ 4 × 10-6 M  [40, 41]. The peroxy radicals are generally inefficient as initiators, but 
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they abstract hydrogen atoms from the monomer or polymer chain to re- drive free 

radicals into the system 

 

  (2-7) 
  

 

In this aspect pre dissolved O2 and those diffused can serve polymerization 

development [42]. 

 Oxygen quenching is more influential at the surface of cured polymer because of 

oxygen diffusion from the surrounding atmosphere. In some photopolymerization 

reactions where the monomer is very viscous, oxygen hardly diffuses to the bulk thus the 

inhibition is limited to a thin surface layer because of the consistent diffusion of oxygen. 

The surface inhibition normally has a negative impact as it causes inhomogeneity at the 

surface morphology which is an undesired feature in some applications such as coating, 

and it can cause some optical losses in polymer waveguides [39]. To prevent surface 

inhomogeneity the curing can be carried out under an argon or nitrogen atmosphere. In 

some cases a thin sheet of polyester is used to cover the polymer film [36].  

In some cases oxygen quenching can be utilized positively to fabricate a desired 

polymer structure for specific application. One can control the size of the structure by 

allowing oxygen diffuse into the reaction site. Also in the presence of oxygen growing 

polymer chains are terminated more frequently. Thus the chain consists of fewer 

monomer units and hence the crosslink density is lower which leads to lower shear 

modulus of the fabricated polymer. This can gives the polymer better characteristics to 

be used in sensing applications [39]. In some cases, oxygen inhibition has proved useful, 

while sometimes it is undesired. In either case, understanding its impact on the ultimate 

polymer structure is important to be optimized [25]. 

 

2.5.2  Effect of curing light intensity 

The rate of photopolymerization is a strong function of light intensity such that the 

reaction and conversion rate is more dominant at the region where the intensity is 

maximum. Moreover, how deep the photopolymerization can be extended into the 
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system, but initial high absorbance also leads to high attenuation of light and in 

consequence the curing depth reduces [38]. The conversion rate of the monomer to 

polymer is another factor in photopolymerization which highly influenced by 

photoinitiator concentration. The conversion rate initially increases with initiator 

concentration then reaches to saturation point. Additionally, increasing photoinitiator 

concentration results in yellowing effects after polymerization. The yellowing effect is 

because of unbleached photoinitiator molecules or the molecules that neither quenched 

by oxygen nor reacted with the monomer molecules but relaxed to ground state. However 

this effect can be eliminated by further photobleaching after curing [33]. 

 

2.5.4  Effect of temperature 

Photopolymerization is a chemical reaction that converts the state of illuminated 

material from liquid to solid and it is an exothermic process. A substantial amount of heat 

is released in a short time during the process and causes rapid increase in temperature. 

Temperature starts to increase as soon as photoinitiation begins. It reaches a maximum 

value just before the rate of termination becomes equivalent to the rate of initiation, then 

it decreases once termination becomes predominant over initiation. Heat production 

sharply falls due to photobleaching of initiator molecules and hence reduction of 

absorption and initiation [43]. The polymerization temperature significantly effects on 

the final properties of cured polymer [44, 45]. In addition, the nonradiative transition from 

the higher energy singlet state of photoinitiator to the ground state releases some heat into 

the solution which also increases temperature at the reaction site.  The impact of 

temperature on the photopolymerization is complicated and depends on various 

conditions such as the molecular structure, molecular motion and kinetics of 

polymerization throughout the reaction [38]. Propagation is dominant at lower 

polymerization temperature before it reaches maximum value. Rising temperature 

increases the mobility of polymer chains and increases the probability of termination with 

polymer chains containing fewer monomer units. Consequently the rate of polymerization 

drops due to termination superiority over propagation. Elevated temperature also aids 

oxygen diffusion into the solution by reducing its viscosity. High temperature on the other 

hand, increases the mobility of unreacted monomer molecules and induce further tail 

propagation which also raises the possibility of further chain propagation. Also it reduces 
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propagation axis. Even with the monomer formulation the beam initially diffracts, but 

with time it forms a region of higher refractive index along the propagation axis [72].   

Photopolymerization is a spatially consecutive process, firstly begins at the vicinity of 

the fibre then develops very quickly through the entire droplet as long as the power of 

light emerging from cured part is sufficient to accomplish polymerization. The process 

will continue until it reaches the end of the deposited droplet. After rinsing a polymer tip 

appears as the extension of fibre core Fig. 3- 7(c). Fig. 3- 7(d) is a scanning electron 

microscope image of the polymer tip fabricated at the end of a single mode fibre SMF 28e.  

 

       

 

Fig. 3-7: (a) Light emerging from an optical fibre. (b) Illumination of photopolymerizable 
droplet deposited on the end of fibre. (c) Polymer tip formed by photopolymerization. (d) SEM 

image of a polymer tip fabricated during work for this thesis. 
 

(a) 

(b) 

(c) 

(d) 
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The lensing effect of its end gives polymer tip to be used as integrated lens for coupling 

applications, for example to couple light into a silicon on insulator waveguide [76]. 

Coupling efficiency as high as 70% was achieved by coupling a polymer tipped optical 

fibre to a semiconductor NIR edge emitting laser diode [3]. Additionally, carbon nano-

probes were grown on to polymer tips for a high resolution image application [4]. 

The size and shape of the polymer tip is determined by the drop size, the laser power, 

exposure time and laser beam profile or guided mode. Varying laser power and mode 

gives a chance to manufacturer to create polymer tips with different radius of curvature. 

High beam power and long exposure produces flatter tip end and vice versa. The polymer 

tip pattern is also a direct replica of the guided mode by the fibre [77]. Typical fibres are 

single moded at conventional communication wavelength (1550nm), therefore higher 

order modes can be excited when they guide curing laser beams, usually in the spectral 

range of UV and near UV visible. Fig. 3-8 shows a polymer tip fabricated by linearly 

polarized mode (LP21) guiding mode through a photopolymerizable droplet deposited on 

the end optical fibre [78].   

 
 

Fig. 3-8: Electron micrograph of polymer tip fabricated over the multimode fibre core, the 
writing beam has a field distribution corresponds with LP21 mode [78]. 

 

The self-writing technique can also be used to fabricate a polymer waveguide between 

two similar sizes or even between two dissimilar waveguides. Free space coupling can 

cause significant loss because of diffraction, Fig. 3-9(a) or as a result of lateral 

misalignment and different fibre sizes. Therefore to transmit light from one waveguide to 

another efficiently a polymer bridge can be implemented. Similar to polymer tip 



38 
 

fabrication, if a droplet of monomer is put between two aligned fibres the propagation of 

a beam through the photopolymerizable liquid creates a self-written polymer channel as 

indicated by fluorescence region where the reaction happens, Fig. 3-9(b). After 

illumination for few seconds and then rinsing away the liquid part a straight polymer 

waveguide appears between two fibres Fig. 3-9(c). The phenomenon of self-focusing and 

self-writing photopolymerization can be theoretically modelled through an iterative 

technique which give the value of electric field at successive points in the direction of 

light propagation regarding the alteration that has happened to photopolymer refractive 

index [79]. 

 

 
 

Fig. 3-9: Schematic explanation of self-written polymer waveguide formation. (a) Free space 
coupling, some light will diffract and coupling loss increases with air gap between two fibres. 

(b) Light induces polymerization of monomer droplet deposited between two fibres, yellow strip 
is a fluorescence emission results from excited photoinitiator molecules transition from higher 
energy state to ground sate and indicates the boundary where the polymerization happens. (c) 

Polymer waveguide appears between two fibres after washing off unaffected part of the droplet, 
light is confined in the polymer bridge. 

 

3.7 Photopolymerizable systems 

Two different types of photopolymerizable systems were used in this investigation. 

Firstly and mainly, a three compound system based on an acrylate multifunctional 

(a) 

(b) 

(c) 
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monomer with the aid of photoinitiator and coinitiator which is sensitive to visible light. 

Secondly, commercial transparent UV curable Norland optical adhesives.  

 

3.7.1 Three compound acrylate based system 

The system was introduced in several research papers, it was firstly proposed for 

fabrication of polymer thin films by exploiting the evanescent field from an optical fibre 

[80].  It has also been used to fabricate polymer tips on the end of optical fibres [70, 71, 

78, 81]. The system as shown in Fig. 3-10 mainly consists of a trifunctional acrylate 

monomer Pentaerythritol Triacrylate (PETA) which forms a backbone of photopolymer 

compound. To extend sensitivity of the system into visible region also to improve reaction 

efficiency via producing large number of free radicals a photoinitiator or a sensitizer dye 

2X, 4X, 5X, 7X-tetrabromo-fluorescein disodium salt (Eosin Y) and a coinitiator amine 

Methyldiethanolamine (MDEA) were added to the monomer.  

 

 
 

Fig. 3-10: Three components of photopolymerizable PETA system. 

 

Eosin Y 

Methyldiethanolamine 

Monomer 
Pentaerythritol Triacrylate  
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The amine is added to the system to raise curing efficiency, because the Eosin is 

type  II initiator and it is strongly quenched by oxygen the amine can reduce the oxygen 

quenching especially at the surface of polymer where oxygenation is relatively higher. 

Although it has some drawbacks as it cause some yellowing in the cured polymer films. 

Also, dark reactions often happen in a system includes dye/ coinitiator which lead to short 

shelf life of the system [28, 33]. 

This formulation was developed originally because it can be polymerized by abundant 

visible laser sources such as frequency doubled Nd-YAG laser (532 nm), since it is highly 

sensitive to the spectral region from 450 nm to 550 nm with a peak absorption at 532 nm. 

Additionally, this liquid system is very flexible as it is possible to modify the physical 

and chemical properties of the formulation, namely viscosity, spectral sensitivity, 

polymerization threshold energy. Adjusting the properties could be done by changing the 

proportion of each components, supplying heat energy, and substituting the photoinitiator 

with different one to shift the spectral sensitivity. 

 

3.7.1.1 Sample preparation 

The three component photopolymer system was prepared by dissolving 0.02 g of 

Eosin  Y in  pre warmed 3 g of MDEA and the mixture was stirred vigorously at 50 °C 

for 20  min in order to allow the larger amount of the powder dye to dissolve in the liquid 

amine. The liquid was left for 10 min for cooling down then the top half was poured into 

a 10 ml cuvette. Then the mixture was left for another 30 min to allow the undissolved 

Eosin to precipitate at the base of the cuvette. Meanwhile 9.2 g of PETA was heated for 

15 min at 50 °C and stirred in order to reduce its viscosity and encourage it to mix easily 

with the Eosin and MDEA mixture. Finally 0.805 g of solution which contained sensitizer 

dye and coinitiator amine was added to the monomer to obtain the final compound which 

consisted of 92 wt. %  of PETA , 0.05 wt. %  of  Eosin Y and 8 wt. % of MDEA. The 

sample was stirred and maintained at constant temperature on a hot plate during 

preparation to guarantee a uniform solution with a minimum amount of residuals. Then 

the compound was left for 30 min and top half of it was poured into a new cuvette. This 

is a sample with minimum photoinitiator concentration. Using same procedure, some 

other samples with different Eosin concentrations of 0.1, 0.2, 0.5, 1, and 5 wt. % were 

prepared by the same procedure and order, using larger quantities of Eosin.  Although the 
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polymerization, therefore we mainly used medium viscosity product NOA61. NOA 

adhesives were used as they received from supplier without adding any photoinitiator to 

them or warming and stirring. Free radical polymerization in NOAs occurs directly from 

UV absorption which derives free radicals from monomer molecules directly, therefore 

there is no need of adding photoinitiator unless one wants to improve polymerization 

efficiency and extend curing beam to visible spectrum.  
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Chapter Four 

 
 

4 Freestanding photopolymer waveguides between 

two fibres 

 

The work described in sections 4.2, 4.4, 4.6, and 4.10 of this chapter is published as: 

Long, free-standing polymer waveguides fabricated between single mode optical fibre 

cores [84]. All polymer waveguides are fabricated between SMF 28e fibres. 

 

4.1 Introduction 

Optical fibres are an enabling technology in many applications including routing light 

from remote sources to remote sensors and detectors, bringing light inside the body in 

diagnostic endoscopes and giving a light path immune to outside interference and 

misalignment. However the small core of an optical fibre presents challenges at 

interfaces; bringing light from a source into the fibre, building a sensor where the light 

must interact with its environment so cannot remain buried in the core of a fibre, bringing 

light from a fibre core to a detector, or joining similar or dissimilar fibres. Many different 

solutions are available to these challenges, one of which is to use photopolymers to 

construct self-aligned structures on the core of a fibre [70, 71, 78] . Photopolymerization 

enables modification of the initial liquid monomer at the illuminated part of the 

photopolymerizable system to form a permanent solid polymer waveguide at the end of 

fibre. If a second optical fibre is aligned to the growing self-guided polymer waveguide, 

then light can be coupled from one fibre to another. This is often referred to as light 

induced self-written waveguides, the phenomenon was described in section 3-6. They 

were first fabricated in 1993 by Frisken through an experimental work to fabricate a 

polymer waveguide from UV cured epoxy at the end of an optical fibre [2]. Then in 1995, 

it was theoretically described by Monro et al.[85]. A few months later Kewitsch et al. 

[73, 86] demonstrated experimental fabrication and a theoretical model of refractive index 
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where the fibre is multimode. The aim of switching from multimode fibres to single mode 

fibres is to miniaturize integrated polymer structures to reach higher spatial resolution, as 

the size of a written waveguides highly depend on the core size where the beam emerges 

[90]. Polymer micro- and nano-wires integrated with optical fibres are products of these 

miniaturization attempts. They offer some advantages in sensing applications. For 

instance, polymer nano wires allow gas molecules to diffuse into the structure or to form 

a chemical bond at the surface of polymer, this interaction with semiconductor nanowires 

and glass nano fibres is difficult. Furthermore, the chemical and physical properties of 

photopolymers and easy processing give a chance for a variety of materials to be doped 

into polymer nanowires to aid sensing applications based on their optical and electrical 

properties. Polymer nanowires have been applied in various sensing applications to detect 

metal ions, toxic gases and biotin-DNA [91-93]. New communication systems include 

many different devices which need to be optically interconnected efficiently. Self-written 

waveguide provides auto alignment between guiding devices which offers a substantial 

aid in this field as the major challenge in these all interconnections is accurate alignment 

of optical devices [9, 94, 95]. Photopolymer waveguides doped with specific elements 

and dyes were used for optical signal amplification [96, 97], also for converting a random 

optical signal to a Gaussian distributed like beam [98]. 

 

4.2 Photorefractive solitons 

Photopolymerization is a nonlinear process where during the reaction an incident light 

beam produces a permanent refractive index change at the illuminated area. The change 

in refractive index depends on the absorbed total light energy rather than the instantaneous 

light intensity as in Kerr index change. The main feature of light propagation through a 

Kerr medium is that light can guide without diffraction in the phenomenon known as 

spatial soliton propagation. The self-trapping and self-focusing process of 

photopolymerization is similar to the spatial soliton propagation during photo curing 

reaction [99]. The reaction induces a refractive index change larger than that of Kerr 

nonlinearity effect by orders of magnitude even though the process requires intensity only 

few microwatts per square centimeter whilst Kerr effect needs intensity of megawatts per 

square centimeter. Moreover the response time of Kerr nonlinearity is of order of 

femtosecond whereas it is increases to milliseconds and minutes as photopolymerization 
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proceeds [72]. Kewitsch and Yariv demonstrated a new form of nonlinear wave equation 

associated with light propagation within a photopolymerizable acrylate material during 

the reaction with an irreversible refractive index change to be about 0.15. The nonlinear 

index change in conventional Kerr and photorefractive mediums is less than 10-3 and it 

vanishes after illumination [73]. Experimentally a narrowing feature was systematically 

observed during photopolymerization at given places along the illumination axis via 

fluorescence as shown in Fig. 4-1.  

 

 

 

Fig. 4-1: Optical micrograph of early stage of photopolymerization by light emerging from the 
fibre on the right on a drop of  PETA  with length of 600 µm, writing beam power of  12.8 µW 

and sample containing  Eosin of 0.5wt. % . The guided beam produces nodes in the written 
waveguide immediately after photopolymerization, the nodes only last for a few seconds. 
 

The effect has been referred to as a quasi-solitonic behaviour and at the initial stages 

of writing the guided beam produces nodes in the written waveguide [70, 88]. However, 

the effect is not long lasting because of the rapid conversion of the irradiated monomer 

refractive index under the action of photopolymerization [70]. The node formation has 

been numerically predicted by Hocine et al. using beam propagation method modelling 

through a medium where the refractive index increases with illumination and time [79]. 

 

Source fibre 
Sink fibre 

Early 
Photopolymerization 
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4.3 Photocuring light sources 

Usually the light required for photopolymerization is provided by a coherent laser 

beam, as this is easy to couple into an optical fibre core and provides high power density. 

All research associated with self-written waveguide have used monochromatic laser 

sources to cure polymer waveguides. However we show that the process is also possible 

for broadband incoherent light sources such as laser driven xenon source. The broad 

spectral range of absorption of the photoinitiator is able to gather sufficient energy from 

this low intensity source to be able to reach the threshold for initiating polymerization. 

 

4.3.1 Curing by laser 

The three compound photopolymerizable system contains Eosin Y which absorbs 

visible light in the range 450 - 550 nm [71]. This formulation exhibits peak absorption at 

532 nm and is transparent at 633 nm. Two laser sources at these wavelengths were used 

for curing and prepolymerization alignment respectively. Initially low power of the range 

of 5 µW was sufficient to cure short bridges in the range 100 µm. The outcome was a 

uniform single channel waveguide as shown in Fig. 4-2.  

 

  
 
 

Fig. 4-2: 100 µm polymer bridge fabricated by 532 nm CW laser diode. The fabrication 
parameters were power of 5 µW, Exposure time 20 s and PETA with Eosin concentration of 

0.5 wt. %. The loss of waveguide was 1.2 dB at 532 nm.  
 

Increasing the gap between the two fibres stopped the progression of 

photopolymerization toward the output fibre end because Eosin molecules at the initially 

illuminated part near the input fibre absorbed a substantial amount of the curing 
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beam [100]. The situation led to oxygen quenching being dominant at some point beyond 

middle point of the bridge, such that the excited photoinitiator molecules instantaneously 

deactivated by predissolved or diffused oxygen molecules. Increasing beam power is one 

solution to prevent polymerization deterioration and to allow the reaction to proceed until 

whole waveguide forms. When the power was increased the single channel guide 

remained confined for a certain length. Then at some point the guided channel broke up 

into multiple fluorescence filaments as shown in Fig. 4-3(a). As the reaction developed 

the channel maintained its chaotic behaviour toward output fibre, see Fig. 4-3(b) [88].  

 
 

 
 

Fig. 4-3: Written single channel breaks up into separate guided channels upon increasing 
beam power of 532 nm CW diode laser. (a) Multiple channels appeared at the beginning of the 

chaotic processes after 2 s of illumination and when beam power was increased to 45 µW to 
form 2 mm polymer waveguide. (b) Development of chaotic channel toward sink fibre, same 

curing power and at 5 s from polymerization initiation. 
 

 
The problem can be attributed to the fact that used optical fibre (Corning, SMF 28e) 

is single mode at conventional telecommunication wavelengths which allows higher order 

modes when green laser propagtes through it. The used fibre has V - number about 6.8 

which is multimode at 532 nm and therefore the beam profile has not intensity distribution 

(a) 

(b) 
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as fundamental mode and may cause some non - uniformity in the written waveguide. To 

overcome the problem mode filters have been introduced to both input and output fibres. 

Fibres were tapered down from 125 µm to 40 µm such that the V- number (equ. (3- 17) 

filters higher order modes and only allow fundamental mode to be guided through the 

fibre [101-103]. The tapering was done for this experiment by Dr. S. Yerolatsitis. The 

schematic diagram of polymer bridge fabrication using monochromatic laser sources is 

illustrated in Fig. 4-4.  

 

 

 
Fig. 4-4: Experimental setup of self-written waveguide fabrication by 532 nm CW diode laser. 
The waveguide fabricated between two aligned fibres which were aligned by 633 nm laser after 

drop deposition. Two mode filters in the source and sink fibres for allowing them to let 
fundamental mode propagation. Loss was measured by logarithmic relationship between the 

output power through the polymer bridge and input power emerges from source power. 
 

 

This experimental set up enabled us to fabricate waveguides with high reproducibility 

and satisfactory optical transmisson but loss measurement was only possible at two 

wavelengths. Also loss varied with different mode filters for the same bridge length 

depending on the quality of tapering. The loss variation because of mode filters resulted 

in large uncertainities in loss mesurement associated with polymer waveguide. Moreover 
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The transverse position was optimized by observing the transmitted power at 1550 nm 

(where the fibre is single mode) received by the OSA. Once transmission at 1550 nm was 

maximized, the spectrum was recorded as the air gap transmission between fibres. Next 

a long pass, 1450 nm, filter (Thorlabs, FEL 1450) was placed between the xenon lamp 

and the input fibre to prevent premature photopolymerization. A small drop of the 

monomer mixture was put between two fibres to make a liquid bridge between them.  The 

positioning of the fibres was adjusted again to get maximum transmitted power at 

1550 nm since deposition causes some misalignment. By removing the optical filter 

photopolymerization started, Fig.  4-6(a). The fluorescence results from radiative 

deactivation of singlet excited state of Eosin and is bright initially then it becomes dimmer 

as reaction proceeds consuming Eosin molecules. The emission is an indication of where 

the reaction takes place and gives idea about the cross sectional size of the waveguide [6].    

The progress was monitored by taking repeated transmission spectra and optical 

micrographs. An initial waveguide bridge formed very rapidly between the two fibres but 

full formation took about 2- 5 minutes of consistent illumination depending on the bridge 

length. The remaining uncured monomer was rinsed off using ethanol, leaving an exposed 

polymer waveguide bridge rigidly attached between the fibre ends as an extension of the 

fibre core, as shown in Fig. 4-6(b). The rinsing step is critical in the bridge fabrication 

because the adhesion bond between polymer and fibre is weak so that imposing tiny extra 

pressure may break the bridge at the fibre/polymer interface. 
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4.5 Absorption at the photosensitive spectral range 

The absorption is high in the spectral range where Eosin is sensitive, particularly at the 

early stages of polymer bridge formation, as in Fig. 4-7. Then it deteriorates with reaction 

development because substantial amount of Eosin molecules are bleached to contribute 

in free radical generation. In photopolymerization initiation, the loss is highest because 

the bridge has not formed entirely and light is lost to diffraction as well as absorption. 

There is a 10% decreasing in absorption between first and second trace as light strongly 

confined in the channel and Eosin is consumed to quench oxygen and to initiate 

polymerization. There is a 90 s time gap between two successive traces during the 

photocuring. As the reaction continuous, the cured channel becomes more transparent and 

absorption decreases. The change becomes significant once more after rinsing because 

all monomer washed off. Then it slows down again after bleaching large proportion of 

residual Eosin molecules. 

 

 

Fig. 4-7: Absorption development during polymerization associated with 500 µm PETA bridge, 
0.5wt. % Eosin concentration. The time between every two successive traces is 90 s except the 

last one which was taken after 3 min from previous one. Absorption decreases with 
polymerization over the spectral range of photoinitiator sensitivity. Blue curves during 

polymerization and red curves after rinsing. 
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Fig. 4-10: Loss as a function of wavelength associated with 400 µm air gap and polymer 

waveguide bridges at different stages of formation. The waveguide fabricated from PETA drop 
with 0.5wt. % Eosin concentration illuminated with beam power of 12.8 µW of for 5 min.  
 

Nearly all polymer waveguides fabricated showed similar broad band, low loss 

transmission, and there was no significant increase of loss as the waveguide length 

increased. The polymer channels guide light very efficiently, especially when compared 

with an air gap between two fibres. This comparison is illustrated in Fig. 4-11, showing 

a loss between 0.5 dB and 1.26 dB for bridges 40 to 600 µm long in the spectral region 

where the fibre is single moded. At other wavelengths the attenuation was similar, even 

at shorter wavelengths where the fibre is multimode. For each length there was a target 

of 0.5 dB transmission loss, and one or two low-loss waveguides were fabricated, with 

the better loss presented in Fig. 4-11. Insertion loss remains around 0.5 dB for all bridge 

lengths up to 400 µm, then deviated from low loss line at 500 µm and 600 µm to cross 

1 dB value, as a result of fabrication difficulties. The rapid change is possibly a 

consequence of the poor surface morphology of the ends of these longer bridges, as 

discussed in section 4.10.1. Other factors may also have contributed in this efficiency 

falling. Transverse shifts of the fabricated bridge are more likely to happen for long 

bridges during rinsing. Also for such a large gap the initial alignment by maximization of 

measured at 1500 nm is very difficult because even with moving one of the fibres by a 

few microns the transmitted power does not change, so the waveguide growing from one 

core may be misaligned from the receiving fibre. 
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Complete bleaching takes a long exposure time and even with very long exposure the 

conversion rate never reaches 100% indicating some residual Eosin molecules remaining 

in polymer structure [105]. However the absorption peak in the blue region in Fig. 4-10 

might be related to yellowing effect caused by coinitiator which prevents reaching 100% 

conversion rate. Therefore polymer waveguides after rinsing are not fully transparent, in 

the other words they are not showing maximum transmission. The bright fluorescence 

immediately after rinsing indicates that there is still a substantial number of unbleached 

Eosin molecules in the polymerized structure.  

Fig. 4-13 (a and b) show variation of insertion loss at 1550 nm during two hours of 

continuous illumination. In the first 10 min there is a notable decrease in loss from 1.1  dB 

to 0.8 dB as continuous irradiation increases polymerization rate which improves the 

polymer waveguides transparency. Then the trend becomes semi plateau from 10 min 

until the whole two hours, although there is still some improvement in transmission 

efficiency associated with fluorescence weakening under extended exposure, but the 

slope of variation is very small as it is clear from the logarithemic scaled Fig. 4-13(b). 

 

 

 
Fig. 4-13: Loss variation associated with polymer bridge in Fig. 4-12 at 1550 nm under 

photobleaching. (a) Exposure time on linear scale. (b) Exposure time on logarithmic scale. 
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Fig. 4-14: 150 µm NOA61 waveguide; (a) during polymerization and (b) after rinsing. 
Polymerization happens only in small cross sectional area (of the order of fibre core size) where 
the beam intensity is higher, unlike PETA system the reaction has not extended to the wings of 

the written waveguide indicating high threshold energy of polymerization corresponding to NOA 
adhesives. 

 

NOA61 was the best sample to deal with experimentally as well as optically. The 

sample has moderate viscosity and provided the best optical transmission. Fig 4-15(a) and 

(b) show optical transmission of 100 µm and 200 µm NOA61 waveguides respectively. 

As it is clear transmission efficiency of the waveguide is not as good as that of PETA 

bridges.  

 

(a) 

(b) 
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Fig. 4-15: Loss as a function of wavelength associated with (a) 100 µm and (b) 200 µm air gaps 
and NOA61 polymer bridges at different stages of formation. The optical transmission of the two 

waveguides have different characteristics, unlike the case in PETA bridges where various 
waveguide lengths showed the same behavior at different stages of polymerization. 

 

The enormous inflation in loss is due to the waveguide bending during photo curing 

rather than actual absorption by the monomer. It could be a result of temperature rising 

during photopolymerization that reveals thermo-plastic property of NOA as the 

waveguide does not retain its straight form after rinsing. Loss reduces during bridge 

formation between (1300-1700nm) as can be seen from green line of Fig. 4-15. The 

reduction is not due to intrinsic properties of the waveguide material but because the 

bridge was straightened by adjusting translation stages to prevent the bridge from 

breaking at interfaces. The transmission of rinsed polymer waveguide also shows there is 

no substantial absorption due to O-H vibration. Although the waveguides were 

completely straightened after rinsing but still losses are high. The poor optical 
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