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Abstract 
 

Conjugated polymer semiconductors combine the processing and mechanical 

characteristics of plastics with the desirable optical and electronic properties of 

semiconductors. The aim of the research reported in this thesis was to investigate the 

evolution of the optical gain properties through three generations of electroluminescent 

fluorene-based polymers. Detailed optical, optoelectrical and gain characterisations 

were carried out on a range of different electroluminescent polyfluorene-based 

polymers.  

It was discovered that not all of the polymers were gain media as some were 

unable to give ASE. SC006 was found to be the most intriguing material among the rest 

of the tested polymers; this third generation polymer was found to be a non ASE 

material while achieving a high PLQE of 96% with 1.3ns-long excited state lifetime. 

Therefore it was evident that optimised highly efficient light emitting conjugate 

polymers for PLEDs are not necessarily effective optical gain media, and high steady 

state PLQE and long excited state lifetime are insufficient for good optical gain 

properties.  

Furthermore, in order to investigate the ASE quenching mechanism in SC006, a 

series of solvatochromism studies were carried out on this polymer. The time-resolved 

PL characteristics were compared between polymers of second and third generations.  

The combination of intermolecular and intramolecular energy transfer process was 

found to be responsible for the ASE quenching.  

Moreover, the effects of the differences in Yamamoto and Suzuki synthesis routes 

on optical gain properties of the first generation statistical and alternating copolymers 

were investigated and were found to be insignificant.  

Finally, the application of the gain quenching mechanism was demonstrated by an 

optical switching process performed on a polymer DFB laser. This enabled complete 

control over the laser emission from the polymer laser, thus achieving a minimum of a 

thirty fold reduction in the visible light output in the presence of a control pulse. 
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Chapter 1 Introduction 

Introduction 
Plastic has become one of the most important and widely used materials with its 

extremely broad range of applications in our everyday lives. Their widespread 

use is mainly due to the advantage of their polymeric structures; polymers are 

chains of molecules consisting of constituent repeat units connected along a 

backbone. This arrangement provides the tunability in their physical properties. 

Therefore, it is possible for polymers to mould into any desired shape, form and 

texture by altering their structure, which is a simple and cost efficient process. 

Polymers, or plastics, are well known for being good insulators, both thermally 

as well as electrically. Until in 1976, an extraordinary discovery on a novel type 

of polymer was made by Heeger, MacDiarmid, Shirakawa and their research 

group [3, 4], which awarded the Nobel Prize in Chemistry 2000. This unique 

class of polymers can be distinguished by their alternating single and double 

bonds between carbon atoms on the polymer backbone. They are identified as ̟-

conjugated polymers. They are also known as conducting polymers. This is 

because of their “conjugated” structure: electrons are delocalised along the 

polymer backbone, which gives the polymer a semiconducting nature. Since they 

are carbon based, conjugated polymers are organic semiconductors.  

The conjugated polymers have been attracting growing interest and attention 

from many different areas since the discovery. This is because of these novel 
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semiconducting materials combine the processing advantage and mechanical 

characteristics found in polymeric materials as well as the optical and electronic 

properties of the traditional semiconductors. Especially in the simple cost 

efficient polymer manufacturing process; polymers are dissolvable in common 

solvents [5, 6] (e.g. acetone, toluene, chloroform etc.), in effect, polymer 

semiconducting devices can be easily fabricated by solution deposition methods 

such as spin-coating and inkjet printing.  

An exceptional breakthrough was made by Burroughes, Bradley and Friend in 

1990 as they discovered the electroluminescence properties in a conjugated 

polymer, poly(p-phenylenevinylene) (PPV) [6]. This discovery offers a 

completely new angle for semiconductor application. For instance, many 

conjugated polymers are found to be capable of generating light optically or 

electrically. Furthermore, light-emitting polymers can be made to emit the three 

primary colours. Consequently, it would be possible to fabricate flat panel colour 

displays or even flexible displays with light-emitting diodes made of conjugated 

polymer films. Due to this exciting possibility, tremendous amount of attention 

from different industries around the world was drawn to the developments of 

conjugated polymer light-emitting diodes. Since the late 1960s till today, a lot of 

research have already been carried out on polymer light-emitting diode 

developments [7].  

Owing to the enthusiasm in this pursuit, numerous advanced achievements have 

been accomplished in the field. This has made a remarkable contribution in 

expanding our knowledge in the conjugated polymers, which encourages further 

exploration in the other potential applications of this opportune material. Many 

examinations have been performed on the development of the other polymer 

semiconductor devices, such as polymer field-effect transistors [8-10], solar cells 

[11-13], lasers [14] as well as optical amplifiers [15].  
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1.1 Properties of Conjugated Polymers 

A polymer is a macromolecule of connected constituent repeat units of similar of 

different structure called monomers. If only one repeat unit is present, the 

polymer is usually termed as a homopolymer. Poly(9,9-dioctylfluorene) or PFO 

is an example of a homopolymer. Figure 1.1a shows the chemical structure of 

PFO. If two or more monomers are involved in the polymerisation process, the 

molecule is referred to as a copolymer. Poly(9,9-dioctylfluorene-co-

benzothiadiazole) or F8BT is an example of a copolymer, whose chemical 

structure is shown in Figure 1.1b. Copolymers can be further classified to 

alternating, block and statistical depending on their specific configuration, which 

is displayed in Figure 1.2. 

   

Figure 1.1 shows the chemical structure of a) poly(9,9-dioctylfluorene), also known as 
PFO, as an example of a homopolymer and a b) Poly(9,9-dioctylfluorene-co-
benzothiadiazole), also known as F8BT, as an example of a copolymer. 

Polymers are described as organic if their main constituents are carbon (C) and 

hydrogen (H) atom. Conjugated polymers are organic as they are carbon-based. 

Organic conjugated polymers are characterised by an alternation of single and 

double (or triple) bonds along their backbone due to the sp2 (or sp3) 

hybridization of carbon (details discussed in Section 1.1.1). 

(a) (b) 
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Figure 1.2 shows the examples of different types of polymers formed from the 
combinations of two monomers units. Figure is adapted from [16]. 

1.1.1 Carbon Chemistry – Orbital Hybridisation 

The optical and electronic properties of polymers depend on the hybridization 

state of the carbon atoms. The electronic configuration of an isolated atom of 

carbon is 1s22s22p2. Carbon has two electrons in the 1s orbital and these two 

electrons are bonded strongly to the carbon nucleus, hence, this filled orbital 

plays very little part in carbon bonding. There are four valence bonded electrons 

in the second energy level: one 2s and three 2p orbitals. Since these valence 

electrons are not paired (as explained in the Hund’s rule), they are available for 

bonding with other neighbouring atoms. Figure 1.6  shows the process of ̟ bond 

formation between two double-bonded carbon atoms. In order for the carbon to 

form four bonds, an electron is transported from the 2s sub-shell into the higher 

orbital, 2p orbital. This increase in energy is outweighed by the formation of the 

two bonds [17, 18]. When interacting with other atoms, the orbitals of the second 

shell undergo a hybridisation process that mixes the 2s with the three 2pxyz 
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orbitals giving new sp wavefunctions [19]. Hybridisation of the s and p orbitals 

can be either total or partial.  

1.1.1.1 sp3 Hybridisation 

When all the orbitals in the second energy level are involved in the hybridisation, 

the new configuration is called sp3, represents total hybridisation. A 

representation of the formation of sp3 hybridised orbitals in carbon is shown in 

Figure 1.3. In sp3 hybridisation, an electron from the 2s orbital is promoted to the 

empty 2p orbital (2pz in Figure 1.3). The 2s orbital and the three 2p (2px, 2py and 

2pz) orbitals are hybridised to produce four new sp3 of equal energy. It is worth 

noting that the sp3 orbitals are higher in energy than the 2s orbital, but less 

energy than the 2p orbitals. Each wavefunction consists of a large lobe pointing 

in the direction of one corner of a regular tetrahedron. The angle between the 

axes of the four sp3 hybrid orbitals arranged around the carbon nucleus is 109.5o, 

forming a tetrapod.  

 

Figure 1.3 shows the formation of sp3 hybridised orbitals in a carbon atom. The first 
energy level with its filled non-bonding 1s orbital is not shown. Figure is adapted from 
[20].  

The sp orbitals are allowed to overlap along the axes of symmetry in the sp3 

configuration. This leads to the formation of four single bonds with four 

hydrogen atoms (methane), or three hydrogen atoms and one carbon atom 

(ethane). The orbitals overlap gives either bonding orbitals (σ) or antibonding 
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orbitals (σ*), where the σ-orbitals are fully occupied by sp electrons and the σ*-

orbitals are empty. The energy separation between the σ and the σ* orbitals is 

often higher than the ionisation potential, hence, most of the polymers with this 

configuration of carbon atoms are insulating. 

1.1.1.2  sp2 Hybridisation 

When only three of the four orbitals in the second energy level are involved in 

the hybridisation, the new configuration is called sp2, represents partial 

hybridisation. A representation of the formation of sp2 hybridised orbitals in 

carbon is shown in Figure 1.4. In the sp2 partial hybridisation, one of the 

electrons from the 2s orbital is promoted to the empty 2p orbital (denoted 2pz in 

Figure 1.4). The 2s orbital and two of the 2p (2px and 2py) orbitals are hybridised 

to produce three new sp2 of equal energy, while an original 2p state remains 

unaltered.  

 
Figure 1.4 shows the formation of sp2 hybridised orbitals in a carbon atom. The first 
energy level with its filled non-bonding 1s orbital is not shown. Figure is adapted from 
[20]. 

This results in three sp2 orbitals lie in a plane with an angle of 120o between them. 

The remaining un-hybridised pz orbital lies perpendicular to the plane (i.e. at 

90o). Figure 1.5 provides the graphical description of the formation of sp2 hybrid 

orbitals in a carbon atom with a 3-D image of a sp2 orbital (bottom right). 
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Figure 1.5 shows the formation of a sp2 hybridisation in a carbon atom. Figure adapted 
from [21]. 

In this sp2 orbital configuration, each carbon atom needs another sp2 hybridised 

carbon atom before it can bond to form a molecule. The simplest example is 

ethylene (also known as ethene, C2H4), where two of the three sp2-hybridised 

orbitals from each carbon atoms form σ-bonds with hydrogen atoms, whilst the 

third sp2 orbital from each carbon atoms overlaps to form a σ-bond, which plays 

part of the double bond in this system.  The remaining pz orbitals from each 

carbon atoms then overlap each other side-by-side above and below the σ-bond 

of the sp2 orbitals, to form another carbon-carbon bond - this is known as the ̟-

bond. The ̟-bond is relatively weaker than the σ-bond, and ̟-bond can 

delocalise. The delocalisation of electron density over an extended polymer chain 

lowers the internal energy, hence, increases the system stability. The 

combination of one σ-bond and one ̟-bond is referred to as a carbon-carbon 

double bond (C=C). When a carbon atom is bonded to another by a double bond, 
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the carbon atom has hybridised sp2 orbitals. Figure 1.6 shows the formation of a 

sp2-sp2 σ-bond and the pz-pz ̟-bond in ethylene. 

 
Figure 1.6 shows the formation of ̟-bond and σ-bonds between two sp2-hybridised 
carbon atoms. Figure adapted from [19].  

The sp2 hybridisation allows the formation of double bonds between the carbon 

atoms. The hybrid sp orbitals overlap giving rise to σ to σ* bonds, while the pz 

orbitals can overlap, keeping their symmetry axes parallel to each other, and 

form ̟ (bonding) and ̟* (anti-bonding) orbitals. This process is depicted in 

Figure 1.7. 

1.1.1.3 sp1 Hybridisation 

When only one of the three 2p orbitals (2pz) is involved in the hybridisation with 

the 2s orbital to form two sp wavefunctions, the configuration is called sp1, 

represents partial hybridisation. In this case, the sp1 orbitals point in opposite 

directions symmetric with respect to the nucleus (i.e. 180o); the un-hybridised py 

and pz orbitals lie perpendicular to their direction. 

The sp1 hybridisations allow the formation of triple bonds. The simplest 

molecule formed in this way is ethyne (C2H2), where one of the two hybridised 

sp1 orbitals of a carbon atom overlaps with the sp1 orbital of the neighbouring 

carbon atom to form a σ-bond, whilst the other sp1 orbital forms a bond with a 
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hydrogen atom. The remaining two 2p orbitals (2pxy) of the two carbon atoms 

also overlap sideways with the other 2pxy of the adjacent carbon atom to form 

two ̟-bonds. This combination of one σ-bond and two ̟-bonds is equivalent to a 

carbon-carbon triple bone (C≡C). 

What is more, similar to the sp2 hybridised orbitals, the hybrid sp1 orbitals 

overlap giving rise to σ to σ* bonds, while the pz orbitals can overlap, keeping 

their symmetry axes parallel to each other, and form ̟ (bonding) and ̟* (anti-

bonding) orbitals. This process is depicted in Figure 1.7. 

 
Figure 1.7 shows the two possible configurations of ̟-bond: ̟ bonding orbital (top) and 
̟* anti-bonding orbital (bottom). Figure adapted from [22]. 

1.1.2 ̟-Conjugated Polymers  

Conjugated polymers are characterised by alternating single (σ) and double 

bonds (σ + ̟) and/or single and triple bonds along their backbone due to the sp2 

or sp3 hybridisation of the carbon atoms they contain. Hence, there is an 

extended ̟ electron system along the conjugated polymer backbone. 
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The σ-bonds do not usually contribute to the chemical reactions as the ̟-bonds 

are the functional groups in the chemical structure. The σ electrons are strongly 

bonded and localised, which cause restrictions in the movement of σ electrons. 

Whereas, the ̟ electrons are weakly bonded and are delocalised along the chain 

backbone, which permit the ̟-electrons freedom to move throughout the plane. 

The delocalised ̟ electrons are responsible for making electric current 

conductivity possible in conjugated polymers; hence, they are also known as ̟-

conjugated polymers. The electronic delocalisation increases the speed for charge 

mobility along the backbone of the polymer chain. This implies, for example, 

that transition dipole moment for an optical transition has a major component 

parallel to the polymer backbone. As a result, the conjugated polymers have a 

network of strong σ-bonds which hold the molecules together, and a delocalised 

network of ̟ bonds which offers the charge mobility along their backbone. 

According to the sp2 hybrid structure, there is one electron in the pz orbital for 

each carbon atom that will be put in participation with the adjacent atoms to 

form the ̟ band. In this way, the ̟ band should be half filled and a metallic 

behaviour would be expected for these materials. However, it has been shown 

that in structure such as polyacetylene, the length of the double bond is shorter 

than the length of the single bond. This is defined dimerisation of results in a 

“doubling” of the size of the unit cell, hence opening a gap in the ̟ band. The 

stronger the effect of the dimerisation, the higher the energy gap will be. As a 

consequence of this, most conjugated polymers behave as semiconductors rather 

than metal. 

1.1.2.1   The Benzene Ring 

The benzene ring (C6H6) is an example of carbon conjugation of six adjacent sp2 

hybridised σ-bonded carbon atoms connected as a ring in a plane. Each carbon 
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atom forms a σ-bond with each of its neighbours, and the remaining six sp2 

orbitals bond to hydrogen atoms (the side group). 

    
Figure 1.8 shows schematics of two possible benzene ring bond configurations: Kekulé 
structure on the left, and a simplified depiction of electron delocalisation by a circle on 
the right. 

 
Figure 1.9 shows a fluorene structure with numbering of sites available for substitution.  

There are various ways to represent benzene and Figure 1.8 shows two common 

representations to express a benzene ring bond configuration: a Kekulé structure 

on the left, and a simplified depiction with a circle to signify the complete 

delocalisation of the six ̟-electrons. The benzene molecule has a quantum 

mechanical superposition of the two states, where the ̟ electrons are complete 

delocalised in a cloud that spans the entire molecule (above and below the plane 

of the carbon-carbon and carbon-hydrogen σ-bonds). The benzene ring is a 

prototypical case of a conjugated molecule. Figure 1.9 shows the formula drawn 

for a basic fluorene structure, which consists of two coplanar benzene rings with 

the central carbon 9. The numbers (1 to 9) indicate the positions of available sites 

for side group substitution. This is the common building block for all the 

polymer studies reported in this thesis as they are all fluorene-based polymers. 
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1.2 The Three Generations of Fluorene-based 
Polymers 

Many different types of fluorene-based polymers have been examined and their 

properties have been explored and discussed throughout this thesis. In order to 

give a clear comparison, all investigated polymers reported in this thesis have 

been divided into three generations. As this is a new way to categorise the 

different polyfluorenes, the definition of each generation is provided in this 

section. 

The first generation (or generation one) fluorene-based polymers are 

homopolymers - PFO is a very good example of a homopolymer (as shown in 

Figure 1.1a). The first generation polymers are the simplest form of the three 

generations. They are homopolymers consisting of one type of monomer (F8 for 

PFO), or they can be copolymers consisting of two similar functional units 

covalently bonded to the main polymer backbone in a statistical or alternating 

order. The statistical copolymer Y80F8:20F5 (as shown in Figure 5.3), and the 

alternating copolymer, S80F8:20F5 (as shown in Figure 5.5) are good examples of 

first generation copolymers, which consists of F8 and F5 units only. The 

polymers in this generation are often found to be inefficient PLED materials as 

they posses high carrier mobility (10-2 to 10-3 cm2V-1s-1) [23].  

The second generation (or generation two) polymers are polymer blends, where 

two (or more) different polymers (of first generation or third generation) are 

blended together to create a new material with different optical and electronical 

properties. These second generation polymers usually possess similar optical 

properties to their parents, however, new properties can also be found in them 

(e.g.  different excited state lifetimes). It is worth noting that no experiment 

analysis was carried out on the second generation polymers, however, the 
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properties were studied and compared using results published in [24-26] (see 

Chapter 4 for details).  

The third generation (or generation three) polymers are the complex 

copolymers. They consist of two or more dissimilar functional molecular units 

chosen for their electronic properties. One of the units acts as an electron 

acceptor in the polymer system and the other as an electron donor. Arylamine 

moieties are often found in the third generation polymers as they possess 

properties that enhance the charge carrier injection for PLED performance 

optimisation. The statistical copolymer Y95F8:5BSP is an example of a third 

generation polymer (illustrated in Figure 4.2); it consists of 95% F8 as the electron 

donor units and 5% BSP. 

The studies detailed in this thesis are based on the investigation of the evolution 

of gain properties through three generations of fluorene-based polymers.  

1.3 Electronic Properties of ̟-Conjugated 
Polymers  

This section discusses the electrical properties in a ̟-conjugated polymer system, 

therefore, the focus here is on the sp2 hybridised orbitals between a pair of 

double bonded carbon atoms (details in Section 1.1.1). The double bond in sp2 

configuration is the combination of one σ-bond (sp2-sp2) and one ̟-bond (pz-pz). 

Figure 1.10 shows the energy diagram of the molecular orbitals of the double 

bonds in sp2 hybridised configuration (i.e. C=C). The energetic scales of σ* and 

̟* orbitals are shown in Figure 1.10, it can be seen that the energy level of σ* 

orbital is higher than the ̟* orbital, hence, to excite a σ electron always requires 

more energy than a ̟ electron. As with many other phenomena, nature always 

takes the easiest route, i.e. the way with the least required energy and time. 
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Therefore, the σ-σ* transition is rare. Most of the optoelectronic properties of 

conjugated polymers are determined by the ̟ electrons. 

The ̟ bonding orbital originates from the overlapped wavefunction of two in-

phase pz orbitals, while the ̟* antibonding orbital comes from overlapped 

wavefunction of two out-of-phase pz orbitals. Figure 1.7 provides the graphical 

description of the ̟ and ̟* orbital formation.  

 
Figure 1.10 shows the energy diagram of molecular orbitals for a pair of interacting 
carbon atoms in the chain of a ̟-conjugated polymer (i.e. C=C is involved).  

In this molecular orbital model, the first two electron from the first energy level, 

1s2, cluster close to the atomic nucleus. These 1s electrons are strongly bonded 

and do not take part in the carbon bonding process. Subsequently, the rest of the 

electrons fill the delocalised ̟-orbitals. The highest occupied molecular orbital 

(HOMO) of the polymer system is the ̟-orbital occupied by the last two 

electrons. Hence, HOMO of the conjugated polymer system is set by the ̟ 

bonding orbital. On the other hand, the ̟* antibonding orbital is the lowest 

energy unoccupied molecular orbital (LUMO).  Comparing to the inorganic (i.e. 

crystalline) semiconductors, HOMO and LUMO can be correlate to the valence 

band and the conduction band. Furthermore, the energy difference (denoted as 

∆E in Figure 1.10) between the HOMO and LUMO is often referred as the band-
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gap of the conjugated polymer system, however, there are no band involved, 

therefore, the appropriate term to describe ∆E is energy gap or optical gap.  

The electron delocalisation extends throughout the length of the polymer chain. 

As the conjugation length increases, the energy levels split into many closely 

lying energetic states and spread in energy leading to a decrease in the optical 

gap. This is illustrated in Figure 1.11. 

 
Figure 1.11 shows the energy diagram of ̟ and ̟* orbitals with increasing the number N 
of single-double bond alternations. Figures adapted from [27]. 

1.4 Absorption and Emission in Conjugated 
Polymers 

The processes of absorption and emission of light in a typical organic molecule 

are illustrated in Figure 1.12 and Figure 1.13; Figure 1.12 focuses on the 

absorption and the emission process of a hypothetical molecule, where the 

potential energy (E) is plotted against distance (r) for chemical bonds in ground 

state (S0) and in excited state (S1). Whilst a broader picture is provided by Figure 
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1.13 where the expected spectra are sketched in relation to the corresponding 

transitions between the different energy states of the molecule.  

 
Figure 1.12 shows a simplified energy curve (E) versus chemical bonds distance (r) 
illustrating the process of absorption (blue) and emission (red) between ground state (S0) 
and excited state (S1). Vibrational states are represented by horizontal lines. 

As shown in Figure 1.12, the energies of the ground (S0) and first excited state (S1) 

are shown by the respective molecular potential energy curves, adopting the 

Born-Oppenheimer approximation [28, 29], where the approximation assumes 

that the wavefunction of a molecular state (ψ) is the product of electronic (φ) and 

vibrational (Χ) wavefunctions, and the total energies of ground and excited 

states are the sums of electronic and vibrational components. Transitions from 

the ground state to the excited state are induced by the absorption of a photon of 

energy matching the difference between HOMO and LUMO levels, which is 

indicated by the blue vertical arrows in Figure 1.12. In this way, vibrational 

energy is linked to electronic transitions, so changes in the distribution of 

molecular electronic energy levels should be accompanied by vibrational 

reconfiguration. Transitions are thus referred to as “vibronic” if they involve 

changes in both electronic and vibrational states. These energies are a function of 
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the configuration coordinate of the system, which corresponds to the relative 

position of the atomic nuclei. Some vibrational states of each electronic level and 

their wavefunctions are shown in the figure as well.  

 

Figure 1.13 illustrates the absorption and emission processes in a typical conjugated 
material. This is an ideal mirror-image of the processes in order to present a clear 
portrait of the processes as well as the Stokes shift. Figure adapted from [30]. 

All electronic transitions are plotted as vertical lines in both Figure 1.12 and 

Figure 1.13 according to the Frank-Condon principle as it governs the absorption 

process. This principle is an approximation stating that the nuclei movements 

are slow (10-13s) compared to electronic transitions (10-15s). Hence, during any 

electronic transition there is no change in the molecular geometry and the nuclei 

can be considered as being in a fixed position.  

The Boltzmann distribution describes the population of the various molecular 

states at thermal equilibrium, therefore, the ratio of molecules in each state is 

given by R = e(-∆E / kT). Due to the large energy difference between the ground 

and the first excited electronic states, thermal excitation prevents any molecules 
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populating in the excited state. Also, a very simple calculation yields that at 

room temperature, the thermally excited molecules on the first excited 

vibrational state account for less than 1% of the total ground state population. 

Hence, to a very good approximation, at thermal equilibrium all molecules can 

be found at the lowest vibrational level of the ground state.  

Absorption of a photon of suitable energy occurs from the lowest vibrational 

level of the ground electronic state to the various vibrational levels of the first or 

higher excited states (see blue vertical lines in Figure 1.12). The probability of 

each vibronic transition is dependent upon the overlap of the vibrational 

wavefunctions of the initial and final state and is given by the Frank-Condon 

factor: S υ’ υ = (<υ’| υ>)2, where υ and υ’ refer to the initial and final vibrational 

levels respectively. After excitation, the molecules rapidly relax to the lowest 

vibrational level of the first excited electronic state as indicated by the small 

black vertical arrows in Figure 1.12. This process is known as internal conversion 

and usually lasts for less than about 10-12s. The molecules can then radiative 

decay (via fluorescence emission) to the various vibrational levels of the ground 

state, as denoted by the red vertical arrows in Figure 1.12.  

Consequently, an absorption spectrum gives information about the vibrational 

levels of the excited states, while an emission spectrum reflects the vibrational 

structure of the ground state. At this point, it must be mentioned that although 

Figure 1.13 suggests mirror image symmetry between the absorption and 

emission spectra, this is not generally the case in conjugated polymers. This can 

be attributed to the presence of a random distribution of conjugation lengths that 

results in a spread of the ̟ - ̟* bands (which all contribute to the absorption 

spectra). In other words, the absorption spectra tend to sample all conjugated 

segments. In contrast, the case of emission is different. Excitations can hop to 

longer conjugation length chains and thus, differentiate the emission spectra or 
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in more general terms, the emission can be accompanied by different geometric 

arrangements.  

The degree of structural disorder is also an important factor in determining the 

shape of the emission spectrum of a conjugated polymer. In an ordered polymer, 

the vibronic lines of the emission spectra are sharper, and thus give useful 

information about the underlying vibronic structure. However, this is different 

in highly disordered polymers, as the vibronic lines are not clear and most of the 

relevant information is lost.  

1.4.1 The Jablonski Diagram 

The Jablonski diagram, as shown in Figure 1.14, is commonly used to illustrate 

the main photophysical processes that occur in a conjugated polymer [31-33]. 

Transitions between the states are illustrated as straight or wavy arrows. These 

photophysical processes include optical absorption (green vertical upward 

arrows), fluorescence or phosphorescence (shown by red vertical downward 

arrows), non-radiative decay (shown by cyan wavy arrows), intersystem 

crossing (blue wavy arrow), vibrational relaxation and internal conversion (both 

denoted by yellow wavy arrows).  The approximate lifetimes of the electronic 

transitions are shown in the legend of Figure 1.14. 

As described in Section 1.4, absorption of light (duration 10-15s) leaves the 

molecule in a vibrational level of one of its electronically excited states (S1 or 

higher). Direct absorption from the ground state, S0, to an excited triplet state (T1 

or higher) is highly improbable as it will be accompanied by a change in the spin, 

which violates the law of the spin angular momentum conservation. 

Immediately after arriving at the excited vibronic state, the molecule will start to 

vibrate in order to giving up its excess vibrational energy. These vibrations have 

a lifetime of less than 10-12s and thermally de-excite the molecule to the lowest 
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vibrational level of the excited electronic state. This process is known as 

vibrational relaxation. In the case, the molecule is excited higher than the S1 

electronic state (e.g. into the S2 state), vibrational relaxation is followed by a 

rapid, radiationless loss of energy by de-excitation into the first excited state (S1). 

This process, known as internal conversion and its typical lifetime lies in the 

range of 10-14s to 10-12s.  

 
Figure 1.14  The Jablonski diagram: showing absorption, internal conversion, 
fluorescence, inter-system crossing and phosphorescence are all represented. (Adopted 
from [34]) 

After arriving at the lowest (υ =0) vibrational level of the S1 state, the molecule 

can then decay to the ground state (S0). This can be done either by emitting a 

photon with energy that corresponds to the energy difference between the two 

participating levels or in a non-radiative manner. The first case is called 

fluorescence and typical lifetimes range from 10-9s to 10-7s.  
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In conjugated polymers, triplet states typically lie lower in energy than their 

singlet counterparts. A molecule on the first excited singlet state has a possibility 

to undergo a transition to the first triplet state. Such a transition is referred to as 

intersystem crossing and its rate depends on the intersections of the S1 and T1 

molecular energy surfaces [35]. From the triplet state, the molecule can decay to 

the ground electronic level either by emitting a photon or in a non-radiative 

manner. In the case that the decay to the ground level is accompanied by 

emission of radiation, this radiation is called phosphorescence. The lifetime of 

phosphorescence is much longer than that of fluorescence, since it is a quantum 

mechanically forbidden process, and can range from 10-3s to 10-2s.  

1.4.2 Stokes Shifts 

The 0↔0 transitions of the absorption and photoluminescence spectra in Figure 

1.13 do not peak at the same wavelength. This is the case for most conjugated 

polymers, where there is a considerable energy difference between the ground 

state (absorption) and first excited state (emission). This energy difference is 

known as the Stokes shift. The 0�0 absorption peak lies at a slightly higher 

energy than the 00 emission peak. Typical displacements, the Stokes shifts, are 

of the order of 0.1eV. There are several factors that can contribute to this energy 

shift, such as structural and vibrational relaxations, and intra/inter-chain exciton 

migration. 

The intrinsic Stokes shift is caused by the structural relaxation of the molecular 

excited state. This non-radiative relaxation process lowers the energy of the 

excited state after excitation, so the energy required to generate the excited state 

is slightly (typically around 0.1eV) larger than the energy released during 

radiative relaxation to the ground state. In conjugated polymers, however, this is 

a relatively minor effect. The major contribution comes from the extrinsic Stokes 
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shift associated with the inhomogeneous distribution of effective conjugation 

lengths. 

Morphological disorder causes a variation in the size of chromophores, which in 

turn results in an inhomogeneous broadening of the density of states. Since all 

chromophores contribute to the absorption, photons with a wide range of 

energies are absorbed by the material.  However, if excitation occurs above the 

absorption edge, the photo-generated excitons will migrate to the most extended 

chromophores (as they have the lowest energy) before recombination and 

radiative relaxation to the ground state takes place. There is consequently a 

predominance of low-energy transitions in the photoluminescence spectrum.  

1.5 Conjugated Polymer Optical Gain Media 

Apart from all of the beneficial natures found in polymeric materials mentioned 

previously, there are several further reasons why these semiconducting 

conjugated polymers are attractive laser materials.  

First of all, they generally have broad emission spectra [36] (See Figure 1.15).  

This is a favourable feature for designing a new class of solid state tunable lasers 

[37] as it permits large bandwidth of information to be generated or amplified. 

This is a very promising sign for broadband optical amplifiers development for 

ultrafast data communications [38]. Moreover, as it can be observed on Figure 

1.15 that the absorption and photoluminescence spectra are separated from each 

other. Thus, self absorption of emitted light would be weak. This aspect suggests 

that the conjugated polymers are able to act as a low-threshold four level system, 

which is very encouraging for laser development.  

In addition, apart from the ease in fabrication and the flexibility found in 

polymers, conjugated polymers have another attractive property as a laser 
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source over current traditional ones; their energy gaps cover the visible spectrum, 

while the conventional inorganic lasers do not cover the whole visible region of 

the spectrum. In addition, fluorene-based polymer gain media for solid-state 

laser emission cover across the full visible spectrum has already been 

demonstrated [39]. 

 

Figure 1.15 A selection of absorption and photoluminescence spectra demonstrating 
their generic broad spectra feature. These results are collected from the blue emitting 
conjugated polymer thin films (approximately 110nm thick) chosen for this study. (a) 
SC006 and (b) SC010 are from the same family whereas (c) SCB3 and (d) SCB11are from 
another family of polymers. 

Furthermore, conjugated polymers are found to have strong absorption, which 

can reach to order of 105 cm-1 in the solid state [15]. Therefore, this indicates that 

if a polymer film, with a thickness of 100nm is optically excited from its side, the 

film will be able to absorb most of the incident light and produce a strong gain 

accordingly. Comparing with the currently existing 100m-long fibre devices, this 
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characteristic is very attractive for the development of ultra compact lasers and 

optical amplifiers. 

One of the main purposes of this research is to make electrically pumped solid 

state polymer lasers possible and conjugated polymer has the properties to help 

realising this goal.  For instance, it has been found that conjugated polymers 

exhibit small concentration quenching [40, 41] (detailed in Section 1.5.1), which is 

an effect that occurs at high concentration where the molecules begin to absorb 

its own fluorescence, whereas quenching has been an obstacle for producing 

organic solid state dye lasers and it would be difficult to achieve such objective 

as an electrically pumped dye laser. Although dyes are able to produce high 

fluorescence in solution, they are usually non-fluorescent in the solid state as 

luminescence would be quenched by the formation of aggregates or dimers [42-

45]. On the contrary, conjugated polymers are strongly luminescent in the solid 

state; their photoluminescence quantum efficiency can often be above 50% [16, 

38]. As conjugated polymers benefit their small concentration quenching effects, 

this presents the possibility to produce electrically pumped polymer laser as well 

as polymer optical fibres. Moreover, conjugated polymers have a higher 

potential as a new class of solid-state laser material than dyes because they are 

semiconductors, hence, they are more likely to be electrically pumped 

successfully.   

However, the visible optical gap (or band-gap) found in conjugated polymers 

presents a possible disadvantage for telecommunication applications as the 

sources and amplifiers in the field operate in the infrared from 1.3 to 1.5 µm in 

order to match the minimum loss of silica fibre. Nevertheless, conjugated 

polymers are applicable to data communications, where the wavelength for 

optimal process is not strictly defined as operational distances are relatively 

shorter. Conjugated polymers could be fabricated as polymer optical fibres 
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(POF). POFs can be made in a graded index profile with a large core with a 

moderate amount of dispersion. This can be an excellent data communication 

device for home or small networks. Additionally, recent achievements in 

photonic crystal fibre (PCF) indicate that it is possible for PCFs to carry visible 

light over long distance [46]. There is always a possibility that the future 

communication system to migrate to shorter wavelengths as they offer larger 

bandwidths. 

As for the disadvantages of conjugated polymers applications in lasers and 

optical amplifiers, the main obstacle would be the weak photostability found in 

these organic semiconductors. Conjugated polymers are very sensitive to water 

as well as oxygen, thus the devices made from these materials usually operate 

under a vacuum environment or a background void of oxygen and water [47].  

In spite of this fact, Cambridge Display Technology Ltd. and Sumitomo® were 

able to develop longer lifetime blue light emitting polymer LEDs, which have 

had a lifetime up of 20,000 hours from an initial luminance of 400cd/m², 

equivalent to over 320,000 hours from 100cd/m² [48], which is a very 

encouraging achievement. 

Due to the strong optical absorption of conjugated polymers, the other 

disadvantage lies in their short excited state lifetime; their excited state lifetime is 

of the order of a few hundred picoseconds. The shorter the excited state lifetime 

is, the more difficult it is for the material to maintain a population inversion. 

1.5.1 Concentration Quenching 

Concentration quenching, also known as quenching, is an effect found in many 

fluorescent materials. This is a mechanism by which the fluorescence induced by 

the sample is being quenched via self-absorption at a high sample concentration. 
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Provided the sample concentration is low or below the quenching threshold, the 

sample fluorescence intensity is directly proportional to the sample 

concentration. However, as the sample concentration increases beyond the linear 

region or the quenching threshold, the fluorescence intensity decreases as the 

sample begins to absorb its own emission so that less light can be detected. Thus 

quenching occurs. Figure 1.16 illustrates a clear example of a quenching effect on 

the detected fluorescence with different sample concentration levels. 

 
Figure 1.16 shows an example of a typical concentration quenching effect on a 
fluorescent sample with different concentration level. 

Organic dyes are good candidates as laser sources as they give high fluorescence 

in solution. However, dyes suffer from concentration quenching. Even in their 

solution form, the concentration levels need to be kept within the range of µM to 

mM, since quenching effects would appear if the solution concentration is above 

mM [43]. Therefore, since very high threshold would be needed to generate 

lasing from laser dyes in the solid state, they are usually non-fluorescent in the 

solid state as luminescence would be quenched by aggregates or dimer 

formations[16, 42, 43].  
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On the contrary, conjugated polymers are strongly luminescent in the solid state; 

their photoluminescence quantum efficiency can often be found to be above 50% 

[16]. As conjugated polymers benefit from small concentration quenching effects, 

this presents the possibility to produce electrically pumped polymer lasers as 

well as polymer fibres.  

1.5.2 Polymer Lasers 

Laser is the acronym of the phrase “Light Amplification by Stimulated Emission 

of Radiation” [49]. In general, a laser consists of an amplifying material (the 

“gain medium”) placed within a resonator that provides positive optical 

feedback. For example, a laser resonator can be formed by placing the gain 

material between two mirrors or by a grating arrangement. Several different 

forms of resonators can be used to introduce feedback in organic semiconductor 

lasers. Some examples are distributed feedback (DFB) waveguides [50], 

distributed Bragg reflectors (DBR) [51] and whispering gallery mode structures 

[18]. Most of these resonators have been originally developed for inorganic 

semiconductor lasers [52, 53]. 

Consider a narrowband radiation of appropriate frequency propagating through 

the two-level system described in the Section 1.4.1. It can be shown that the rate 

of change of the radiation intensity per unit length will be given by  

( )IgdzdI ν= , where g(ν) is the gain coefficient at frequency ν, and is 

proportional to the effective cross-section stimulated emission, σ, as  

( ) ( )12 NNg −=σν . N is the number of atom of population density, hence, N1 is the 

number of atoms in the ground state and N2 is the number of atoms in the 

excited state. This equation has the solution: ( ) )exp()( zgIzI o ν= . Therefore, the 

intensity will grow exponentially with increasing gain and propagation distance, 
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but this occurs only for low intensities as the gain actually saturates with 

increasing field intensity [54, 55].  

According to the above, the incident field is amplified when the gain coefficient 

has a positive value and diminishes in the opposite case. The gain has a positive 

value only when ( ) 012 >− NN . This state of the system is identified as 

population inversion and is achieved either by optical or electrical excitation. In 

the case of an absence of any means of pumping, 02 =N  and g becomes equal to 

1Nσ− .  

In order for significant amplification to occur, the length of the gain medium 

should be very large. However, another way to effectively increase the length of 

the medium is to introduce it in a resonant cavity so that the radiation passes 

though it many times before leaving it. In Fabry-Perot cavity, placing two highly 

reflective mirrors at the edges of the gain medium forms the resonator. One of 

the mirrors allows a tiny amount of the internal oscillating field to escape and to 

constitute the output beam. A resonator, apart from providing positive feedback, 

defines a stable mode of oscillation and thus, determines the output 

characteristics of the laser (wavelength, spatial mode etc).  

In a real laser, apart from the gain-amplification processes, there are several loss-

inducing mechanisms as well. These can include scattering of the oscillating field 

as it propagates through the medium, losses from the mirrors etc. For laser 

oscillation to occur, the gain per round trip must be greater than the respective 

losses. The relative strength of the loss mechanisms is thus, a determinant factor 

in the efficiency of a laser. The point at which the gain exactly outperforms the 

losses is called the laser threshold, and corresponds to a well defined threshold 

pump intensity. This is the beginning point of the oscillation. If the medium is 

pumped below the threshold, only spontaneous emission is observed.  



36 
 

1.5.3 Four-level Lasers 

In a four-level laser system, pumping proceeds from the ground to a higher 

excited state (Figure 1.17). The excited state has a very short lifetime (of the order 

of 10-12
 
s) and the molecules rapidly decay to the upper laser level, which has a 

longer lifetime, and, therefore a population inversion begins to develop. When 

population inversion is achieved, stimulated emission becomes the dominant 

deactivation pathway and laser oscillation begins. Furthermore, there is another 

radiationless transition that rapidly depletes the lower laser level and re-

populates the ground state.  

 

Figure 1.17 illustrates (on the left) a four-level laser system and (on the right) the 
equivalent operation scheme in conjugated polymers. 

Due to their vibronic structure, most conjugated polymers intrinsically have the 

electronic structure of a four-level system. The lower two levels correspond to 

the S0 ground state, while the upper two levels correspond to the S1 first excited 

state. The rapid radiationless transitions correspond to internal conversion 

between two vibrational levels; while the lasing transition takes place between 
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the lowest vibrational level of the first excited state and a vibrational level of the 

ground state (see Figure 1.17). Conjugated polymers share a lot of common 

properties with organic dyes. As a result, stimulated emission in conjugated 

polymers can be adequately described in most cases using the theories 

developed for the operation of dye lasers [56]. 

1.5.4 Amplified Spontaneous Emission 

The optical effect of spectral line narrowing can be demonstrated even in the 

absence of a resonator. This effect is believed to be caused by co-operative and 

collective mechanisms. Superfluorescence (SF) and superradiance (SR) are 

examples of co-operative processes. For collective processes, the most significant 

one is Amplified Spontaneous Emission (ASE) [54]. There have been years of 

debates over the responsible mechanism for spectral line narrowing found in 

conjugated polymers and now it has come to a conclusion that the spectrally 

narrow light is due to ASE[37, 57-66].  

The ASE characteristic is a very useful tool to identify good potential laser 

materials. The basic requirements for a “good potential” laser material are low 

lasing threshold with high net gain values together with low loss properties over 

distance. ASE measurements provide evidence of stimulated emission in a given 

medium and reveal information regarding its efficiency. They also offer 

information on the net gain and loss properties of a particular material, which 

can be used for optimising laser properties. What is more, the information given 

by ASE measurements describes the performance of the tested material in a real 

laser situation, where the results from the measurements could be directly 

utilized in the fabrication and optimization of efficient polymer DFB laser 

structures. With all this useful information that this mechanism provides, ASE 
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measurements were performed on the chosen materials in order to characterise 

their lasing potential. 

To produce ASE from a high gain material, spontaneously emitted photons (i.e. 

spontaneous emission) is directed along the pumped region (where population 

inversion occurs) of a high gain medium, which  can stimulate the emission of 

more photons and lead to a substantially increased output at the end of the 

medium. As misleading as it can be, although ASE is an acronym for amplified 

spontaneous emission, it is not a spontaneous emission; it is stimulated by 

spontaneous emission, therefore, it is a stimulated emission. 

Consider a field propagating in an amplifying medium characterised by the gain 

coefficient g. The change of the intensity ( )I  of the field per unit length ( )z  will 

be given by ( )( )πν 4221 Ω+= hNAgIdzdI . 21A  is the Einstein coefficient of 

spontaneous emission; 21A  describes the rate of change of the number of atoms in the 

excited state 2N  during a spontaneous emission process, 2212 NAdtdN −= .The second 

term of the right hand side of this equation, ( )( )πν 4221 ΩhNA , is the contribution 

to dzdI  from spontaneous emission, where h  is the Planck’s constant and ν  is the 

frequency of the emission. The factor π4Ω  (where Ω is an appropriate solid angle) 

accounts for the fact that only a small fraction of the initial spontaneously 

emitted photons will travel in the direction where amplification occurs. Ω can be 

approximated by A/L2, where A is the cross-sectional area of the amplifier and L 

is the length of the amplifier. The solution for the differential equation is 

( )( )( ) ( )( )( )gzgz egNhAegNhAzI 221221 414)( πνπν ≈−= , if e
gz

 >>1.  

ASE is therefore strongly dependent upon the length of the amplifying medium 

and large lengths are thus required for strong amplification. Waveguide 
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structures are a commonly used method to increase the path that the photons 

travel inside the gain medium and boost the ASE efficiency [60].  

The gain (g) is a function of wavelength. Therefore, as the pump intensity 

increases, the wavelengths around the position of the peak gain will experience 

much greater amplification than that experienced by all other wavelengths. This 

will result in a dramatic narrowing of the emission spectrum around that 

position; such behaviour can be identified as ASE narrowing. Therefore, the 

wavelength that ASE occurs is determined by the position of the maximum net 

gain. That position itself depends on the electronic structure of the material. 

Typical ASE linewidths range from 5 to 10nm. If amplification is sufficiently 

large along an amplifying medium, ASE can build up and extract most of the 

inversion energy into a powerful and directional output beam. As a result, it is 

said that the gain medium has transformed into a “mirrorless laser”.  
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Chapter 2 Experimental Techniques 

Experimental Techniques 
This chapter contains the details of the procedures taken for sample fabrication 

and experimental techniques employed in the studies reported in this thesis. 

This includes the lower energy measurements such as general optical 

characterisations with absorption and photoluminescence measurements, and 

the higher energy measurements such as optical gain characterisations with 

amplified spontaneous emission measurements.  

2.1 Polymer Waveguides Preparation 

The samples used in this research were prepared under cleanroom environment, 

in order to ensure high optical quality by avoiding contamination with dust 

particles. The active layer of the waveguides was spin-casted from solution. In 

order to prepare the solution, the dry polymer solids were weighed (with ±1mg 

precision) according to the required solution concentration (usually 10 to 

20mg/ml) and dissolved in the assigned solvent, which was typically toluene 

unless stated otherwise. Apart from consistency, toluene was chosen as the 

standard solvent for this research as previous studies have shown its ability to 

produce poly(9,9-dioctylfluorene) (also known as PFO) films with smooth and 

uniform morphology [67]; PFO is the main functional unit in all of the blue 

emitting polymers studied in this thesis. For thorough and uniform 
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dissolvability prior to deposition, agitation via magnetic stirring and gentle 

heating at around 70oC was applied to all solutions.  

For general optical characterisations and optical gain measurements, asymmetric 

slab waveguides with emissive polymer layers of thickness of approximately 

110nm were fabricated. The active polymer layers were spin-coated on 12mm x 

12mm Spectrosil B® quartz substrates. The reason that Spectrosil B® quartz was 

chosen as the standard material for the substrates used in this fabrication was 

mainly because of its optical transmission in the deep UV over a spectral range 

from 170nm to 2700nm in the infrared. What is more, the polymeric thin films in 

this study act as simple planar waveguides as the depositions of the thin 

polymer layers on top of low refractive index substrate; Spectrosil B® has a very 

low refractive index (ns =1.46) [68], compared to normal glass (ng=1.56). The 

increased refractive index contrast boosts waveguiding by better confining the 

guided mode inside the polymer layer.  

Before spin-casting, the substrates were cleaned with acetone in the ultrasonic 

bath for 30 minutes at 60oC. They were then blow-dried with nitrogen gas and 

placed on a hot place for >30 minutes at 100oC to remove any residual moisture. 

Subsequently, the substrates were exposed to oxygen plasma in an Emitech 

K1050X plasma asher for 3 minutes at 80W. After plasma treatment, the 

substrates were ready to be spin-casted. 

Due to the different chemical structures and molecular weights of the polymers, 

different spin-coating speeds were applied accordingly in order to produce 

polymer films of ~110nm (100nm to 120nm) thickness for the polymer planar 

waveguides. The polymer films were prepared at this thickness  due to their cut-

off thickness (dc), below which there are no bound propagation modes and the 

radiation spreads into the substrate cladding layer [68, 69]. A few drops of the 
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polymer solutions were carefully dropped onto the substrate to cover the whole 

area of the substrate then spun to produce polymer thin film. Pipette was used to 

measure approximately 45-50µl of the polymer solution as required to produce a 

12 mm x 12 mm thin film. Subsequently, polymer thin films (i.e. the emissive 

layers) of desired thickness were spin-casted by setting equivalent spin speed 

and duration for the process. Hence, asymmetric polymer slab waveguides were 

prepared with the Spectrosil B® substrate acting as the bottom cladding and air 

as the top cladding. Figure 2.1 illustrates the simple planar waveguide structure.  

 
Figure 2.1 illustrates the schematics of a simple structure of an asymmetric polymer slab 
waveguide. 

It is worth noting that the bottom and the four edges of the waveguides were 

wiped clean of any possible excess polymer solution deposition by toluene. This 

is important as the surplus on the bottom side of the waveguide would 

contribute as extra thickness to the active layer, thus, affecting all optical 

characterisations. Moreover, the data collection of the ASE measurements took 

place at the edge of the waveguide (procedures are detailed in Section 2.6), 

therefore, it is vital to confirm the waveguide edges were free of polymer 

solution deposition. After spin-coating, in order to remove any possible residual 

moisture, the polymer waveguides were placed on a hot plate for >30 minutes at 

around 65oC, then were stored in a desiccator for >24 hours. 
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The thickness of the films was measured using a DekTak-3 surface profilometer. 

To perform the measurement, a thin line on polymer film surface was scratched 

and the scratched sample was the placed below the tip of the profilometer. The 

tip was then moved across the scratch and its vertical position was plotted 

against the distance travelled. Since the films were not totally uniform, 3 to 4 

separate measurements at different regions of the film were taken and their 

mean value was calculated as the determined overall thickness of the waveguide 

active layer. 

2.2 Absorption Measurements 

The absorption measurement of the polymer thin films was carried out by using 

an ATI Unicam IV UV-Vis spectrophotometer (for studies reported in Chapter 3 

and Chapter 4) or a Shimadzu UV-2550 UV-Vis spectrophotometer (for studies 

reported in Chapter 5). Absorption measurement was performed on all materials 

studied as this is one of the most fundamental optical characterisation containing 

vital information of the materials; this measurement provides not only the 

optical absorption property of the material, which is the “spectral fingerprint” of 

the material, it also offers indication of the quality of the layer interface between 

the polymer film and the substrate.  

The spectrophotometer Figure 2.2 shows the general schematic of the 

spectrophotometer system. The spectrophotometer consists of two different light 

sources in order to cover the wavelength range from 190nm to 900nm: the 

deuterium arc lamp provides UV radiation and the tungsten halogen lamp 

supplies visible radiation. To make an absorption measurement, light from the 

mentioned light sources was converged into a beam and was imaged into a 

monochromator, where the light was dispersed according to their wavelength by 

two gratings. 
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Figure 2.2 shows the schematic of the spectrophotometer operation on measuring the 
absorption of a polymer film. 

The dispersed light was then guided to the narrow exit slit of the 

monochromator, where a monochromatic light beam with a finite band of 

wavelengths was produced. This monochromatic beam was then guided to a 

50:50 beam splitter where it was split evenly into two identical beams: the 

“reference” beam (represented by the dashed line in Figure 2.2) and the 

“sample” beam (represented by the solid line in Figure 2.2). These two beams 

would travel an equal distance (denoted as “x” in Figure 2.2) with the sample 

beam passing through the “sample”, which would be a polymer film on 

Spectrosil B© substrate in these studies, and the reference beam passing through 

a “reference”, which would be a blank Spectrosil B© substrate. The beam 

intensities were collected by two identical PMT detectors: detector 1 for the 

sample intensity and detector 2 for the reference intensity. The 

spectrophotometer measures the absorption (or transmission) at that wavelength 

by taking ratios between the transmitted intensity signals received by the two 

detectors.  For the absorption (or transmission) spectrum for the sample, this 

process was repeated at wavelengths across the entire UV-Visible spectrum, i.e. 

200 nm to 800nm. 
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Figure 2.3 illustrates the relationship between the absorbance (A, represented by 
black filled data points, left ordinate), absorption coefficient (α, represented by 
blue empty data points, right ordinate) and the film thickness (d) of the two 
different blue-emitting polyfluorenes, SC012 (circles) and PFO (squares). The 
film thickness dependence in A can be clearly observed, where the thicker the 
material the higher the absorbance obtained, as stated by the Beer Lambert’s law. 
Whereas absorption coefficient (α) is independent of the sample thickness; it 
remains constant with different film thicknesses. 

The relationship between the absorbance, A, and the transmittance, T, can be 

described as A = −log10 (T), with the assumption of zero reflectance. Also, T can 

be expressed as T = I/Io, where I is the detected light intensity and Io is the 

incident light intensity. At detector 2, the collected intensity, I2, is Ts(Io), where Ts 

represents the T of substrate. Whereas, at detector 1, the collected intensity, I1, is 

TsTf(Io), where Tf represents the T of polymer film. The absorbance of the 

polymer film, Af, can be calculated from the two measured intensities using Af = 

−log10 (TsTf / Ts), in effect, Af = −log10 (I1 / I2).  

The absorbance is also known as the optical density, and it is film thickness 

dependent according to Beer-Lambert law, which states the thicker the film the 

more light it absorbs, thus the greater the absorbance. Hence, in order to 

compare the absorption properties of different materials, it is essential to use an 
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intrinsic value, the absorption coefficient, α, which is independent of the sample 

film thickness, d.  Its relationship with T can be expressed as ( )deT α−= , or in a 

more convenient expression, dA )10ln(=α . Figure 2.3 explains the effects of film 

thickness on absorbance and absorption coefficient.  

2.3 Photoluminescence 

Photoluminescence (PL) spectra were measured by using a Jobin Yvon Horiba 

Spex FluoroMax 3 spectrofluorometer. The spectrofluorometer consists of a 

150W xenon arc lamp providing continuous light output, which is focused onto 

the entrance slit of an excitation monochromator. In the monochromator, the 

light is dispersed into its wavelength constituents by the reflection grating 

through multiple-slit diffraction. Hence, the excitation wavelength can be set as 

desired.  

The optimal excitation wavelength is governed by the peak of absorption of the 

material as where it absorbs the most energy. All of the polymers studied in this 

thesis shared a similar absorption pattern, which was expected as all the samples 

emitted at blue wavelengths. Therefore, the excitation wavelength was fixed at 

390nm for all the PL measurements performed on the selected materials. 

The widths of the entrance slit of the excitation spectrometer and the exit slit of 

the emission spectrometer, plus other parameters of the scans (including the 

wavelength range and the integration time) are controlled by using the Datamax 

spectroscopy software. Datamax acts as a data recorder in the PL measurements. 

The slit width of the excitation spectrometer controls the intensity of the incident 

light (at the selected excitation wavelength). Whereas, the slit width of the 

emission spectrometer controls the intensity of the fluorescence signals emitted 

by the tested sample. With wider the slit widths, the detected signals would be 
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stronger, however, the noise level in the recorded data would also increase. 

Therefore, narrower slit widths would provide better spectral resolution for the 

PL spectra.   

There are two detectors sited inside the spectrofluorometer: a reference detector 

and a signal detector. In order to monitor the xenon lamp response and the 

fluctuations in the lamp intensity cause by the power supply, approximately 8% 

of the light leaving from the excitation spectrometer is deviated from the main 

beam towards the reference detector – an UV-enhanced silicon photodiode, 

which monitors the excitation intensity as a function of time and wavelength. 

This reference beam contains information of the xenon lamp response and lamp 

fluctuations, thus, correction for on the excitation radiation can be made with the 

reference information. A correction file for the components on the excitation is 

produced and employed by Datamax for correcting the recorded data. 

The rest of light from the excitation spectrometer is directed onto the sample 

under test. The fluorescence emitted from the sample is then collected by the 

emission spectrometer, where the signal detector is located - an R928P 

photomultiplier tube (PMT). The PMT collects and records emissions by using a 

photon-counting module; hence the PL spectra of the materials under test were 

measured. 

2.4 Photoluminescence Quantum Efficiency 

The photoluminescence quantum efficiencies (PLQE) were measured and 

calculated as described in [70]. PLQE is defined as the ratio of the number of 

photons emitted by the material and the number of photons absorbed by the 

material. The Jobin Yvon Horiba Spex FluoroMax 3 spectrofluorometer can be 

equipped with an integrating sphere, and it was used to measure PLQE. Since 



48 
 

this is the same machine used for the PL measurement, the general data taking 

procedure is identical to the one described in Section 2.3. In order to determine 

the PLQE of the material under test, three PL measurements are required to be 

taken under identical optical and geometrical conditions. The first is taken with 

the sphere completely empty (test a), the second is taken with the sample placed 

inside the sphere, but not in the path of the excitation beam (test b), and the third 

is taken with the sample under testing placed inside the sphere, directly in the 

path of the excitation beam (test c). The schematic diagram for the three tests is 

illustrated in Figure 2.4. 

 
Figure 2.4 shows a schematic diagram of the sample positions in the integrating sphere 
to measure PLQE in tests a, b and c. (Adapted from [70]). 

Figure 2.5 displays the results of the three tests: test (a) is represented in green, (b) 

in red and test (c) in blue. The plotted data were obtained using the copolymer 

SC006 as sample. The three sharp peaks (of different heights) at 390 nm 

correspond to detection of the excitation beam, labelled as the excitation region 

(L) in Figure 2.5. The areas under the curves in this region correspond to the 

fraction of light not absorbed by the sample in each of its three different 

positions. The broader profiles at longer wavelengths correspond to fluorescence 

emission from the sample, labelled as the emission region (P) in Figure 2.5. After 

correction for the absorption of the integrating sphere, the areas under the curves 

in this region correspond to the amount of light emitted from the sample in each 

of its three different positions. If the areas under the three curves in the 
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excitation region are donated by La, Lb and Lc respectively, and the areas under 

the two emission curves are given by Pb and Pc. The PLQE is given by 

( )( ) ac LPAP −−= 1η , where A = 1 −(Lc/Lb). Thus, the PLQE values can be 

calculated. 

 
Figure 2.5 demonstrates the measured spectra from the three measurements: green plot 
represents measurement a (where no sample is placed in optical path), red represents 
measurement b (where the sample was in the sphere but not in the path of excitation) 
and blue represents c (where the sample was placed directly in the path of the excitation 
beam). The excitation region (reduced 20 times the original for clarity), L, and the 
emission region, P, are clearly labelled in this figure. Note that this figure is taken from 
the measured data of SC006 – a blue-emitting polyfluorene. 

2.5 Time Resolved Photoluminescence  

The time resolved photoluminescence measurements are performed on some of 

the material studied in this thesis; this measurement investigates the PL 

temporal decay dynamics of the materials. The measurements were carried out 

on the polymer waveguide samples using a streak camera system. The streak 

camera is a device for investigation of ultrafast light phenomena by measuring 

the light intensity against time against wavelength. In this case, the main 



50 
 

purpose of the streak camera was used to measure the time dependence of the 

luminescence. Figure 2.6 presents the apparatus scheme employed in the time 

resolved PL measurements. The polymer samples were optically pumped at 

409nm by a diode laser that delivered 60ps pulses with a power of 225mW at a 

repetition rate of 1MHz, the laser response time is 150ps. The laser beam was 

focused onto the sample by a lens system. The light emission from the polymer 

film was directed onto an optical fibre by the lens system coupled with a dichroic 

mirror, which filtered the reflected laser emission from the substrate by cutting 

off wavelengths <410nm. The emitted light from the polymer thin film was 

collected by the optical fibre and was guided to a Chromex Imaging 

Spectrograph 250, which was connected to a Hamamatsu Streak Scope C4334 

(the streak camera).  

 
Figure 2.6 shows the schematics of the Streak camera system and the lens system 
employed in the time resolved PL measurements. The laser emission is represented by 
the blue solid line, the emission from the polymer film is shown by the red solid line 
and the reflected laser profile from the substrate is noted by the green dashed line, 
which is blocked by the dichroic mirror. The three microscope objective lenses are 
denoted by abbreviation, M.O. 
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The streak camera system was fully controlled by the computer software called 

High Performance Digital Temporal Analyzer (HPD-TA 32). All of the PL decay 

measurement parameters were adjusted with HPD-TA 32 before starting the 

automated data collection.  These parameters include: 1) the position of the 

spectral window for the scans, which was typically set from ~400nm to ~700nm 

for blue emission, 2) the temporal window for the scans, which was usually set 

at 10ns or 20ns, depending of the material, 3) total number of photon counts for 

the measurement; this was usually set at 80000 counts for each sample, which 

could be taken with one single measurement or four 20000 counts measurements 

(the later could reduce the systematic noise in the recorded data). The recorded 

data sets were stored on the computer through HPD-TA 32. 

The temporal information of the material was extracted from each recorded data 

set by averaging over the wavelength range. The PL decay analysis was carried 

by using a macro code written especially for this purpose by M. Koeberg. This 

macro code was used with the analytical tool, Igor Pro 4.06; it was able to deduce 

the PL decay time by performing single or bi- exponential fitting on the temporal 

data. 

2.5.1 The Streak Camera System 

The streak camera measures ultra-fast light phenomena and delivers information 

regarding the light intensity relating to its temporal and spectral components. 

The operating principle of the streak camera is illustrated in Figure 2.7. As soon 

as the emission light from the polymer arrives at the streak tube guided by the 

optical fibre, it passes through a slit and forms a slit image on the photocathode. 

At this point, four optical pulses of slightly varied temporal as well as spectral 

properties with different optical intensities are directed through the slit and 

arrive at the photocathode.  
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The incident light on the photocathode is converted into a number of electrons 

proportional to the intensity of the light, in effect, the four optical pulses are 

converted sequentially into electrons. They pass through a pair of accelerating 

electrodes (accelerating mesh in Figure 2.7), where they are accelerated and 

bombarded against a phosphor screen. 

 
Figure 2.7 shows the operating principle of the streak tube (adapt from [71]). 

As the electrons produced from the four optical pulses pass between the pair of 

sweep electrodes, a high voltage is applied to the sweep electrodes with a timing 

synchronised to the incident light, which initiates a high-speed sweep. As an 

effect, the electrons are swept from top to bottom, arriving at slightly different 

times, and are deflected in slightly different angles in the vertical direction 

corresponding to their different voltages. The electrons then enter the micro-

channel plate (MCP). The electrons are amplified by several thousands times as 

they pass through the MCP. Afterwards, they collide against the phosphor 

screen, where they are converted back into light.  

A phosphor image is then formed on the phosphor screen; according to the 

optical pulse arrival time, the earlier the pulse arrive at the screen, the higher the 
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position on the image it would be placed. In other words, the vertical direction 

on the phosphor screen acts as the time axis. What is more, the brightness of the 

phosphor images is proportional to the intensity of the respective incident 

optical pulses. The position in the horizontal direction of the phosphor image 

corresponds to the wavelength of the incident light.  

Consequently, the streak camera can be used to convert changes in the temporal 

and spatial light intensity of the light being measured into an image showing 

brightness distribution on the phosphor screen. The optical intensity could be 

found from the phosphor image, and the time and incident light position from 

the location of the phosphor image. 

2.6 Optical Gain Characterisation 

2.6.1 ASE Measurements (set up version one) 

Amplified spontaneous emission (ASE) measurements were performed on 

polymer slab waveguides in order to characterize the optical gain potentials of 

the polymers. The waveguides were optically pumped with a Q-switched 

Nd3+:YAG laser directed into an optical parametric oscillator (OPO) that delivers 

5ns pulses at  a repetition rate of 10Hz. This system is fully tunable from 206 to 

3100nm. The excitation wavelength for this measurement was chosen to match 

the absorption maxima of the polymers in order to achieve optimal excitation on 

the polymer, which is usually ~390nm.  

In order to optically pump the waveguide, the laser pulse energy incident on the 

sample was adjusted and varied by the insertion of calibrated neutral density 

filters into the beam path. The pump beam was focused using a cylindrical lens 

and spatially filtered through an adjustable slit to create a 400 µm x 4 mm 
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excitation stripe at the focal point [72, 73], where the polymer waveguide would 

be placed for the measurement. The pump stripe was always exactly aligned 

with one end of the stripe coincident with the edge of the film and the emission 

from the waveguide was collected at the other end of the film edge at this point. 

This is the optimal position for emission signal collection as most of the light 

from the ASE would be then emitted from the edge of the laser pump stripe. This 

process is illustrated in Figure 2.8.   

 
Figure 2.8 describes the position of the excitation stripe on the polymer slab waveguide 
and the direction of the emission from the waveguide.  

 

Figure 2.9 shows the basic schematics of the ASE measurement experimental set up 
version one. 
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The output light from the sample edge is collected using a fibre bundle and it is 

then focused into a grating spectrometer. In the spectrometer, the wavelength of 

the collected light is dispersed and then detected to a CCD detector. The ASE 

signal was collected from the edge of the polymer films using an Instaspec CCD 

detector coupled to an Oriel MS125 spectrometer. Figure 2.9 illustrates the 

schematic diagram of the optical set up used in the ASE measurements. The 

polymer waveguides were excited with low pump energy and ASE 

measurements usually would start with pump energy as low as ~5nJ/pulse, 

gradually increased up to ~1.6µJ/pulse.  

2.6.2 ASE Characterisation (set up version two) 

The general idea of the ASE measurement procedure is similar to the ones 

described in Section 2.6.1 performed on set up version one. This improved set up 

was employed for the ASE characterisation performed in the study reported in 

Chapter 5. Figure 2.10 illustrates this ASE experimental set up.  

The main differences between the two versions of experimental set up are: 1) 

duel beam system for simultaneous monitoring of the pump energy for each 

pulse detected by detector 2 (D2 in Figure 2.10), 2) simultaneous monitoring of 

the transmitted energy from the sample detected by detector 1 (D1), 3) 

introduced filter wheel coupled with computer controlled shutter for higher 

resolution in pump energy variation, 4) improve sensitivity in the detection unit  

for ASE signal, and 5) computerised control over part of the experimental set up 

(labelled in Figure 2.10 with red dashed circles) and data collection – this 

enhances the data collection resolution by up to one pulse per measurement.  
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Figure 2.10 shows the basic schematics of the ASE measurement experimental set up 
version two. 

 
Figure 2.11 shows the details of the apparatus used in the sample detection unit in ASE 
experimental set up version two. 
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Figure 2.11 explains the apparatus details of the detection unit and Figure 2.12 

present a photograph of the detection unit in operation and Figure 2.13 shows a 

photograph of the ASE image using a Y80F8:20F5 (or SC005) polymer waveguide. 

The main source of the insensitivity in ASE signal detection at low pump energy 

in experiment set up version one lies in the detection unit; ASE is a directional 

emission whereas PL is isotropic. Therefore, the detection units could be 

enhanced with some optical filtering: 1) a microscope objective, which acts as an 

ASE signal amplifier, 2) an iris is placed after the microscope objective to 

spatially filter out the isotropic PL emission, 3) a polariser acts as a ASE tuner as 

it is directional and further filters out the PL emission with the optimal 

polarisation. The polariser allows measurements to be carried out in the 

corresponding transverse electric guided mode and transverse magnetic guided 

mode. 

The polymer waveguides were optically pumped at 355nm with a Q-switched 

Nd3+:YAG laser that delivered 25ns pulses [74] at a repetition rate of 10Hz. The 

excitation stripe area was measured by a Gentec-EO Beamage laser beam imager 

before the ASE measurements. The waveguides were pumped on the edge of the 

sample in the way described in Section 2.6.1 with a pump energy ranging from 

~0.3 nJ/pulse to ~4000nJ/pulse.  The intensity of the light falling on the sample 

was varied using calibrated neutral density filters. The emission signal was 

collected from the edge of the polymer films using a liquid light guide coupled 

with a Princeton Instruments Acton Standard Series SpectraPro® 2300i 

monochromator and a Princeton Instrument PIXISTM 400 CCD. The ASE signals 

could be collected in both TE guided mode and TM guided mode, which is 

controlled by adjusting the polariser located in front of the liquid light guide 

(shown in Figure 2.11). 
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Figure 2.12 shows a photograph of the detection unit from the ASE experimental set up 
version 2. The details of the detection unit apparatus are shown in Figure 2.11. The 
polymer waveguide used in this photo is made of Y80F8:20F5 (or SC005). No polariser 
was used here for optimal ASE detection.  

 
Figure 2.13 shows the zoomed in ASE image projected on the screen. The emission of 
ASE mode is labelled in red and the emission of the leaky mode from the polymer 
waveguide is labelled in green. 
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2.6.3 ASE Energy Threshold Determination 

To characterise and compare the ASE properties of the materials, the threshold 

energy of ASE (Eth) was determined for every sample tested. The lower the Eth of 

the material, the more gain efficient of the material. The threshold of ASE is 

generally defined as the point where ASE becomes the dominant mechanism 

depopulating the inversion [75] and Eth is the excitation energy density when 

this state occurs. Many different methods can be designed to determine Eth. In 

the studies reported in this thesis, the values Eth of the materials under 

investigation were determined by two slightly different methods: the FWHM 

method and the line-line intersection method. Figure 2.14 illustrates the details of 

the two methods.  

 
Figure 2.14 shows the two different methods to determine the ASE threshold energy 
(Eth): by the line-line intersection method (black squares) and by the FWHM method 
(blue circles), as described in the text. Note that this data was collected with the 
waveguide made of polymer SC005 (or Y80F8:20F5) in TE mode. 

The FWHM method was employed in the studies reported in Chapter 3 and 

Chapter 4, where ASE measurements were carried out on set up version one. 
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This method determines Eth at the point where the FWHM of the emission 

spectrum narrows to half of its “original” value. As explained by the blue circle 

scatter plot (right ordinate) in Figure 2.14 , the original FWHM of the detected 

emission spectra (before ASE can be detected spectrally, pump energy density 

<15µJ/cm2) was found to be 46.5nm, and the FWHM decreased to ~4.5nm at 

pump energy density >50µJ/cm2. Therefore, Eth was determined to be ~23µJ/cm2 

at the point, where the original FWHM is halved. At Eth, the emission peak 

intensity has also begun to increase exponentially, which indicates dominant 

ASE mechanism. This method has been commonly used in previous researches 

[23, 73, 76, 77]. The main source of error is from the laser intensity fluctuation. 

What is more, it is more difficult to determine the FWHM at lower excitation 

energy as the spectral resolution of the detected emission is much lower, 

therefore, the noise to signal ratio is high. 

As for the line-line intersection method, this is described by the black scatter plot 

in Figure 2.14, which is a log-log graph of emission intensity versus the pump 

energy density. This method was employed in the study reported in Chapter 5, 

where the ASE measurements were carried out on the set up version two as this 

set up enables more sensitive detection at lower pump energy density (~0.1 

µJ/cm2). A best-fit line (PL line) was plotted for ≥10 data points with pump 

energy density below 5µJ/cm2, where the emission is PL dominant. Another 

best-fit line (ASE line) was plotted for ≥10 data points with the pump energy 

higher than 100µJ/cm2, where the emission is ASE dominant. The Eth is 

determined by the intersection of the PL line and the ASE line. As shown in the 

black square scatter plot (left ordinate) in Figure 2.14, the green dashed line 

represents the extrapolated PL line and the red dashed line represents the ASE 

line. The Eth of the material under test was found to be ~14µJ/cm2. The 
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uncertainty of the results can be determined by the goodness of fit (Χ2) of the two 

best fit lines. 

The determined Eth values of the different samples were confirmed with the 

corresponding emission spectrum at (or near) that pump energy density in order 

to ensure the ASE mechanism can be observed spectrally as well. As the example 

shown in Figure 2.14, different methods can lead to different Eth values even 

with the same material. Therefore, for an accurate comparison between different 

samples, the ASE threshold determination method must remain consistent 

throughout the study. It is worth noting that the Eth is lower from line-line 

intersection method, this is because the emission peak intensity is more sensitive 

to ASE than the spectral FWHM. 

2.6.4 Gain Coefficient Characterisation 

The gain measurements were performed on polymer waveguides to investigate 

their optical gain coefficient characteristics of the waveguides. The gain 

measurements were carried out on the ASE set up version one;  the overall 

optical apparatus set up remained the same as the ASE experimental set up 

version one illustrated in Figure 2.9. This measurement was made after acquiring 

the Eth of the material. The gain measurement requires the polymer waveguides 

to be pumped at energy above its Eth.  

In order to study the gain coefficient of the polymer waveguides, the variable 

stripe length (VSL) method was used [75, 78]. This is a popular method used for 

both organic and inorganic materials prepared in slab geometry [79, 80]. Figure 

2.15 provides the graphical explanation of the VSL method. Unlike the ASE 

measurement, the pump energy pulse was kept relatively constant at an 

assigned level above the Eth of the waveguide throughout the gain measurement; 
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the pump energy was gradually raised by increasing the pump stripe length 

from 0.3mm to around 2mm in one direction, as the pump stripe required to be 

aligned exactly on the edge of the waveguide at all times during the gain 

measurement. The output emission was collected at the other end of the edge of 

the waveguide as described in 2.6.1. This process was repeated for a series (~10) 

of different pump energies for each waveguide.   

 
Figure 2.15 describes the variable stripe length configuration. The ASE intensity is 
collected from the edge of the sample as a function of the excitation length, z. The laser 
beam is focused on a thin stripe by a cylindrical lens. 

The relationship between the gain coefficient (g), the ASE intensity (I) and the 

stripe length (z in cm) can be described as,  )exp(gzKI = , where K describes 

spontaneous emission proportional to the pump energy. Therefore, the gain 

coefficient of the material could be determined for each pump energy by fitting 

the peak ASE intensity versus stripe length variation to the expected small-signal 

regime dependence. 

2.6.5 Loss Coefficient Characterisation 

The loss measurements were performed on polymer waveguides in order to 

explore their optical loss coefficient characteristics of the waveguides. The loss 

measurements were carried out on the ASE set up version one;  the overall 
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optical apparatus set up remained the same as the ASE experimental set up 

version one illustrated in Figure 2.9. 

The stripe displacement method (SDM) was used in order to study the loss 

coefficient of the polymer waveguides. Figure 2.16 provides a graphical 

explanation of the SDM procedures. The length of the pump stripe was fixed at 

4mm by the variable slit, and the pump energy was also fixed at a constant level 

above Eth to ensure ASE generation.  

 
Figure 2.16 explains the procedures of the stripe displacement method (SDM) used in 
the loss measurements. The stripe displacement is denoted as x. 

Following the SDM procedures, the pump stripe was initially aligned exactly at 

the edge of the polymer waveguide at the beginning of the measurement 

(distance x = 0), as described in Sections 2.6.1 and 2.6.4. Subsequently, the pump 

stripe was gradually moved away from the edge of the sample as the loss 

measurement progressed in steps of 0.1mm for each data recording (i.e. stripe 

displacement). The stripe would travel across the whole polymer waveguide 

with a total travel distance of 8mm. Since the detection unit remained at the 

same position throughout the loss measurement, as the pump stripe travelled 

further to the other edge of the waveguide, the detected ASE signal would have 

travelled an increased length (i.e. the unpumped distance) to reach the fibre 

bundle. The range of the unpumped distance, x, was 0mm to 8mm. 
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With unchanged pump energy and fixed pump stripe length (and area), the ASE 

emitted from the polymer was assumed to be constant. Hence, the signal 

reduction observed at the sample edge with increasing unpumped distance (or 

stripe displacement) was assigned to absorption and scattering losses that occur 

within the unpumped region. In other words, the ASE signal is related to the 

stripe displacement. The relationship between the loss coefficient (α), the ASE 

intensity (I) and the stripe displacement (x in cm) can be described as,  

)exp( xII o α−= , where Io is the initial pump energy. Hence, the loss coefficient of 

the material could be determined by fitting the detected ASE intensity versus 

stripe displacement. 

2.7 Optoelectronic Characterisation 

2.7.1 Polymer Light Emitting Devices Preparation 

In order to characterise the optoelectronic properties of the materials, polymer 

light emitting devices, or PLEDs, of the materials studied were fabricated. For all 

the optoelectronic characterisation reported in this thesis, a PLED structure of 

ITO(120nm)/PEDOT:PSS(40nm)/Polymer(60nm)/Ca(20nm)/Al(150nm) was 

used. This device structure has been commonly used in previous researches. The 

emissive layers of the PLEDs were spin-casted from the corresponding polymer 

solution, which was the same solution prepared for optical waveguide 

fabrication. The procedures for polymer solution preparation as well as polymer 

layer spin-casting are already detailed in Section 2.1.  

To prepare a PLED sample, a pre-patterned 12mm x 12mm ITO-coated glass 

substrate was used. In order to remove the photoresist layer on the ITO substrate, 

the substrate was cleaned in an ultrasonic bath with acetone for >30 minutes at 

60oC, then with isopropanol and finally with Decon 90 detergent. After cleaning, 
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the substrate was rinsed in deionised water, then it was blow-dried with 

nitrogen gas. After drying, the cleaned substrate was placed on a hot plate for 

>60 minutes at 100oC to remove any residual moisture. The substrate was then 

exposed to an oxygen plasma in an Emitech K1510 plasma asher for 3 minutes at 

80W.  

Before spin-casting the polymer layer, a 40nm thick hole-injection layer of 

PEDOT-PSS was spin-coating onto the ITO substrate, which acted as the device 

anode. Baytron PVP AI4083 PEDOT-PSS was used for the studies. The PEDOT-

PSS was initially filtered through a 0.45µm filer before spin-casting. After the 

PEDOT-PSS film deposition, the substrate was placed on a hot plate at 130oC for 

60 minutes in air. 

After annealing, the PEDOT-PSS coated ITO substrate would be ready for the 

60nm thick polymer emissive layer to be spin-casted onto it. Once this was 

complete, the substrate was transferred to a nitrogen-filled glovebox to eliminate 

oxygen and water exposure. The device would then stay in nitrogen 

environment from this point onwards. Further annealing was carried out in the 

glovebox, after that, the substrate was ready for multilayer metal cathode 

deposition.  

The metal cathode deposition was performed in an evaporation chamber 

situated inside the glovebox. A shadow-mask was used in the evaporation 

process to define the metal cathode position on the device [81]. The metal 

cathode was thermally evaporated onto the emissive layer under vacuum (at 

3x10-6 mbar). The cathode was made up of ~20nm thick layer of calcium and 

~150nm thick layer of aluminium on top of the calcium layer to act as a capping 

layer.  
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There are six pixels on each PLED with an active area of 4.5mm2. The pixel area 

is defined by the overlapping region of the cathode and the anodes layer on the 

device. This is clearly illustrated in Figure 2.18. Current-voltage-luminance (IVL) 

and electroluminescence (EL) measurements were carried out on the prepared 

PLEDs. All the PLEDs used in these studies were unencapsulated; in order to 

further limit oxidation in the samples, the IVL and EL measurements were 

carried out on the devices immediately after fabrication. The PLEDs were kept 

inside an air-tight sample chamber throughout all the optoelectronic 

measurements, which provided a nitrogen atmosphere. 

 
Figure 2.17 shows a schematic of the PLED structure along with the layer thicknesses 
used in the optoelectronic characterisation studies. The ITO and PEDOT-PSS layers act 
as the anodes of the device, the 60nm thick polymer film acts as the emissive layer of the 
PLED and the cathode is made up of 20nm thick layer of calcium with a 150nm thick 
capping layer of aluminium. (Not to scale) 

 
Figure 2.18 shows a 3-D schematic of a typical PLED used in the studies. The device 
pixels are labelled clearly in the figure, and are defined by the overlap of the cathode 
with the underlying anode stripe. The area of each pixel is 4.5mm2. 
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2.7.2 Current-Voltage-Luminance Characterisation 

Current-voltage-luminance (IVL) measurements were performed on all PLED 

samples in order to characterise their optoelectronic properties. Figure 2.19 

shows the experimental set up used to measure the PLED IVL characteristics. 

 
Figure 2.19 shows the schematics of the IVL experimental set up. Diagram is not to scale. 

As mentioned in Section 2.7.1, the PLED sample under test was held in an air-

tight sample chamber, which provided a nitrogen atmosphere to prevent 

oxidation. Inside the chamber where the sample was held, there were built-in 

electrodes connectors for each of the six pixels on the device especially designed 

for the PLED fabricated with the shadow-mask. A control box is positioned on 

the outside of the sample chamber, which allows user to divert the current flow 

to the PLED pixel of choice. A Keithley 2400 SourceMeter measuring unit was 

used as a power supplier for the PLED as well as monitoring the current passing 
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through the device. The Keithley SourceMeter was connected to sample chamber 

to provide electric current to the device and it was connected to a computer via 

GPIB interfacing, which allowed computer control over the SourceMeter using 

LabVIEW software [82].  

A LabVIEW program has been written for the IVL measurement, which made 

simultaneous and automated data collection possible. The amount of current 

that passed through the device was recorded by the computer.  Before the 

measurement began, a Minolta LS100 Luminance Meter was aligned in front of 

the selected PLED pixel. The luminance meter was connected to the computer 

through a serial port. The amount of luminance emitted by the PLED pixel at the 

corresponding voltage (and current) was recorded by the computer. To measure 

the IVL characteristics of the material, a series of voltages (usually from -6V to 

10-20V) were applied across the pixel electrodes. Thus, the current that passed 

through the device and the luminance emitted at that corresponding voltage 

were be recorded simultaneously by the computer. 

2.7.3 Electroluminescence Measurements 

In order to limit any possible oxidation in the PLEDs, the electroluminescence 

(EL) spectra were measured immediately after the IVL characterisations were 

been completed. The PLED sample would still be held inside the air-tight sample 

chamber in a nitrogen environment as described and illustrated in Section 2.7.2 

and Figure 2.19. A Keithley 2400 SourceMeter was used in the EL measurements, 

which acted as a power supply controller. The sample chamber was connected to 

the Keithley SourceMeter. The EL measurements were only performed on the 

untested PLED pixels from the IVL measurements, since the pixel would be 

damaged after driven using voltages (>5V). An Ocean Optics USB 2000 CCD 

spectrophotometer was used to record the EL spectrum of the sample. Using the 
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previously recorded IVL data as a guide, a series of voltages corresponding to 

luminance levels between 100cd/m2 and 1000cd/m2 (and 10000cd/m2 if that was 

achievable) were applied to the pixel electrodes.  
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Chapter 3  Optical and Optoelectronic properties of Conjugated Polymer Optical Gain Media 

Optical and Optoelectronic properties 
of Conjugated Polymer Optical Gain 
Media 

3.1 Introduction 

This chapter reports an investigation of the optical and optoelectronic properties 

of a series of nine blue-emission fluorene-based electroluminescent copolymers. 

The aim of this study was to understand the correlation between highly efficient 

light emitting polymers and good optical gain media, as the information can 

help establish an effective means to optimise polymer chemical structure for 

optical gain. 

The material selection includes simple copolymers from the first generation 

consisting of two homopolymers, and complex copolymers from the third 

generation consisting of three or more different functional units. Standard 

optical characterisations have been performed on the chosen materials. Polymer 

light emitting devices (PLEDs) were fabricated for optoelectronic 

characterisation.  The optical gain properties of the polymers were examined by 

performing amplified spontaneous emission (ASE) measurements on 

asymmetric slab waveguide structures comprising polymer thin films coated on 

Spectrosil® B substrates.  
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Particular interest was addressed to identifying methods to distinguish potential 

low-threshold polymer laser materials via various optical properties. The nature 

of the differences between general light emitting polymers and good optical gain 

polymers were reviewed based on the current findings in this chapter.  

3.2 The Copolymers 

The nine blue-emission electroluminescent copolymers were all provided by the 

Sumitomo Chemical Company [83]. The copolymers used in this research are as 

follows:  

� Single component blue (SCB) group selection: SCB3, SCB9, SCB11 and 

SCB18. (Also known generically as LUMATIONTM Blue series polymers) 

� Sumitomo Chemical (SC) group selection: SC005, SC006, SC007, SC008 and 

SC010 

These copolymers were developed within programmes focused on optimised 

PLED operation. They typically possess a backbone based predominantly on 

fluorene-units with a smaller fraction of arylamine units to assist hole injection 

from common electrical materials (e.g. PEDOT:PSS coasted ITO). The basic 

chemical structure is shown in Figure 3.1. 

 
Figure 3.1 shows a basic chemical structure of the copolymers used in this study, where R 
represents the alkyl or aryl and X is an arylamine moiety. 
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SCB11 has been described in [84] as a statistical complex copolymer consisting of 

three different functional units: dioctylfluorene F8 and two amine groups for 

hole transportation namely a triarylamine moiety (e.g.  poly[9,9-dioctylfluorene-

co-N-(4-butylphenyl) diphenylamine] – as found in TFB (shown in Figure 3.2b) 

and a phenylenediamine moiety (e.g. bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-

1,4-phenylene-diamine] as found in PFB (shown in Figure 3.2c). Figure 3.2a 

represents the general chemical structure of the SCBs, where Ar1 and Ar2 

represent the two different amine groups used.  

 

       
Figure 3.2 (a) shows the general chemical structure of the SCB copolymers. R and R’ represent 
alkyl or aryl groups used in these materials, whereas Ar1 is triarylamine and Ar2 is 
phenylenediamine. It is worth noting that there is no direct links between Ar1 and Ar2. The 
chemical structure of related alternating copolymers (b) TFB, and (c) PFB are also shown. 

SC006 is a complex copolymer (third generation) containing a fraction of an 

alternative arylamine moiety. SC006 is the best PLED material from amongst all 

of these copolymers. The other selected SC copolymers are first generation 

polyfluorenes, which have different proportions of 9,9-dioctylfluorene (F8) and 

9,9-di(2-methyl)butylfluorene (F5) units but no arylamine moieties. SC005, SC007 

and SC008 are simple statistical copolymers consisting of the two mentioned 



73 
 

homopolymer units on their backbones with 80%, 65% and 50% of F8 units 

respectively. The Yamamoto coupling method was used for these three 

copolymers. In contrast, SC010 is an alternating copolymer synthesised by the 

Suzuki coupling method, it shares the same relative content of F8 and F5 units as 

SC008 (50F8:50F5). The details of their chemical structures are explained in 

Figure 3.3.  

    

   
Figure 3.3 presents the chemical structures of (a) SC005 – a statistical copolymer of 
80F8:20F5, (b) SC007 – a statistical copolymer of 65F8:35F5, (c) SC008 – a statistical 
copolymer, and (d) SC010 – an alternating copolymer. Both SC008 and SC010 consisting 
of 50F8:50F5. The Yamamoto coupling method was used other than for SC010, which 
was prepared using the Suzuki coupling method.  

 

The use of an arylamine moiety is popular for PLED-enhanced copolymers due 

to the low HOMO level that assists charge carrier injection at the anode [85]. All 

of the copolymers were thoroughly purified at the Sumitomo chemical Company 

before measurements were carried out. 
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Figure 3.4 presents the basic chemical structure of the complex copolymer SC006 which 
consists 95% of F8 and a “unique monomer” (X) and 5% of an undisclosed amine moiety 
(Y) [86]. 

3.3 Experimental 

Thin film samples with approximately 110 ± 5 nm thickness were prepared by 

spin-casting the polymers from toluene solutions with a concentration of 

10mg/ml onto 12 x 12 mm Spectrosil B® substrates. All samples were fabricated 

under cleanroom conditions. The film thickness measurements were performed 

using a Tencor Instruments Alpha Step 200 surface profilometer. 

Absorption spectra for the polymer thin films were acquired with an ATI UV-Vis 

spectrophotometer. Refractive indices were deduced by the variable-angle 

spectroscopic ellipsometry method reported in [87]. Both photoluminescence (PL) 

spectra and quantum efficiency (PLQE) were measured by a Spex FluoroMax 

spectrofluorometer excited at 390nm. PLQEs were calculated as described in [88].  

Time-resolved PL decay dynamics of the copolymers were measured by a 

Hamamatsu Photonics Streak Scope with the samples excited with a pulsed, 

409nm, 1MHz, 60ps pulse width diode laser.  

ASE measurements were performed on the polymer slab waveguides in order to 

characterise the optical gain potentials of the polymers using the ASE 

experimental set up version one (as detailed in Section 2.6.1). The samples were 

optically pumped with a Q-switched Nd3+:YAG laser pumped optical parametric 
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oscillator (OPO) that delivered 5ns pulses at a repetition rate of 10Hz with 

tunable wavelength. The excitation wavelength for this measurement was 

chosen to match the absorption maxima of the polymers (see Figure 3.6 and 

Figure 3.7 for details). The polymer waveguides were pumped by an 

approximately 400µm x 4mm excitation stripe aligned to the edge of the sample 

with a low pump energy less than 30µJ per pulse, further adjusted using neutral 

density filters. The ASE signal was collected using a fibre bundle light pipe 

placed close to the edge of the polymer films and detected using an Instaspec 

CCD following dispersion in an Oriel MS125 spectrograph.  The gain and loss 

coefficients of the polymer waveguides were determined by variable stripe 

length and stripe displacement measurements, respectively (see Chapter 2 for 

detailed description). 

To explore the optoelectronic properties of the polymers, PLED devices were 

fabricated and characterised using current-voltage-luminance (IVL) and 

electroluminescence (EL) spectral measurements. The standard device structure 

used here consisted of ITO (120nm)/PEDOT:PSS(40nm)/Polymer(60nm)/ 

Ca(20nm)/Al(150nm). The active area of 4.5 mm2 was defined by the spatial 

overlap of orthogonally aligned ITO anode and metal cathode stripes. PLEDs 

were characterised in a nitrogen atmosphere chamber at room temperature using 

a Keithley 2400 SourceMeter in conjunction with a Topcon BM-9 luminance 

meter for current-voltage-luminance (IVL) measurement, together with an Ocean 

Optics USB 2000 charge-coupled device spectrophotometer for the EL spectra 

measurement.  
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3.4 Results  

3.4.1 Optical Characterisation 

The absorption coefficient and photoluminescence (PL) spectra of thin films of 

the selected polymers are shown in Figure 3.6 for the SCB copolymers and 

Figure 3.7 for the SC copolymers.  

Polymer 
λabs 
(nm) 

αmax 
(x 105 cm-1) 

λPL 
(nm) 

λ0-1 
(nm) 

n0-1 

PFO 384 2.14 448 448 1.78 
SCB3 385 0.81 459 n/a 1.78 
SCB9 385 0.88 454 n/a 1.88 
SCB11 377 0.68 455 n/a 1.97 
SCB18 380 0.56 453 452 1.75 
SC005 381 2.91 447 448 1.96 
SC006 385 2.22 464 490 1.79 
SC007 384 2.17 449 449 1.98 
SC008 381 2.59 423 449 1.95 
SC010 383 2.42 450 450 1.95 

Table 3.1 shows the peak positions of the absorption (λabs) and PL (λPL) spectra of all the 
copolymers studied in this chapter as shown in Figure 3.6 (for the SCBs) and Figure 3.7 
(for the SCs). The position of the 0-1 vibronic peak (λ0-1) absorption coefficients at λabs 
(αmax) and the refractive index (n) at λ0-1 are also presented. The data of PFO acts as 
reference as all copolymers studied in this chapter have F8 units along their polymer 
backbones. 

Both groups share similar overall absorption characteristics, with the absorption 

peak (λabs) for SCB copolymers ranging from 377nm for SCB11 to 385nm for 

SCB3 and SCB9. The absorption features are consistent with the fact that all of 

these copolymers emit blue light. The corresponding absorption of the SC 

copolymers peaks at around 383nm. SC008 has the largest absorption coefficient 

band at 381nm, while SC006 has the lowest in this group. SC007 possesses the 

lowest absorption coefficient (2.17 x 105 cm-1) in its family while SC005 (2.91 x 105 

cm-1) has the highest. The absorption and PL spectra for SC005 and SC010 are 
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consistent with [23]. In the SCB group, SCB9 has the largest absorption 

coefficient (0.88 x 105 cm-1) and SCB18 the lowest (0.56 x 105 cm-1). What is more, 

SCBs have slightly broader peaks than the SCs. This can be explained by the 

spectral properties of TFB and PFB as shown Figure 3.5. The four SCB 

copolymers and SC006 give a broad, more featureless feature in their PL spectra. 

Figure 3.5 illustrates the effects in PL spectral feature of the arylamine moieties 

in the third generation complex copolymers; SC006, which contains PFB-like 

arylamine moiety, and the SCB copolymers, which contains TFB arylamine 

moiety. 

 
Figure 3.5 Absorption coefficient spectra (left ordinate) and the area normalised 
photoluminescence spectra of PFO (black), PFB (red) and TFB (blue). The spectra of PFO 
act as reference as all polymers studied in this chapter have F8 units along their polymer 
backbones. The data for TFB was collected by Xuhua Wang for the study reported in 
[89]. 
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Figure 3.6 the absorption coefficient (left ordinate) and the area normalised 
photoluminescence spectra of the four copolymers from the SCB group.  

      
Figure 3.7 shows the absorption coefficient (left ordinate) and the area normalised 
photoluminescence spectra of the copolymers from the SC group.  
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Normalised PL spectra of the polymer films are also shown in Figure 3.6 and 

Figure 3.7 (right ordinate), where the integral over the emission band has been 

normalised to one. Compared to the SC group, copolymers from the SCB group 

display broader PL spectra, which also show a lack of vibronic feature with a 

single peak at ~450nm. Conversely, the polymers in the SC group demonstrate 

clear vibronic structures. For SC005, SC007, SC008 and SC010  0-0 vibronic 

transition lies at 423nm and the 0-1 transition at 450nm, which is the typical 

spectral signature of glassy-phase PFO films [90].  It is natural to expect these SC 

copolymers to exhibit a PFO-like spectrum as they all share the same fluorene 

backbone. The contrast, in respect of vibronic structure, between absorption and 

emission can be explained if the emission emerges from a select fraction of lower 

energy sites within the overall ensemble of molecular conformations sampled by 

absorption. Standard exciton migration processes populate these sites that lie at 

lower energy in the density of state distribution by virtue of their more planar 

and extended (i.e. better ordered) conformation and, hence, are spectrally 

characterised by more highly resolved vibronic features. 

 The broadband featureless characteristic shown in the SCB copolymer PL 

spectra is similar to that found for TFB and PFB (as shown in Figure 3.7), which 

indicates a more disordered environment and excited states with partial charge 

transfer character  [89, 91].  
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The most remarkable finding here is the PL spectrum of SC006, which presents a 

very different PL character from its family and also from the SCB group as it 

shows a red-shift of ~15nm in the 0-0 peak (464nm) with a 0-1 vibronic shoulder 

at ~490nm. Therefore, SC006 has a PL spectrum significantly red-shifted from 

the other SC copolymers but preserving visible vibronic structures. Its PL is 

strongly Stokes shifted from the absorption, which together with evidence of 

solvatochromism (detailed discussion can be found in Chapter 4) suggested that 

the emissive state is not directly accessed by the absorption event. The large 

Stokes shift suggests that self-absorption should be minimised, an attractive 

feature for emissive materials. 

Figure 3.8 and Figure 3.9 show the wavelength-dependent refractive indices of 

the SCBs and SCs respectively. These values were extracted by Mariano 

Campoy-Quiles. Attention is given to the refractive indices at the 0-1 vibronic 

peak (n0-1) of the polymers in the photoluminescence spectrum, where is the 

expected location of maximum gain. SCB11 has the highest n0-1 in its family at 

1.94 and SCB18 has the lowest, 1.71. The refractive index spectra of the 

copolymers in the SC group share similar characteristics; SC006 has the lowest 

n0-1 at 1.91, approximately a 3% decrease in ∆n0-1 compared to the other SC 

polymers. The SC copolymers obtained an overall higher n0-1 than the SCBs.  
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Figure 3.8 shows the refractive index spectra for the four SCB copolymers (values were 
determined by Mariano Campoy-Quiles). 

 

 
Figure 3.9 shows the refractive index spectra for the five SC copolymers (values were 
determined by Mariano Campoy-Quiles). 
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Figure 3.10 Time-resolved PL plot of the thin film samples from the SCB copolymers: 
SCB3 (black square), SCB9 (red circle), SCB11 (blue triangle up), SCB18 (green triangle 
down).  

 
Figure 3.11 Time-resolved PL plot of the thin film samples from the SC copolymers: 
SC005 (black square), SC006 (red circle), SC007 (blue upward triangle), SC008 (green 
downward triangle) and SC010 (purple diamond).  
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The SC polymers have approximately three times larger absorption coefficients 

than the SCBs, possibly due to increased packing of the polymer chains.  The 

observed refractive indices are consistent with this observation; the SC polymers 

are overall optically more dense. For clearer comparison between the copolymers, 

Table 3.1 presents the peak positions in the absorption (λabs) and PL (λPL) spectra 

of all the copolymers studied in this chapter as shown in Figure 3.6 (for the SCBs) 

and Figure 3.7 (for the SCs). The position of the 0-1 vibronic peak (λ0-1) 

absorption coefficients at λabs (αmax) and the refractive index (n) at λ0-1 are also 

presented. The data of PFO acts as reference as all copolymers studied in this 

chapter have F8 units along their polymer backbones. 

 
Figure 3.12 shows the excited state lifetimes (scatter, left ordinate) and the PLQE 
(column) for each of the polymers studied in this chapter. 

The PLQE and singlet excited state lifetime (τ) values for the copolymer thin film 

sample are reported in Figure 3.12; the extracted PLQE and τ results are listed in 

Table 3.2. These two optical properties are closely related as PLQE describes the 

ratio of photons emitted from the polymer to photons absorbed (i.e. radiative 

emission probability), and the excited state lifetimes reflects the competition 
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within the excited states between the radiative emission and the non-radiative 

recombination.  

PLQE can be defined as the ratio of the rate of radiative decay (kr) and the sum of 

all rates of excited state decay (kT), hence, nrrrTr kkkkkPLQE +== . The sum 

of rates includes the rate of non-radiative decays (knr), which are caused by 

mechanisms other than photon emission. The possible sources of knr are internal 

conversion, intersystem crossing, Forster energy transfer (near-field dipole-

dipole interaction) and other energy transfer processes within the system. 

Whereas the PL lifetime (τ) describes the average time the exciton stays in its 

excited state before emitting a photon and relaxes back to its ground state, hence, 

Tk1=τ . Therefore, the smaller the τ, the shorter the average time for excitons to 

stay in its excited state and the greater the rate of decay for the system. PLQE 

indicates the fraction of emission processes in which emission of light is involved; 

the greater the PLQE, the greater the kr, hence, the more the radiative decay 

process dominates the system.  What is more, by rearranging the expressions of 

PLQE and τ, kr and knr can be expressed as follows: τPLQEkr =  and 

( ) PLQEkPLQEk rnr −= 1 .  

The SC polymers are found to be more efficient than the SCBs overall, with 

SCB18 possessing the lowest PLQE (22%) out of all of the tested samples. In the 

SCB group, SCB9 (46%) and SCB3 (43%) appear to be somewhat more efficient 

materials compared to the other two polymers. The SC copolymers, were all 

found to have PLQEs >50% with the highest at 96% (SC006). It is worth noting 

that the PLQE values all have a ±5% uncertainty, derived from the verified 

experimental accuracy of the measurement procedure [92]. 
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Polymer 
τ  

(ns) 
PLQE  

(%) 
kr  

(x10
9 s-1) 

knr  
(x10

9 s-1) 

PFO 0.27 ± 0.01 50 ± 5 1.85 ± 0.003 1.85 ± 0.005 
SCB3 0.32 ± 0.01 43 ± 5 1.34 ± 0.003  1.78 ± 0.005 
SCB9 0.25 ± 0.01 46 ± 5 1.84 ± 0.003 2.16 ± 0.005 
SCB11 0.35 ± 0.01 29 ± 5 0.83 ± 0.003 2.03 ± 0.005 
SCB18 0.13 ± 0.002 22 ± 5 1.69 ± 0.003 6.00 ± 0.005 
SC005 0.26 ± 0.005 70 ± 5 2.69 ± 0.003 1.15 ± 0.005 
SC006 1.26 ± 0.04 96 ± 5 0.76 ± 0.004 0.03 ± 0.005 
SC007 0.25 ± 0.01 50 ± 5 2.00 ± 0.003 2.00 ± 0.005 
SC008 0.22 ± 0.01 52 ± 5 2.36 ± 0.003 2.18 ± 0.005 
SC010 0.25 ± 0.01 56 ± 5 2.24 ± 0.003 1.76 ± 0.005 

Table 3.2 shows the corresponding excited state lifetime (τ) of the polymers extracted 
from their time-resolved PL data, PLQE values and the expected rates of radiative (kr) 
and non-radiative (knr) decays. The data of PFO acts as a reference in this study. 

The PL excited state lifetime (τ) was extracted by fitting exponential decays over 

three orders of magnitude to time-resolved PL data obtained using a streak 

camera. Figure 3.10 and Figure 3.11 show the time-resolved photoluminescence 

decays of the SCB and SC copolymers correspondingly. The extracted τ values 

are plotted in Figure 3.12 and are listed in Table 3.2 with the corresponding 

uncertainties. The copolymers are found to share reasonably similar τ across the 

two groups (~0.25ns), which is nearly the same as the τ of PFO (100% F8). This 

can be expected since F8 is the common functional unit in all copolymers 

reported in this chapter. With the exception of SC006, which was found to have a 

much longer excited state life time of ~1.3ns.  

Furthermore, kr and knr were extracted from the PLQE and τ results (listed in 

Table 3.2). Apart from SC006, the kr of the SC copolymers are generally faster 

than the SCB copolymers, with SC005 having the highest kr (2.69x109s-1). 

Whereas, the SCB copolymers have greater knr than the SCs, with SCB18 having 

the highest knr (6.00x109s-1). SC006 has the lowest kr (0.76x109s-1) and knr 

(0.03x109s-1), as it has the longest τ. This indicates the energy transfer process in the 

SC006 polymer system is a lot more complex than the other copolymers. 
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3.4.2 Optoelectronic Properties 

The EL spectra and current-luminance-voltage (IVL) measurements were carried 

out on PLEDs fabricated from the SCB and SC copolymers in order to study their 

optoelectronic behaviour as active media in PLEDs. Figure 3.13 and Figure 3.14 

provide an overview of the EL spectra of the PLEDs. The EL spectra have been 

normalised by the area under the corresponding curves for better comparison 

between different materials.  

Comparison of the PL (Figure 3.5 and Figure 3.6) and EL spectra show that there 

is consistent emission from both excitation methods. This finding suggests the 

PLED quality is adequate for the optoelectronic characterisation. There is no 

evidence of gross degradation of the copolymer films during PLED fabrication 

and subsequent characterisation. Some fluorenone defect formation is evident in 

the EL spectra of the SC005, SC007 and SC008 devices, from the enhanced 

emission beyond ~450nm [93]. 

Figure 3.15 and Figure 3.16 describe the IVL characteristics of the PLEDs 

fabricated from the SCB copolymers and the SC copolymers respectively. In 

order to evaluate the optoelectronic properties of the different polymers, 

comparison has been done between the maximum luminance (LMAX) and 

maximum luminous efficacy (ηP) achieved by the PLEDs. Figure 3.17 presents 

LMAX and ηP data for each individual PLED extracted from their IVL results. 
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Figure 3.13 Normalised EL spectra for PLEDs fabricated from the SCB copolymers.  

 
Figure 3.14 Normalised EL spectra for PLEDs fabricated from the SC copolymers. 
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Figure 3.15 IVL characteristics of the SCB PLEDs. The current-voltage relationship is 
plotted in red squares (left ordinate) and luminance-voltage in blue. The data is plotted 
over that range -6V to 20V. 
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Figure 3.16 IVL characteristics of the SC PLEDs. The current-voltage relationship is 
plotted in red squares (left ordinate) and luminance-voltage in blue. The data is plotted 
over that range -6V to 20V. 
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Consistent trend is found for both LMAX and ηP. In the SCB group, SCB3 appears 

to be the brightest PLED material in its family giving the highest LMAX, 

5200cd/m2 at 9.8V, followed by SCB11 (2520cd/m2 at 14.8V) and SCB18 device 

emitted the least (590cd/m2 at 11.6V). In the SC group, the brightest PLED was 

found to be SC006 achieving an impressive 21140cd/m2 at 12.6V, followed by 

SC008 (230cd/m2 at 10.2V) and SC010 device emitted the least (56 cd/m2 at 

12.8V). 

 

Figure 3.17 The performance of the PLEDs is represented by their maximum luminance, 
LMAX, (blue filled squares, left ordinate) and the maximum luminous efficacy, ηP, (red 
hollow circles, right ordinate) of the corresponding polymers. Results of SCBs are 
plotted in a darker shade for clarity. 

The maximum luminous efficacy achieved (ηP) also gives a similar trend for the 

PLED performance. SCB11 is considered as the best PLED material in the series 

as it has a higher ηP (2.84lm/W) than SCB3 (2.30lm/W). The least efficient PLED 

in the SCB group is found to be SCB18 as it is the dimmest PLED in group with a 

low ηP (1.01lm/W). In the SC group, it is obvious that SC006 is the best efficient 

PLED material achieving the most luminance (21100cd/m2) and having the 
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highest ηP (1.49lm/W). While the other SC polymers appear to be rather deficient 

electroluminescence materials when compared to the other selected polymers 

since their LMAX and ηP values are nearly two orders of magnitude lower than the 

rest. Overall, SC006 is regarded as the most efficient PLED material in this study 

as it obtained the balance of high luminance with high luminous efficacy. 

3.4.3 Optical Gain Characterisation 

From the optical gain characterisation measurements, it was discovered that not 

all of the tested materials were able to generate ASE. The non-ASE polymers 

were SCB3, SCB 11 and SC006. The rest of the tested polymers were able to give 

ASE. ASE spectra of SCB18 and SC010 are chosen to be the examples to represent 

the ASE spectral characteristics of their corresponding family as shown in Figure 

3.18 and Figure 3.19. The absorption coefficient, PL and ASE spectra of SCB18 are 

shown in Figure 3.18 and SC010 are shown in Figure 3.19. These two examples 

also demonstrate that the ASE peaks at the 0-1 vibronic peak in the 

photoluminescence spectrum (457nm for SCB18 and 450nm for SC010), the 

location of the expected maximum gain.  

The ASE spectral narrowing nature is illustrated in the insets, where the 

emission spectra at excitation energy below and above the ASE threshold energy 

(Eth) are presented. It is worth noting that the ASE process was observed to be 

more complete in SC010 as can be seen in Figure 3.19 the ASE spectrum is 

dominated by the ASE peak (approximately 87% of the total spectral area) and 

the PL is rather diminished (13%), whereas the PL emission is still quite evident 

in SCB18 (approximately 60% ASE and 40% PL, Figure 3.18). 

 



92 
 

 
Figure 3.18 shows the absorption coefficient (solid black line, left ordinate), 
photoluminescence (blue dashed line) and ASE (filled area) spectra for SCB18. The inset 
illustrates the emission spectra below (black) and above (red) Eth. The average Eth of 
SCB18 was found to be ~104µJ/cm2. 

 
Figure 3.19 shows the absorption coefficient (solid line, left ordinate), 
photoluminescence (dashed line) and ASE (filled area) spectra for SC010. Inset 
illustrates the emission spectra below (black) and above (red) Eth. The average Eth of 
SC010 was found to be ~0.81µJ/cm2. 
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The Eth values are used as an indicator for the gain potential of the polymers in 

this study as ASE mechanism is the same as a laser but without a cavity, 

therefore, the lower the Eth, the better the gain potential of the polymer.  

 

Figure 3.20 presents the results for the optical gain characterisation: ASE threshold 
energy density (Eth) is represented by shaded columns (left ordinate), the gain and loss 
coefficients are shown by the corresponding square and circle data points.  

The waveguide quality was further assessed by measuring the gain and loss 

coefficients using stripe pump excitation (detailed in Sections 2.6.4 and 2.6.5).  

Figure 3.20 presents the corresponding gain (blue square) and loss (red circle) 

coefficients of the ASE polymers in this study along with their average Eth values 

(shaded columns).  

Overall, it is obvious that the SC polymers are better optical gain media in this 

study as their Eth values obtained by them are lower than the SCBs’ by two 

orders of magnitude, as well as obtaining approximately three times higher gain 

coefficients with generally lower loss than the SCBs. In the SCB family, SCB18 is 
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the best optical gain polymer with a lower Eth (~104µJ/cm2) and lower loss 

coefficient than SCB9 but still much worse properties than for the SC materials.  

In the SC group, SC010 is considered the best gain medium as it has a good 

balance of low loss (~2.2cm-1) and low Eth (~0.81µJ/cm2) with a high gain 

coefficient (~44cm-1). The second best gain material would be SC005; although it 

has a higher Eth (~1.44µJ/cm2) than SC010 and SC007, it also has achieved the 

highest gain (~87cm-1) with the least loss (~1.8cm-1) in group. SC008 is found to 

be the worst gain material in the SC series as it has a considerably higher Eth 

(~2.70µJ/cm2, as shown in Figure 3.21). The optical gain and loss coefficients 

were not measured for SC008 due to this finding.   

3.5 Conclusions 

A selection of nine blue-emission fluorene-based electroluminescent copolymers 

from generation one and three were tested and analysed for their optoelectronic 

and optical gain properties in this study. The optical properties including ASE of 

these materials were characterised, while their PLED performances were 

evaluated and compared.  

The ASE energy threshold (Eth) is chosen to represent the polymer optical gain 

efficiency, whereas the maximum luminous efficacy (ηP) represents the PLED 

property. Figure 3.21 compares the PLED quality and optical gain characteristics 

for all nine copolymers. 

It was discovered that three of the studied materials were unable to generate 

ASE: SCB3, SCB11 and SC006, identified by empty columns in Figure 3.21. On 

the other hand, these three non-ASE polymers are also found to be the three best 

performing PLED materials. Therefore, it has become evident that optimised 
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highly efficient light emitting conjugated polymers for PLEDs are not necessarily 

effective optical gain media.   

 

Figure 3.21 illustrates the optical gain (Eth, column, left ordinate) and the optoelectronic 
(ηP, data points) performances of the corresponding copolymers. Note the empty 
columns for SCB3, SCB11 and SC006 as these materials fail to show ASE. 

Moreover, by comparing the PLED and optical gain performance shown by the 

polymers, SC006 is discovered to be the best PLED material by obtaining highest 

maximum luminous efficacy in the SC family; however, it was unable to give 

ASE thus making it the worst optical gain polymer in the group. Whilst SC010 is 

found to be the most efficient optical gain medium in the family by having the 

combination of low ASE threshold energy density, high gain and low loss, 

however it gives the worst PLED performance. Similar trends apply to the SCB 

group, evincing an anti-correlation between optimised PLED and optical gain 

characteristics, as illustrated by Figure 3.22.  
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Figure 3.22 explains the anti-correlation between optimised PLED and optical gain 
characteristics. 

Furthermore, the three non-ASE polymers possess long excited state lifetimes 

(0.32-1.26ns) whilst the rest of the selected polymers that do give ASE had 

significantly shorter excited state lifetimes (134-250ps), as discussed in Section 

3.4.1. In addition, the polymer with the highest PLQE was SC006 (96%), which is 

a non-ASE material, and SCB18 had the lowest PLQE (22%) with an ASE 

threshold of ~104µJ/cm2. It is therefore evident that high steady state PLQE and 

long excited state lifetime are insufficient for good optical gain properties. It has 

also been discovered that SC006, the copolymer has the longest singlet excited 

state lifetime, has the lowest kr and knr, as it has the longest τ. This indicates the 

energy transfer process in the third generation polymer system is a lot more 

complex than the other copolymers of the first generation As it is one of the non-

ASE materials, further investigation was carried out on this copolymer with the 

aim of searching for the reason behind this gain quenching process. The details 

of the further study on SC006 are reported in Chapter 4.  

Based on the findings reported in this chapter, the simple copolymers of the first 

generation are better gain media than the complex copolymers of the third 

generation. The more simple and straightforward (i.e. fast kr and knr ≈ 2x109s-1) 

energy transfer processes between similar functional units along the polymer 

chains is found to be a more suitable environment for gain medium. 
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It is also interesting to discover the differences found in the optical and the 

optoelectrical properties of SC008 and SC010; these two copolymers both consist 

of 50F8:50F5 but with different synthesising methods: The Yamamoto coupling 

method was used to copolymerise SC008, whereas SC010 was made by the 

Suzuki reaction. Therefore, the difference in their chemical structures is the 

possibility of consisting blocks of F8 and F5 units along the backbone of SC008, 

whereas the F8 and F5 units are all separated in the alternating copolymer of 

SC010.  Further details are discussed in Chapter 5. 

Both of the copolymers share the same n0-1 (1.95) at 450nm, however, SC008 is 

found to be more absorbent; in fact, it is the most absorbent material in this study.  

SC010 is considered the best optical gain polymer in the series while SC008 was 

found to be the least gain efficient. On the other hand, SC008 was the second 

most luminous efficient in the group when SC010 obtained the lowest ηP as well 

as LMAX. It appears that the polymer coupling method also plays a significant 

role in the quest for the optimal gain efficient polymer chemical structure. The 

further investigation in this area is discussed in Chapter 5. 
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Chapter 4 Impacts of Energy Transfer in Polymeric Systems on Optical Gain Mechanism 
Impacts of Energy Transfer in 
Polymeric Systems on Optical Gain 
Mechanism 

4.1 Introduction 

It has been discovered in Chapter 3 that three of the nine electroluminescent 

copolymers investigated were unable to give ASE: SCB3, SCB11 and SC006. Thus, 

1/3 of the studied copolymers were non-gain media. Between the three found 

non-gain polymers, SC006 was considered to be the most intriguing overall as it 

obtained the highest PLQE (~96%), the longest excited state lifetime (~1.3ns) and 

the largest Stokes shift (82nm) in all of the studies materials reported in Chapter 

3. All of its optical characteristics indicate that it should be a potential gain 

medium as the large Stokes shift reduces self-absorption in the emission and it is 

a very efficient light emitting material, with an unusually long excited state 

lifetime, which is rare in polyfluorenes (usually in picoseconds). With the 

benefits of its long excited state lifetime, high pump rate would not be required 

to maintain a population inversion, thus, limiting exciton-exciton annihilation. 

These are all advantages for a polymer gain medium. However, SC006 was 

found to be a non-gain material, unlike its other SC family members tested in the 

study.  
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As the main aim of this research is the quest for the properties of the polymer 

which optimise its optical gain potential, it is important to understand the cause 

for the gain quenching in the SC006 polymer system. Therefore, it was decided 

to take a step backwards and perform a series of optical characterisations in its 

solution state.  

Organic-organic interfaces can be form between two or more different polymers 

in a polymer blend [94], which are called interchain interfaces. These interfaces 

can also be form within the chain of a copolymer consisting two or more 

different molecular units (e.g. an electron-donor unit attached to an electron-

acceptor units on the backbone) [77, 95], which are called intrachain interfaces in 

this case [96]. The decision was made based on the possibility of energy transfer 

via interchain and/or intrachain within the SC006 polymer system interfaces, 

which could lead to gain quenching. Although the exact chemical structure of 

SC006 is held by the Sumitomo Chemical Company, it is known that SC006 is a 

fluorene-based polymer of the third generation – a statistical complex copolymer, 

consists of 95% F8 and a F8-like monomer compound as the electron-acceptor 

and  charge carrier, 5% arylamine moiety as the electron-donor and a hole 

transporter within the polymer system [97]. Since SC006 was originally designed 

for optimal electroluminescent performance, the introduction of arylamine 

moiety to the polymer chain composition is a popular method for enhancement 

in charge-carrier transportation and electron-hole pair recombination. Moreover, 

intrachain interfaces can be formed between the organic-organic interfaces of the 

donor and the acceptor.  

This chapter reports the investigation on the energy transfer via interchain 

and/or intrachain interfaces, and its effects on the gain quenching mechanism 

within the polymer system. As mentioned before, since the composition of the 

SC006 copolymer is not complete by clear, another copolymer of the same 
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generation with known chemical structure was introduced to the study as a 

reference: Y95F8:5BSP (also known as  SC012 [98]), consists of 95% F8 and 5% 

butyl-substituted phenylenediamine, or BSP for short.  Y95F8:5BSP is 

comparable to SC006 as they both consist of 95% electron-acceptor unit and 5% 

electron-donor unit. They share similar optical characteristics and both are non-

gain media. The findings for Y95F8:5BSP are compared to a similar study on the 

polymer blend 50F8:50PFB (i.e. second generation) reported in [25]. 

4.1.1 Solvent Effects on Emission 

In order to investigate and identify the possible intermolecular and 

intramolecular in the SC006 statistical copolymer, solvatochromism study was 

performed on the polymer solutions prepared in different solvents in order to 

achieve a variation of solvent polarity.  

The solvent polarity used in this study is defined by the solvent orientation 

polarisability, ∆f, which is governed by the dielectric constant (ε) and refractive 

index (n) of the solvent. Their relationship is described by the Lippert-Magata 

equation for specific solvent effects: ( ) ( )241121 22 +−−+−=∆ nnf εε  [32].  

Figure 4.1 provides a graphical explanation of the effects of the electronic and 

orientation reaction field on the energy of a solvent dipole. The Jablonski 

diagram on the left of Figure 4.1 illustrates a simplified absorption and emission 

process between the ground (S0) and excited (S1) states of a fluorophore 

(illustrated as the bigger blue circle). On the right hand side of Figure 4.1, the 

diagram shows the effects of the electric and reaction orientation fields on the 

solvent dipoles (illustrated as the smaller grey circles) during the excitation and 

emission process of a fluorophore correspondingly [32]. The black arrows in the 

solvent molecules represent their dipole moments. (a) at ground state S0(0), (b) at 

excited state S1(1) after absorbing a photon γ – Franck-Condon principle, (c) S1(1) 
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� S1(0) fast relaxation (<excited state lifetime) and changing orientation field, 

thus changing their dipole moments, (d) photon of a lower energy is emitted, 

S1(0) � S0(1), only the electric field is changed during emission; orientation field 

remains unchanged, hence, dipole moments of solvent molecules remains the 

same as at S1(0). 

 
Figure 4.1 shows the effects of the electronic and orientation fields on the energy of a 
dipole during the processes of excitation and emission. This figure is adapted from [32]. 

The effect of intermolecular species in solution state would be diminished as the 

distance between polymer chains would be increased from solid state to solution 

state. Hence, the formation of interchain heterojunction would be limited (Note: 

interchains would still form but the formation process would be diminished). 

What is more, the concentration of the polymer in the solution can control the 

interchain interactions as the lower the polymer concentration in the 

environment, the less the polymer chains available for interchain interactions. 

Thus, the possibility of intermolecular interfaces formation would be reduced 

and limiting the probability of localised excited states development between 
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interchain heterojunctions, which results in minimising interchain species in the 

system. 

4.1.2 The Polymers 

The two main polymers employed in this study are SC006 and Y95F8:5BSP (also 

known as SC012). Both are statistical copolymers synthesised through 

Yamamoto coupling method and were manufactured and provided by the 

Sumitomo Chemical Company. The information for SC006 is detailed in Chapter 

3; it is a complex statistical copolymer (i.e. a third generation polyfluorene) 

consists of 95% of 9,9-dioctylfluorene (F8) and a “unique monomer” as the 

electron-donor and 5% of an undisclosed arylamine moiety as the electron-

acceptor in the polymer system.  

      
Figure 4.2 shows the molecular structures of the statistical copolymer Y95F8:5BSP.  

Since the exact constituents of SC006 are unavailable, in order to have a reference 

for this study, another comparable complex copolymer of the third generation 

was introduced to the study: Y95F8:5BSP. It consists of 95% F8 as a donor and 

5% BSP as an acceptor butyl-substituted phenylenediamine. Therefore, 

Y95F8:5BSP shares the same donor-acceptor ratio as SC006. It is worth noting 

that Y95F8:5BSP polymer consists of 10% PFB units along its backbone as PFB is 

a copolymer consists of 50% F8 and 50% BSP (butyl-substituted phenylenediamine), 
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hence, Y95F8:5BSP can also be named as Y90F8:10PFB. Figure 4.2 shows the 

molecular structure of Y95F8:5BSP. It is worth noting that the polymer chain 

length of Y95F8:5BSP is shorter than SC006, therefore, Y95F8:5BSP has a higher 

packing density. 

4.2 Experimental 

Solutions of F8, PFB and Y95F8:5BSP were prepared at concentration 10g/l in 

toluene and their polymer films of 115±5nm thickness were fabricated by spin-

casting on Spectrosil B® Substrates following the procedures detailed in Chapter 

2. The polymer film thicknesses were determined using a DekTak-3 surface 

profilometer. The standard low energy optical characterisations were carried out 

under atmospheric pressure at room temperature on all of the polymer films; 

these measurements include the absorbance, photoluminescence (PL), PL 

quantum efficiency (PLQE). The time-resolved photoluminescence decay was 

also performed in order to explore the excited state lifetime of the materials. 

For the solvatochromism study on SC006, it was necessary to prepare sample in 

solution state with solvents of different polarity. The SC006 polymer solutions 

with a range of different concentrations were prepared using the method 

described in Chapter 2. The nature of solvent use in this study is important as the 

solvent controls the solution polarity. The selected solvents were m-xylene, 

toluene, chloroform and tetrahydrofuran (or THF for short). The solvent polarity, 

∆f, can be determined by Lippert Equation, ( ) ( )241121 22 +−−+−=∆ nnf εε , 

where ε is the solvent dielectric constant, and n is the solvent refractive index at 

room temperature (25oC) [32]. Both values were obtained from CRC Handbook 

of Chemistry and Physics [99]. With the selected solvent, the SC006 solution 

polarity ranged from 0.013 to 2.11 were prepared. The solvent polarity is shown 
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in Figure 4.3. THF provides the highest solution polarity, while toluene and m-

xylene the lowest.  

 
Figure 4.3 shows the polarity of the four solvent used in the solvatochromism study on 
SC006. 

The four SC006 solutions were prepared at concentration of 10g/l and polymer 

thin films were fabricated from these solutions with film thickness of 

approximately 100nm. Consequently, six more SC006 solutions of each solvent 

were prepared by dilution at concentrations of 5g/l, 1g/l, 0.06g/l, 0.01g/l, 

0.0015g/l and 0.00015g/l.  

Standard absorbance and PL characterisations were carried on the four SC006 

thin-film samples and the solutions of the four different solvents at 

concentrations of 0.06g/l, 0.01g/l, 0.0015g/l and 0.00015g/l. These optical 

characterisations were performed using 1mm quartz cuvettes as a container for 

the solution samples. The absorbance and PL were measured by employing the 

ATI UV-Vis spectrophotometer and Spec FluoroMax spectrofluorometer with 

excitation wavelength at 390nm. 

To further investigate the red-shift feature in the PL emission of the SC006 

polymer system, PL measurements were performed on the SC006 solution with a 
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range of different solvent polarities. The solvent polarity was varied by mixing 

different proportion of the toluene solution and the THF solution. Solutions at 

concentration of 1g/l were used. Toluene and THF were chosen as they would 

provide the wide range of polarities and they are miscible as specified by the 

solvent manufacturer [100]. 

In order to explore the gain potential of SC006 in solution state, ASE 

measurements were performed on the SC006 solutions in chloroform, THF and 

toluene at concentration of 5g/l. The ASE measurement set up version one was 

employed. The solutions were contained in 10mm quartz cuvettes and were 

pumped at 355nm by an approximately 400µm x 4mm excitation stripe on the 

edge of the cuvette with a Q-switched Nd3+:YAG laser that delivered 25ns 

pulses [74] at a repetition rate of 10Hz. The emission signals were collected at the 

other edge of the pump stripe by a liquid light guide coupled with a Princeton 

Instruments Acton Standard Series SpectraPro® 2300i monochromator and a 

Princeton Instrument PIXISTM 400 CCD. The details of the ASE measurement 

procedures are detailed in Chapter 2. 

4.3 Results 

4.3.1 Absorption and Photoluminescence 

The absorption coefficient (α) and the normalised PL spectra of PFO, PFB, 

Y95F8:5BSP and SC006 thin film samples are presented in Figure 4.4. The results 

of SC006 shown here are the same as the ones in Chapter 3.  

The absorption coefficient spectra (left ordinate) of the copolymers SC006 (green) 

and Y95F8:5BSP (blue) shows a very strong F8 absorption (black), where SC006 

and F8 share almost the same absorption coefficient spectral feature with peaks 

at 384nm and 385nm respectively. Y95F8:5BSP and SC006 show no obvious PFB 
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absorption feature (red), which has a significantly lower α over the spectrum 

with slightly red-shifted peak at 382nm with 0.94 x 105 cm-1. This suggests F8, 

Y95F8:5BSP and SC006 have similar ground state energies and the ground state 

energy of PFB is lower as suggested by the red-shift. Nevertheless, the effect of 

the arylamine unit in SC006 and Y95F8:5BSP is shown by giving rise to their 

absorption coefficient spectra. The most absorbing material in this study was 

found to be Y95F8:5BSP with maximum α of 2.40 x 105 cm-1 at 384nm. The other 

complex copolymer, SC006, also obtained a higher α than PFO at 2.22 x 105 cm-1. 

 
Figure 4.4 shows the absorption coefficient spectra (left ordinate) and the PL spectra of 
the thin film samples of PFO (black square), PFB (red circle), Y95F8:5BSP (blue triangle 
up) and SC006 (green triangle down) polymers. 

Whereas, the maximum α PFO reached was 2.17 x 105 cm-1. This is interesting 

results as the PFO is the main conjugated polymer backbone of both SC006 and 

Y95F8:5BSP, but both copolymers were found to be more absorbing than PFO. 

Since there is no obvious blue-shift feature in the absorption spectra of the 

copolymers comparing to PFO, thus, this rise in absorption coefficient is unlikely 

to be caused by conjugation length reduction [96]. Therefore, this absorption 



107 
 

increase can be explained by an increase in packing density in the copolymers, as 

mentioned previously, the polymer chain length of Y95F8:5BSP is shorter. Hence 

the PFB units are more “bulky” than PFO. 

Normalised PL spectra are also shown in Figure 4.4 (right ordinate), where the 

integral over the emission band is equal to one. PFO (black) film gives the PL 

spectral signature of its glassy-phase with 0-0 peak at 423nm and 0-1 at 450nm 

[90]. The spectrum indicates some self-absorption by PFO as 0-0 peak is smaller 

than 0-1 and its absorption spectrum shows that PFO absorbs at 423nm. The PL 

spectrum of the PFB sample shows no reference of F8 PL emission but a 

featureless broadening characteristic in the redder spectrum peaking at 460nm, 

which indicates the copolymer has a lower excited state energy than PFO.  

Polymer 
PL FWHM 

(nm) 

Stokes Shift 
(nm) 

PFO 62 38 
PFB 92 78 

SC006 77 81 
Y95F8:5BSP 67 69 

Table 4.1 shows the corresponding FWHM of the polymer PL spectra and the Stokes 
shift between the peak of absorption spectrum and the 0-0 peak of PL spectrum for each 
material. 

Unlike in the absorption spectra, the 5% arylamine moiety in SC006 and the 5% 

BSP in Y95F8:5BSP has great impact on their PL properties; the PL spectra of 

these two copolymers are very different from the one of PFO: both demonstrate 

strong efficient amine-affected emission with the only peak at 465nm and 453nm 

in the PL spectrum respectively. 

Their PL spectral feature is greatly influenced by the arylamine moiety as their 

PL spectra have become broader and more featureless; the vibronic structure of 

F8 is not visible in Y95F8:5BSP PL spectrum. Table 3.1 shows the PL spectrum 

FWHM and the Stokes shift of each material under test. The PL FWHM shows 
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that PFB has the broadest PL spectrum, while SC006 is 15nm broader than the PL 

spectrum of PFO. PFO has the smallest Stokes shift while SC006 has the largest. 

4.3.2 PL Efficiency and PL Lifetime 

These two optical properties are closely related as PLQE describes the ratio of 

emitted photons from the polymer and the total photons absorbed (i.e. radiative 

emission), whereas the PL lifetime (τ) reflects the competition within the excited 

states between the radiative emission and the non-radiative recombination. 

 
Figure 4.5 shows the normalised time-resolved photoluminescence plot of the thin film 
samples of PFO (black square), PFB (red circle), Y95F8:5BSP (blue triangle up) and 
SC006 (green triangle down) polymers. 

The photoluminescence quantum efficiencies (PLQE) were measured and 

calculated as described by deMello et al [70], the experimental procedures are 

detailed in Chapter 2. As discussed in Chapter 3, SC006 was found to be an 

extremely PL efficient material by achieving 96±5%. The PLQE measurements 

were carried out on the thin-film samples of PFO, PFB and Y95F8:5BSP. The 
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PLQE values were extracted and PFO was found to be 50±5%, which is 

consistent with the published results in [38]. The film sample of PFB was found 

to be 37±5%. PLQE was improved by covalently attaching PFB to the F8 

conjugated backbone as their copolymer, Y95F8:5BSP, obtained 81±5%. 

Y95F8:5BSP is obviously the most emissive material of the three, outperforming 

its two constituents when separated. Thus, Y95F8:5BSP has the most efficient 

radiative emission transfer rate and it is the copolymer of F8 and PFB that gives 

the most light. The increase in PLQE coupled with the increase in absorption 

coefficient (i.e. refractive index) leads to an expectation of improved gain 

properties as a direct result of increased optical confinement [87, 101]. But 

Y95F8:5BSP was a non-gain material. 

Polymer 
τ  

(ns) 
PLQE  

(%) 
kr  

(x10
9 s-1) 

knr  
(x10

9 s-1) 

PFO 0.27 ± 0.01 50 ± 5 1.85 ± 0.003 1.85 ± 0.005 
PFB 0.48 ± 0.02 37 ± 5 0.77 ± 0.003  1.30 ± 0.005 

SC006 1.26 ± 0.04 96 ± 5 0.76 ± 0.003 0.03 ± 0.005 
Y95F8:5BSP 0.97 ± 0.03 81 ± 5 0.94 ± 0.003 0.20 ± 0.005 

Table 4.2 shows the corresponding excited state lifetime (τ) of the polymers extracted 
from their time-resolved PL data, PLQE values and the expected rates of radiative (kr) 
and non-radiative (knr) decays.  

Time-resolved photoluminescence measurements were carried out on the 

samples in order to investigate the PL temporal properties, from which the 

excited state lifetime (τ) can be extracted by performing exponential decay fitting 

over two orders of magnitude. Figure 4.5 shows the time-resolved 

photoluminescence decays of PFO, PFB, Y95F8:5BSP and SC006.  

By observing and comparing the decay slopes between the materials, it can be 

identified that F8 has the fastest, monoexponential decay, whereas PFB and 

Y95F8:5BSP have a fast decay with an additional longer decay time. What is 

more, SC006 has the longest τ in this study, while Y95F8:5BSP has a longer τ than 
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PFO and PFB. The extracted τ and the PLQE for each of the materials are listed in 

Table 3.2. It is interesting to note that Y95F8:5BSP obtained approximately 

double the τ of PFB and around five times the τ of PFO, while it is a copolymer 

consists of only these two polymers.  

The expected relationship between PLQE and has been detailed in Section 3.4.1. 

The rates of radiative decay (kr) and non-radiative decays (knr) can be expressed 

as τPLQEkr =  and ( ) PLQEkPLQEk rnr −= 1 . The values of kr and knr are shown 

in Table 3.2.  

With the addition of 5% BSP (or 10% PFB) in Y95F8:5BSP, kr of the copolymer is 

approximately halved the value found in PFO and a near twenty-fold reduction 

in knr. Similar trend is shown in SC006 as the rates of excited state decays have 

been significantly reduced when compared to the values of PFO.  This finding 

suggests that the additional arylamine units in the polymer chains delay the rate 

of excited state decays, hence, causing the energy transfer process within the 

polymer system to be more complex. The reduction in radiative decay rate is a 

common feature found in all complex copolymer of the third generation 

reported in this thesis. 

4.3.3 Copolymer and Polymer Blend Systems 

The section contains the comparison between the results from a study on energy 

transfer in a F8:PFB polymer blend film carried out by Morteani et al. reported in 

[25] and the findings obtained from the standard optical characterisations on the 

Y95F8:5BSP copolymer as reported in Sections 4.3.1 (PL spectra) and 4.3.2 

(excited state lifetime). It is worth noting that the copolymer Y95F8:5BSP can be 

denoted as Y90F8:10PFB as PFB is a Y50F8:50BSP copolymer as detailed in 
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Section 4.1.2. For consistency, the copolymer will remain labelled as Y95F8:5BSP 

throughout the chapter. 

 
(a)                  (b) 

Figure 4.6   shows normalised (peak = 1) PL spectra of thin films of (a) F8, PFB and a 
50:50 (by weight) F8:PFB blend. Adapted from Morteani [25] and (b) F8, PFB and 
Y95F8:5BSP copolymer (single-chain) from this study as shown in Figure 4.4 . 

Morteani and co-workers from the Cambridge group have done a comparable 

exciton-exciplex study on polymer blends of F8 and PFB polymers, where they 

have used a 170nm film fabricated from a 50:50 (by weight) F8:PFB blend. Figure 

4.6a shows the PL spectra of F8, PFB and the 50:50 polymer blend of the two 

polymers from their published report [25] and Figure 4.6b shows the PL spectra 

obtained in this copolymer study with Y95F8:5BSP  in a matching x-axis with the 

same normalisation (i.e. setting the peak PL intensity equal to one for all sample). 

Polymer 
τ  

(ns) 

F8 0.59 
PFB 1.7 

90F8:10PFB ~26 

Table 4.3 shows the reported excited state lifetime (τ) of F8, PFB and 90:10 polymer 
blend as reported in [25].  

It was discovered that the PL spectrum of their 50:50 F8:PFB blend shares even 

more PFB PL emission feature than the copolymer Y95F8:5BSP used in this study.  
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From the data provided in [25], it is clear that the polymer blend sample and the 

PFB share almost identical PL emission spectral character. This is different from 

the Y95F8:5BSP PL spectrum. This can be explained by the higher proportion 

(50%) of PFB exists in their blend rather than the 10% PFB used in this study. In 

general, our findings agree: the introduction of the interfaces in F8:PFB gives a 

broader, featureless and red shifted emission spectrum which is one of the 

indications of exciplex formation. 

 
Figure 4.7 shows the time-resolved photoluminescence plot of F8, PFB and Y95F8:5BSP 
from the copolymer study (same data as shown in Figure 4.7 only in different axes scales 
for comparison purpose). Inset shows the time-resolved photoluminescence plot of F8, 
PFB and a 90F8:10PFB polymer blend detected at 475nm at 291K (adapted from [25]). 

Similar time-resolved PL study was carried by Morteani et al. on the polymer 

blend of 90F8:10PFB and their results are shown in the inset of Figure 4.7. The 

measurement was performed on a polymer blend of 90% F8 and 10% PFB. The 

extracted excited state life time from their blend study is listed in Table 4.3. It is 

worth noting that the extracted values of τ in the copolymer study (shown in 

Table 3.2) are all nearly halved the values quoted in the polymer blend study. 
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This is due to the different data fitting methods that were employed on the data 

for two separate studies.  

Overall, time-resolved PL traces of the copolymer (Y95F8:5BSP) and the polymer 

blend (90F8:10PFB) suggest increased values for the excited state lifetime when 

compared to their two constituent polymers. In the Cambridge group’s blend 

study, F8 displays the fastest decay and the polymer blend shows the longest 

lifetime with a long-lived, red-shifted emission; this new emission is assigned as 

an F8:PFB exciplex. The same trend was obtained in this copolymer study with 

Y95F8:5PFB giving a longer excited state lifetime when compared with the τ’s of 

F8 and PFB separately. Therefore, the longer-lived emission features in polymer 

blend 90F8:10PFB and copolymer Y95F8:5PFB detected from the time-resolved 

PL characterisation indicate complex energy transfer processes (e.g. exciplex 

formation) in the interface of donor-acceptor in the polymer blend as well as in 

the copolymer system.   

4.3.4 Solvatochromism Study on SC006 

The focus of this study has been to understand the ASE quenching mechanism in 

the SC006 polymer system, which was discussed in Chapter 3. After a series of 

optical characterisations and comparison with Y95F8:5BSP – a complex 

copolymer consists of comparable constituents, intersystem energy transfer 

processes have been detected in the SC006 polymer system.  

As detailed in Section 4.1.1, energy transfer process can occur between the 

intermolecular as well as intramolecular interfaces, where intermolecular species 

are formed at the interchain heterojunctions between the polymer chains and 

intramolecular species are formed at the intrachain heterojunctions within the 

polymer chains. 
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In order to investigate the ASE quenching mechanism by intersystem energy 

transfer processes in the SC006 polymer system, solvatochromism measurements 

were carried out on a range of SC006 solutions with different concentrations in 

four different solvents. The selected solvents are m-xylene, toluene, chloroform 

and THF; their corresponding solvent polarity values, ∆f, are shown in Figure 4.3. 

 
Figure 4.8 shows the normalised PL spectra of the SC006 solutions in four different 
solvents with a range of different solution concentration: 0.06g/l (red triangle), 0.01g/l 
(blue solid line), 0.0015g/l (orange dashed line) and 0.00015g/l (green dashed line). The 
PL spectra of the SC006 film prepared from the 10g/l solutions are shown as well (black 
square). 

In dilute solution state, the number of intermolecular species would be 

significantly diminished as polymer chains are further apart from each other in 

solution (as explained in Section 4.1.1). Therefore, any visible energy transfer 

spectral features would be caused by intramolecular species. 
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Figure 4.8 shows the normalised PL spectra of the SC006 solutions in four 

different solvents with a range of different solution concentrations: 0.06g/l (red 

triangle), 0.01g/l (blue solid line), 0.0015g/l (orange dashed line) and 0.00015g/l 

(green dashed line). The normalised PL spectra of the SC006 thin-film samples 

prepared from the 10g/l solutions in the four solvents are also shown (black 

square). The integral over the PL emission band has been set equal to one for all 

spectra. 

The common difference between the PL spectral features of the solid state and 

the solution state of SC006 is the appearance of the PFO (or F8) glassy-phase 

spectral signature: 0-0 vibronic peak at ~420nm [90]. The F8 0-0 peak is 

completely invisible in solid state for all SC006 thin-film samples and the 

interchain species are responsible for this feature. This is the result of efficient 

energy transfer between the excited singlet state of the F8 units and the 

arylamine units at the interchain heterojunction in the solid state. What is more, 

the F8 0-0 peak becomes more dominant over the PL spectra as the SC006 

concentration decreases (i.e. when the number of SC006 polymer chains in the 

environment reduces), and this feature is most apparent in the chloroform 

solution samples, where its PL spectra experienced a prominent red-shift from 

solid state to solution state, and transformed into a F8-like PL spectra as SC006 

concentration was diluted. This is because the SC006 polymer chains are most 

“stretched” in the chloroform solvent environment, and the arylamine chains are 

further apart from each other, thus intrachain energy transfer process along the 

polymer chain is restricted. As a result, energy transfer between the F8 units 

became dominant in the system, hence the F8-like PL characteristics in diluted 

chloroform solutions. 

The PL spectra of the THF solutions are slightly red-shifted with a broadening 

feature as the material changed from solid state (peak at 464nm) to solution state 
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(peak at 467nm) with dilution. While the PL spectra of the toluene and m-xylene 

solutions share similar characteristics and both experienced a slight blue-shift 

when material changed from solid state (peak at 464nm) to solution state (455nm) 

with no obvious broadening feature. The results suggest the intrachain interface 

energy transfer process was the most efficient in the THF environment as the PL 

spectra of the THF solutions show featureless red-shifted broadening emission 

nature. 

 
Figure 4.9 shows a selection of eight peak-normalised PL spectra (i.e. peak = 1) obtained 
from a series of SC006 solutions with different solution polarity ranging from 0.014 to 
0.211 at concentration 1mg/ml. The gradual change of the overall PL spectral structure 
as well as the shift at the SE � S0 peak can be clearly observed. The PL spectra broaden 
and experience a bathochromatic shift (shifting to lower energy) as solution polarity 
increases. It is important to note that there is no apparent shift for the S1 � S0 peak at 
417nm.  

To further investigate the intramolecular interface species in the SC006 system, 

PL measurements were performed on the SC006 solutions with a range of 

gradual varied solvent polarities, which was achieved by mixing different 

proportion of the toluene solutions and the THF solutions together. Figure 4.9 
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presents a selection of eight peak-normalised PL spectra obtained from the PL 

measurements performed on a series of SC006 solutions with varied solution 

polarity ranging from 0.014 to 0.211 at concentration 1mg/ml. The gradual 

spectral broadening of the PL spectral structure can be observed as well as the 

red-shift feature of the PL peak (i.e. arylamine excited state to ground state) is 

clearly demonstrated as solvent polarity increases. The PL spectra also become 

featureless; a vibronic shoulder is visible at 485nm when ∆f = 0.014 (black in 

Figure 4.9) but the feature is not visible when ∆f = 0.211 (orange in Figure 4.9). It 

is important to note that there is no apparent shift for the S1 � S0  peak (i.e. direct 

excited state to ground state) at 417nm; solvent polarity only has impact on the 

arylamine unit emitting state, indicating its strong charge transfer characteristics. 

 
Figure 4.10 (a) shows the position of the SE� S0 peak (circle) and the S1 � S0 peak 
(triangle) of the PL spectra with their respective polarity of the solution under test. The 
SE � S0 peak shifts from 457nm (∆f = 0.014)  to 472nm (∆f = 0.211). The S1� S0 peak 
remains constant at 417nm. (b) shows the moment of spectrum <λ> of the PL spectra 
and absorbance spectra obtained from SC006 solutions with a range of different 
polarities. Solution polarity has no effect on the absorbance of the SC006 solutions.  

Figure 4.10 (a) shows the exact positions of the SE� S0 peak and the S1 � S0 peak 

of the PL spectra versus the corresponding solvent polarity from each of the PL 

measurements performed on the SC006 solutions. The SE � S0 peak underwent a  

red-shift from 457nm (∆f = 0.014) to 472nm (∆f = 0.211) as polarity increased 
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gradually. While the spectral character of the direct S1� S0 remained constant 

with local maxima at 417nm as it is independent of the solvent polarity.  

It is also important to verify the ground state behaviour of SC006 in solutions of 

different polarity. The moment of spectrum, <λ>, for each PL and absorption 

spectra was calculate as <λ> is more sensitive to any spectral changes than 

spectral peak position. <λ> can be expressed as <λ> λλϕλλϕλ dd ∫∫ ⋅= )()( , 

where φ(λ) is the PL intensity of the emitted photon at λ. Figure 4.10 (b) shows 

the graph of <λ> of the PL spectra and absorbance spectra obtained from SC006 

solutions with a range of different polarities. Solution polarity had no effect on 

the absorbance of the SC006 solutions. Therefore, there were intramolecular 

species in the SC006 complex polymeric system and were responsible for the red-

shift featureless broadening feature in its PL spectra with increasing solvent 

polarity. 

4.3.5 ASE results of SC006 Solutions 

The aim of this study was to investigate the ASE quenching in the SC006 

polymer system. With limited interchain interface energy transfer in solution 

state, ASE measurements were performed on the SC006 solution in chloroform, 

toluene and THF, in order to investigate the effects of the intramolecular energy 

transfer process on the ASE mechanism. The SC006 solution in m-xylene was not 

used in this study due to its solvent polarity (∆f = 0.013) being very close to 

toluene’s (∆f = 0.014) and its effects on the polymer solution is nearly identical to 

toluene’s as seen in Section 4.3.4.  

Figure 4.11 shows the stimulated emission spectra of the SC006 solution in (a) 

toluene, (b) THF and (c) chloroform at different pump energies. The SC006 

solutions in toluene and THF were able to produce ASE with peak at 460nm and 
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444nm respectively. However, no ASE was witnessed from the chloroform 

solution. It is worth noting that the emission spectra of chloroform solution 

shown in Figure 4.11(c) were not normalised since all of the spectra share 

identical spectral features; the PL emission intensity of the SC006 chloroform 

solution would increase linearly without undergoing any spectral narrowing at 

higher pump energy. Figure 4.11(d) presents the normalised stimulated emission 

spectra of the three solutions at the highest pump energy measured.  

 
Figure 4.11 shows the stimulated emission spectra of the SC006 solution at concentration 
of 5g/l in (a) toluene, (b) THF and (c) chloroform at different pump energies. (d) 
presents the normalised emission spectra of the three solutions at the highest pump 
energy measured. The FWHM of the ASE spectra are also shown.  

Since the SC006 solutions in both toluene and THF were able to give ASE, this 

suggests that the intramolecular energy transfer was not the cause for ASE 

quenching. On the contrary, SC006 solution in chloroform was unable to give 
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ASE was due to the lack of intramolecular species within the environment and 

the energy transfer between F8-F8 units along the polymer backbone was not 

efficient enough to maintain a population inversion. 

4.3.5.1   Delayed ASE in THF solutions 

This section gives a concise report on an unusual ASE feature discovered while 

performing ASE measurements on SC006 THF solution. It was found that the 

ASE of this sample had a temporal dependency. The solution did not give ASE 

as soon as it was excited with sufficient pump energy, instead, its ASE spectrum 

would start to build up from PL to a full ASE feature over a ~15s of warm up 

period with constant pump energy – the ASE process was delayed for ~15 

seconds. 

A series of individual ASE measurements were performed on the SC006 solution 

in THF solvent at concentration of 5g/l. Same experimental procedures were 

taken as the ASE measurements carried out in Section 4.3.5 with the only 

difference  - no pump energy variation - the pump energy was kept constant at 

400µJ for all scans. The duration for each scan was 30-second and data recording 

time interval was set at 0.5s. The measurement was repeated 28 times in order to 

minimise the laser pulse-to-pulse instability (±20%) and to investigate the 

reversibility of this ASE feature. The cooling time between each scan was at least 

90 seconds long. 

Figure 4.12a illustrates the gradual spectral “growth” of the ASE of the first 5 

seconds of the scan. It is clear to see the 0-2 “amine” peak at 475nm was 

dominant at second 2 (purple diamond in Figure 4.12a), which the PL spectrum 

of the sample). At second 3 (green triangle), a bump at ~445nm became visible in 

the emission spectrum, where the 0-1 peak is located – the expected location of 
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the optimal gain. The 0-2 “amine” peak area reduced progressively as time 

passed while 0-1 “ASE” peak began to dominant the emission spectrum.  

 
Figure 4.12 (a) shows the gradual “growth” of the SC006 ASE spectra in THF solution at 
constant pump energy (400µJ) for the first 5 seconds of the 30-second scan (laser pump 
starts at 1.5th second). (b) shows the three regions of the ASE spectrum of the SC006 
solution in THF. 

In order to perform a comprehensive analysis on this ASE feature, the total area 

of the stimulated emission spectrum of this sample was divided into three 

regions. Figure 4.12b identifies the three assigned regions of the ASE spectrum 

for this study:  

� Area 1 is the “F8” peak ranging from 400nm to 430nm, which is one of the 

spectral signatures of F8.  

� Area 2 is the “ASE” peak ranging from 430nm to 455nm, where the ASE is 

at its optimal.   

� Area 3 is the “amine” peak ranging from 455nm to 640nm, where the 

lower energy emission from the arylamine moiety dominates. 

The three assigned areas of the ASE spectra were calculated for each measured 

spectrum and were averaged over all of the 28 scans. Figure 4.13  shows the plot 

of how the ratio of the three peak areas changed over 30-second scan period. It 
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can be seen that there the “F8” peak has remained constant throughout the 

whole 30s scan, while the increase (or the growth as described previously) in the 

ASE peak is illustrated clearly – the ASE “build-up” period was approximately 

12s before the ASE stabilised. Once the ASE stabilised, it is consistent. While the 

ASE peak increases, the “amine” peak decreases as soon as laser pump started 

and it also stabilised after ~12s. Since these results are the averaged, the delayed 

ASE feature of the SC006 THF sample presented in Figure 4.13 is consistent. 

What is more, this feature was proven to be a complete reversible process as it 

was present in every measurement taking (i.e. repeated 28 times). 

 
Figure 4.13 shows the performance of the ratio between the three individual peak areas 
and the total spectral area changes over time. The purple vertical line indicates when the 
laser started to pump the SC006 THF solution sample at concentration of 5g/l. The “F8” 
peak is represented by black squares, “ASE” peak is represented by red circles, and 
“amine” peak is represented by blue triangle.  

This reversible ASE delay feature was likely caused by intramolecular species; as 

suggested in Figure 4.13, the characteristics displayed between the “ASE” peak 

and the “amine” peak can be described as a contest for pump energy between 
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the two states. The ASE was delayed since the exciton energy from the excited 

state was transferred to the intramolecular species (which emit in the redder 

region), due to the efficient energy transfer process between the intrachain 

heterojunctions provided by the THF solvent environment.  Consequently, a 

longer time was required to build up the population inversion thus resulting in a 

delayed ASE mechanism. 

4.4 Conclusions 

The aim of the study was to investigate the cause of the ASE quenching in the 

SC006 complex copolymer system of the third generation. The functions of 

intermolecular and intramolecular species with the SC006 were identified by 

performing a series of optical characterisations and comparisons between similar 

materials; SC006 has PL spectral features which are greatly influenced by the 

arylamine moiety presents in its polymeric system; its PL spectrum was found to 

be significantly red-shifted from the other SC copolymers but presenting visible 

vibronic structures. Its PL is strongly Stokes shifted from the absorption which 

together with evidence of solvatochromism suggests that the emissive state is not 

directly accessed by the absorption event.  

ASE measurements were performed on SC006 solution samples and it was 

discovered that SC006 was able to give ASE with reduced presence of 

intermolecular species in the polymer system. It has been learnt from Chapter 3 

that SC006 was not able to give ASE in solid state. 

To conclude, it was the combination of the intermolecular and intramolecular 

interface energy transfer process between the electron-donor unit and the 

electron-acceptor units that was responsible for the gain quenching in the SC006 

polymer system. With either species alone, is not enough to stop the ASE 

mechanism completely as confirmed by the ASE in both toluene and THF 
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solutions of SC006. On the other hand, the lack of both intermolecular and 

intramolecular species in a complex polymer system can also quench the ASE 

mechanism completely as demonstrated by the SC006 solution in chloroform. 

Furthermore, it is possible that the complex copolymer system of SC006, given 

by the arylamine moiety, enhances the energy transfer processes between the 

intermolecular and intramolecular interfaces. Hence, under the condition that  

the functional units in the copolymer share similar optical properties (i.e. both 

emit in blue with comparable absorption and PL spectral features), the addition 

of arylamine moiety in a copolymer system can stimulate gain quenching effect, 

as this can encourage the development of complex energy transfer processes 

between the excited states of the functional units. 
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Chapter 5 Effects of Synthesis Route and Chain Structure on Optical Gain Polyfluorenes 

Effects of Synthesis Route and Chain 
Structure on Optical Gain 
Polyfluorenes 

5.1 Introduction 
The focus of this study is the comparison between two different polymer 

synthesis methods: Yamamoto coupling method for statistical copolymers and 

Suzuki-Miyaura (or Suzuki) coupling for alternating copolymers. The aim of this 

study was to understand the effects of the polymer synthesis method on the 

optical gain properties of the polymers. The polymer synthesis method controls 

the chain structure of the polymer, thus, it has a direct impact on intrachain 

mobility and the formation of preferential interchain hopping sites, which 

influence the polymer charge transport properties.  

The polymers selected for this study are copolymers of the first generation 

polyfluorenes that consist of two differently substituted fluorene units. For a 

straight forward comparison, the only difference between the selected 

copolymers is their synthesis via the two different coupling methods. General 

optical characterisations have been carried out on these polymer samples. PLEDs 

of the copolymers have been fabricated for optoelectronic characterisations. ASE 

measurements have also been performed on slab waveguides samples of these 
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polymers using the ASE experimental set up version two (see Section 2.6.2 for 

details) for optical gain quality assessment. 

For further evidential support of the findings, the optical characterisations as 

well as gain and optoelectronic properties results obtained for SC008 (or 

Y50F8:50F5) and SC010 (or S50F8:50F5) from the previous investigation 

discussed in Chapter 3 are also compared in this study, as these two copolymers 

also have the same trend of sharing the same molar ratio of substituted fluorene 

units with the only difference using in their synthesis route. 

5.2 Background Information 

This section provides the details of the polymer selection for this study and the 

differences in their synthesis routes. 

5.2.1 The Copolymers 

The selected copolymers for this study can be divided into two groups: 

� 80F8:20F5 copolymers consist of 80% of 9,9-dioctylfluorene (F8) with 20% 

of 9,9-di(2-methyl)butyl (F5). 

� 50F8:50F5 copolymers consist of 50% of F8 and F5 respectively. 

Each group contains two copolymers with identical molar ratio as detailed above 

but with different synthesis routes: one was synthesised by Yamamoto reaction, 

denoted as Y, thus, a statistical copolymer. The other was an alternating 

copolymer synthesised through Suzuki coupling method, denoted as S. All 

selected copolymers consist of only two different fluorene units, the simplest 

form of a copolymer system; therefore, they are polyfluorenes of the first 

generation.  Figure 5.1 and Figure 5.2 describe the chemical structures of 

Y80F8:20F5, S80F8:20F5 and Y50F8:50F5, S50F8:50F5 respectively.   
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It is worth noting that Y80F8:20F5 was also known as SC005 in Chapter 3, while 

Y50F8:50F5 and S50F8:50F5 were coded as SC008 and SC010 respectively. The 

change in name is purely for the clarity in the comparison in this investigation. 

   

 

Figure 5.1 represents the chemical structures of Y80F8:20F5 (top) and S80F8:20F5. 

     

Figure 5.2 represents the chemical structures of Y50F8:50F5 (left) and S50F8:50F5. 

The difference between the Y-copolymers and the S-copolymers is that the F5 

units can only be coupled next to a F8 unit for the S-copolymers, whereas more 

combinations are possible in the Y-copolymers as F5 units could be coupled 

together and therefore blocks of F5 and F8 in the Y-copolymer. 
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5.2.2 The Synthesis Methods 

The two copolymer synthesis methods used to make the two selected 

copolymers in this study are Yamamoto and Suzuki coupling. 

5.2.2.1   Yamamoto Coupling 

Yamamoto coupling method was used for the selected statistical copolymers in 

this study. This is a nickel-catalysed carbon-carbon homo-coupling reaction to 

produce copolymers between aryl halides [102], which are bis bromide-

substituted fluorene monomers in this case.  

 

Figure 5.3 shows the Yamamoto coupling between a bis bromide substituted F5 
monomer and a bis bromide substituted F8 monomer unit to form a bis bromide 
substituted F5-F8 compound as an example of Y80F8:20F5 and Y50F8:50F5 construction. 

For Y80F8:20F5 and Y50F8:50F5, all the F5 and F8 monomers according to their 

individual corresponding molar ratio (i.e. 80% of Y80F8:20F5 is made up of F8 

units and 50% in Y50F8:50F5) are bis bromide-substituted. All of the fluorene 

monomers were joined through Yamamoto coupling to become copolymers. 

Figure 5.3 illustrates one of the possible outcomes from Yamamoto coupling in 

the copolymer construction: in this case, a bis bromide-substituted F5 monomer 
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is joined to a bis bromide-substituted F8 monomer unit to form a bis bromide 

substituted F5-F8 compound. Other possible compounds through Yamamoto 

coupling between the F5 and F8 units include bis bromide-substituted F5-F5 

compounds and bis bromide-substituted F8-F8 compounds, as shown in Figure 

5.4. 

 
Figure 5.4 shows the possible sequence of F5 and F8 units through Yamamoto reaction. 
Shown on the left is a bis bromide-substituted F5-F5 compound, and a bis bromide-
substituted F8-F8 compound on the right. 

Therefore, it is possible to have any combination of F5 and F8 along the polymer 

chain with Yamamoto coupling method, thus producing a statistical copolymer. 

Consequently, blocks of F5 and F8 can be linked together along the chain in such 

copolymers. This process depends on the reaction conditions and the relative 

ease in coupling the three possible combinations of F5 and F8. 

5.2.2.2   Suzuki Coupling 

The selected alternating copolymers in this study are synthesised through 

Suzuki coupling method. This synthesis method is a palladium(0)-catalysed 

carbon-carbon cross-coupling reaction between boronic acids/esters and aryl 

halides [103]. In this case, the boronic esters are bis boronic ester-substituted 

fluorene monomers, whereas the aryl halides are bis bromide-substituted 

fluorene monomers. The bis boronic esters can only react with bis bromides in 

Suzuki reaction. Thus, Suzuki coupling method offers greater control over the 

copolymer construction as it enables users to link monomer units in a stepwise 

manner, therefore, it is possible to sequence the monomers into a desired order 

along the polymer chain, as a result, creating an alternating copolymer. 
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In the case of S50F8:50F5, same amount (in molar weight) of F5 and F8 would be 

required as the two distinct repeating fluorene monomers for this copolymer 

synthesis. One of the repeating monomers would be bis boronic ester substituted 

compounds, while the other would be bis bromide substituted. In effect, the only 

possible sequence of the copolymer would be -F5-F8-F5-F8-. 

In order to understand the coupling process for S80F8:20F5 more clearly, Figure 

5.5 illustrates one of the possible ways to construct this copolymer. In this 

example, the F5 units are set to be bis bromide substituted, and the F8 units are 

bis boronic substituted.  

 

Figure 5.5 shows the possible steps of Suzuki coupling process for the S80F8:20F5 
production. F5 units are set to be bis bromide substituted in this case, and the F8 units 
are bis boronic substituted.  

At first, the F5 and F8 monomers would join together to create compounds of F5-

F8 units, which would then be converted into a bis boronic ester substituted 
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compounds through Suzuki reactions. Afterwards, these compounds would be 

coupled with another batch of bis bromide substituted F8 monomers to form F8-

F8-F5-F8-F8 compounds. Consequently, with the corresponding molar ratio of 

the repeating monomer units, the S80F8:20F5 alternating copolymer would be 

synthesised. It is worth noting that with this sequencing, the F5 units will always 

be separated by two F8 units on each side. 

5.3 Experimental 

Asymmetrical slab waveguide thin film polymer samples of the selected 

copolymers were prepared on 12 x 12mm Spectrosil B® substrates using the 

techniques described in Chapter 2. All samples were manufactured under 

cleanroom conditions. The film thickness of the active layer is approximately 

110±5nm measured by DekTak-3 surface profilometer. The samples were placed 

on a hotplate for around 30 minutes at 65oC to enhance solvent evaporation. In 

order to minimise the solvent contribution to the waveguides, the samples were 

stored in vacuum desiccators for 24+ hours.  

The overall quality of the prepared polymer waveguides was by verified optical 

microscopy. The microscope images of the samples shown in this chapter were 

captured by a digital camera with a viewing magnification of 10 times in 

reflection mode. Blue illumination source was used for all film verifications. 

Standard low energy optical characterisations were carried out, which includes 

the measurements of the photoluminescence quantum efficiency (PLQE), 

absorbance and photoluminescence (PL) spectra.  A Shimadzu UV-2550 UV-Vis 

spectrophotometer was used to measure the absorption spectra of the 

copolymers. Both the PLQE and PL spectra were acquired by a Jobin Yvon 

Horiba FluoroMax-3® spectrofluorometer excited at 390nm. PLQE were 
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determined by the method described in [92]. The refractive indices of Y80F8:20F5 

and S50F8:50F5 were measured using interface enhancement VASE technique 

and the data for Y80F8:20F5 and S50F8:50F5 were analysed using the standard 

critical point exciton model [87]. The refractive indices were extracted by M. 

Campoy-Quiles. 

 
Figure 5.6 explains the directions of the transverse electric (TE) and transverse magnetic 
(TM) guided modes on the polymer waveguide. 

Since the interest of this study lies in the polymer optical gain properties with 

different synthetic routes, amplified spontaneous emission (ASE) 

characterisations were carried out on the asymmetric slab waveguides of 

Y80F8:20F5 and S80F8:20F5 employing the ASE experimental set up version two 

(see Section 2.6.2 for details), their ASE energy threshold were determined in 

order to examine their optical gain properties. As described in Chapter 2, the 

polymer waveguides were optically pumped at 355nm with a Q-switched 

Nd3+:YAG laser that delivered 25ns [74] pulses at a repetition rate of 10Hz. The 

waveguides were pumped by an approximately 120µm x 3mm excitation stripe 

on the edge of the sample with pump energy ranging from approximately 0.1 

µJ/cm2 to 1000µJ/cm2, depending on the polymer thermal endurance/melting 

point (thermal stability). Figure 5.7 shows the area of the excitation beam stripe 

measured by a Gentec-EO Beamage laser beam imager.  The intensity of the light 

falling on the sample was varied by neutral density filters. The ASE signal was 
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collected from the edge of the polymer films using a liquid light guide coupled 

with a Princeton Instruments Acton Standard Series SpectraPro® 2300i 

monochromator and a Princeton Instruments PIXISTM 400 CCD. The ASE signals 

were collected in both transverse electric (TE) guided mode and transverse 

magnetic (TM) guided mode, which is controlled by adjusting the polariser 

located in front of the liquid light guide.  Figure 5.6 indicates the direction of the 

TE and TM modes on the polymer waveguide. This measurement allows 

investigation on the in-plane and out-of-plane anisotropy in the polymer 

waveguides [104, 105]. 

 

Figure 5.7 shows the dimension of the excitation stripe set for the ASE measurements in 
this study. Beam width represented by black dashed line and beam length by red solid 
line. 

Furthermore, PLED samples of these selected copolymers were fabricated in 

order to extend the investigation on the possible effects of the different synthesis 

routes to their optoelectronic properties. The device structure were 

ITO(120nm)/PEDOT:PSS(40nm)/Polymer(60nm)/Ca(20nm)/Al(150nm). The 

active area of 4.5mm2 was formed from the overlap of an ITO anode and a metal 
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cathode. PLEDs were characterised using current-voltage-luminance (IVL) and 

electroluminescence (EL) in a nitrogen atmosphere at room temperature using a 

Keithley 2400 SourceMeter in conjunction with a Topcon BM-9 luminance meter 

for IVL measurements, together with an Ocean Optics USB 2000 charge-coupled 

device spectrophotometer for the EL measurements. 

5.4 Results  

5.4.1 Optical Microscopy  

  
Figure 5.8 shows the optical images of Y80F8:20F5 (left) and S80F8:20F5 films. Each 
image area corresponds to approximately 350 x 250 µm2.  

  
Figure 5.9 shows the optical images of Y50F8:50F5 (left) and S50F8:50F5 films. Each 
image area corresponds to approximately 350 x 250 µm2. 
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The overall film quality of the polymer waveguides was assessed by optical 

microscopy. Figure 5.8 and Figure 5.9 present images of the polymer thin film 

samples captured by a digital camera and an optical microscope with 10 times 

magnification. The image area corresponds to approximately 350 x 250 µm2. All 

images were captured under the same conditions. 

 
Figure 5.10 shows the ordinary refractive index spectra of Y80F8:20F5 (black solid line) 
and S50F8:50F5 (red dashed line). [Data extracted by Mariano Campoy-Quiles]  

The images show that the film quality of all the samples is of good standard with 

uniform film thickness and smooth surface across the film. What is more, there is 

no evidence of phase separation in the films. 

The colour variation between the samples suggests differences in the film 

thicknesses between samples, as the only parameters that contribute to the 

reflected colour variation from the films are their refractive indices and film 

thicknesses. The refractive indices were already studied in Chapter 3, where it 

was discovered that 80F8:20F5 and 50F8:50F5 share very similar refractive index 
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spectra, in addition, the different copolymer constituent unit sequences do not 

affect this property. Figure 5.10 shows the ordinary refractive index spectra of 

Y80F8:20F5 and S50F8:50F5, both extracted by Mariano Campoy-Quiles [23]. 

5.4.2 Optical Characterisation 

The absorption coefficient (α) and photoluminescence (PL) spectra of the thin 

films of the selected copolymers are shown in Figure 5.11 for the 80F8:20F5 

copolymers and Figure 5.12 for the 50F8:50F5 copolymers. Both groups share 

similar absorption characteristics, this is expected as these copolymers all consist 

of the same two fluorene units.  

The 80F8:20F5 copolymers were found to be more absorbant, reading α ≈ 2.9 x 

105cm-1, while the peak α ≈ 2.6 x 105cm-1 for the 50F8:50F5 copolymers. The 

overall absorption coefficient spectral properties were found to be very similar 

between all four of the materials with peak located at around 381nm to 383nm. 

This finding agrees well with the acquired ordinary refractive index of the 

material shown in Figure 5.10, indicating the materials have very similar chain 

packing density. 

The normalised PL spectra of the four copolymers are also presented in Figure 

5.11 and Figure 5.12, where the integral over the emission band is set equal to 

one (area normalised). The PL spectral properties are also found to be very 

similar among these four selected copolymers with a clear vibronic 0-0 peak at ≈ 

423nm and 0-1 peak at ≈ 450nm, which is the typical spectral signature of glassy-

phase F8 films [90]. This is an expected feature as all copolymers are F8 

derivatives. The 450nm (0-1 peak) is the expected location of the optimal gain 

wavelength for a four-level vibronic system.  
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Figure 5.11 shows the absorption coefficient (left ordinate) and the area normalised PL 
spectra of Y80F8:20F5 (black solid line) and S80F8:20F5 (red dashed line) thin films. 

 
Figure 5.12 shows the absorption coefficient (left ordinate) and the area normalised PL 
spectra of Y50F8:50F5 (black solid line) and S50F8:50F5 (red dashed line) thin films. 

The PLQE values of the four materials were all found to be above 50% - the 

measured PLQE value of PFO [106], which shares the same backbone as the 
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studied copolymers. Y80F8:20F5 achieved the highest PLQE at ~75%, its Suzuki 

counterpart was found to be slightly less efficient, at ~60%. The PLQE values for 

Y50F8:50F5 and S50F8:50F5 were determined in Chapter 3 and there were found 

to be ~50% and ~60% respectively, which suggests the 50F8:50F5 copolymers are 

generally slightly less efficient than 80F8:20F5 copolymers. 

Overall, all of the tested materials are considered to be PL efficient. All PLQE 

values were evaluated with 5% uncertainty. There is no observed correlation 

between the PLQE values and the different alternations of functional groups on 

the copolymer chains. High PLQE and high refractive indices indicate the 

materials have good gain potentials with good radiative emission rates and 

increased optical confinement [87]. 

5.4.3 Optoelectronic characterisation 

PLEDs were fabricated from the selected copolymers in order to investigate the 

optoelectronic properties of the materials. Electroluminescence (EL) spectra and 

current-voltage-luminescence data were collected and analysed.  

Figure 5.13 and Figure 5.14 present the normalised EL (solid lines) and PL 

(dashed line) spectra for each of the materials.  The overall features of the EL 

spectra show consistency with the PL spectra. This finding suggests the PLEDs 

quality is adequate for optoelectronic characterisation. 

The current density (J) and the luminance (L) are plotted against the applied 

voltage (V) in Figure 5.15 and Figure 5.16 for the PLEDs of 80F8:20F5 and 

50F8:50F5 copolymers respectively. The turn-on voltage for Y80F8:20F5 is found 

to be 8.0V (defined here as the voltage at which the luminance first reaches 

~10cd/m2), whereas the PLED of S80F8:20F5 turned on at 6.6V. Whereas, the 

turn-on voltage for Y50F8:50F5 is no more than 5.2V and S50F8:50F5 is 5.4V. 



139 

The current density rectification ratios (from -6V to +6V) of Y80F8:20F5, 

S80F8:20F5 and S50F8:50F5 are of 102. Y50F8:50F5 has the steepest J-V curve with 

a rectification ratio an order of magnitude higher at 103, suggesting this device 

has better controlled carrier injection than the others.  

  
Figure 5.13 shows the normalised EL (solid) and PL (dashed) spectra of Y80F8:20F5 (left) 
and S80F8:20F5 (right). 

  
Figure 5.14 shows the normalised EL (solid,) and PL (dashed) spectra of Y50F8:50F5 (left) 
and S50F8:50F5 (right). 

The maximum luminous efficacy values (ηP) of the PLEDs are also extracted 

from the J-V plots. The PLED of S80F8:20F5 obtained the maximum luminous 

efficacy of 1.2 x 10-2 lm/W, while Y80F8:20F5, Y50F8:50F5 and S50F8:50F5 

maximum ηP have already been discussed in Chapter 3 and they were found to 

be 7 x 10-3 lm/W, 7.4 x 10-3 lm/W and 2.5 x 10-3 lm/W in the respective devices. 

Judging from the maximum luminous efficacy achieved by the PLEDs, all of 
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these polymers can be considered to be relatively poor electroluminescent 

materials.  

 
Figure 5.15 shows the current density (filled symbols, left ordinate) and luminance 
(empty symbols, right ordinate) versus voltage characteristics for Y80F8:20F5 (plotted in 
black) and S80F8:20F5 (plotted in red). PLEDs. 

 

 
Figure 5.16 shows the current density (filled symbols, left ordinate) and luminance 
(empty symbols, right ordinate) versus voltage characteristics for Y50F8:50F5 (plotted in 
black) and S50F8:50F5 (plotted in red) PLEDs. 
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5.4.4 Optical Gain Properties 

In order to investigate the optical gain potential of these copolymers, asymmetric 

polymer slab waveguides were fabricated from the selected copolymers. Their 

amplified spontaneous emission (ASE) properties were measured and recorded. 

The ASE characteristics of Y80F8:20F5, Y50F8:50F5 and S50F8:50F5 (known 

previously as SC005, SC008 and SC010 respectively) waveguides have been 

discussed in Chapter 3 and they were all found to have excellent optical gain 

potential by possessing the combination of low ASE threshold energy, high gain 

coefficient and low optical loss. 

In this study, the focus is on the effects of the different copolymer route designs 

on the material optical gain properties. Y80F8:20F5 has been chosen to represent 

statistical copolymers synthesised through Yamamoto coupling for this 

investigation, while its counterpart S80F8:20F5 has been chosen to represent 

alternating copolymers synthesised by Suzuki coupling methods. ASE 

measurements were performed on their waveguides using the ASE experimental 

set up version two (see Section 2.6.2 for details), where the optical pump energy 

was monitored for each pump pulse and was recorded when required. This set 

up also allowed ASE intensity to be collected in both TE and TM guided modes; 

therefore, more details of the polymer chain conformation on the waveguide 

surface could be inspected. What is more, the material absorbance (defined as 

the ratio of pump energy absorbed, ∆I, and the incident pump energy, Io) could 

also be monitored and recorded simultaneously; hence, the functional quality of 

the waveguides could be interrogated during the measurements at all times. In 

other words, a drop in absorbance can be used to identify damage in the 

polymer film. This damage control feature is important as ASE measurements 

are high energy measurements employing high power lasers, for materials with 

unknown damage thresholds. It is therefore vital to be able to observe the 
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functional quality of the samples. The absorbance should be constant during the 

entire measurement for an unaltered waveguide. The absorbance values for the 

polymers at 355nm (the pump energy wavelength) have been analysed and 

discussed previously in Section 5.4.2. According to the absorbance 

measurements by the UV-Vis spectrometer, Y80F8:20F5 absorbs 91% of the 

incident light at 355nm, while S80F8:20F5 absorbs 85%. 

 
Figure 5.17 shows the peak emission intensity at 450nm (black squares, left ordinate log-
log graph) and the absorbed energy (∆I/Io, blue circles, right ordinate) versus pump 
energy density increasing from ~0.16µJ/cm2 to ~600µJ/cm2 in the shape of a 120µm x 
2941µm rectangular stripe on the Y80F8:20F5 asymmetric polymer waveguide in the TE 
guided mode (parallel to the ASE direction). The green dashed line represents the PL 
dominated emission component. The red dashed line represents the ASE dominated 
emission. Inset shows a selection of normalised emission spectra ranging from a PL 
dominated spectrum (black line plot, below ASE threshold, Eth, at 2µJ/cm2), via an 
emission spectrum at pump energy just above Eth at 13µJ/cm2 (red line plot), to ASE 
dominated emission spectra detected at 75µJ/cm2 (green line plot) and 254µJ/cm2 (blue 
line plot). 
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Figure 5.18 shows the peak emission intensity at 450nm (black squares, left ordinate log-
log graph) and the absorbed pump energy (∆I/Io, blue circles, right ordinate) versus 
pump energy density increasing from ~0.20µJ/cm2 to ~400µJ/cm2 in the shape of a 
120µm x 2941µm rectangular stripe on the Y80F8:20F5 asymmetric polymer waveguide 
in the TM guided mode (perpendicular to the ASE direction). The green dashed line 
represents the PL dominated emission component. The red dashed line represents the 
ASE dominated emission. Inset shows a selection of normalised emission spectra going 
from a PL dominated spectrum (black line plot, below ASE threshold, Eth, at 11µJ/cm2), 
via an emission spectrum at pump energy just above Eth at 30µJ/cm2 (red line plot), to 
ASE dominated emission spectra detected at 107µJ/cm2 (green line plot) and 272µJ/cm2 
(blue line plot). 

Figure 5.17 and Figure 5.18 show the ASE peak intensity and the absorbed pump 

energy versus pump energy density for Y80F8:20F5 waveguides in the TE and 

TM mode directions respectively. The ASE threshold energy, Eth, is determined 

by the line-line intersection of the PL emission (represented by the green dashed 

line in the plots) and the ASE emission (represented by the red dashed line). The 

Eth for Y80F8:20F5 is found to be 13.8 ± 0.2µJ/cm2 in the TE direction and 27.4 ± 

0.3µJ/cm2 in the TM direction. The Eth in the TE direction is approximately half 
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of the value found in the TM direction, therefore, the ASE of Y80F8:20F5 is 

optimal in the TE mode. 

 
Figure 5.19 shows the peak emission intensity at 450nm (black squares, left ordinate log-
log graph) and the absorbed pump energy (∆I/Io, blue circles, right ordinate) versus 
pump energy density increasing from ~0.17µJ/cm2 to ~220µJ/cm2 in the shape of a 
120µm x 2941µm rectangular stripe on the S80F8:20F5 asymmetric polymer waveguide 
in the TE guided mode (parallel to the ASE direction). The green dashed line represents 
the PL dominated emission component. The red solid line represents the ASE 
dominated emission. The blue dashed line suggests the onset of ground state saturation 
in the polymer. Inset shows a selection of normalised emission spectra ranging from a 
PL dominated spectrum (black line plot, below ASE threshold, Eth, at 5µJ/cm2), via an 
emission spectrum at pump energy just above Eth at 13µJ/cm2 (red line plot), to ASE 
dominated emission spectra detected at 88µJ/cm2 (green line plot) and 197µJ/cm2 (blue 
line plot). 

It is also worth noting that the fractional absorbed pump energy remained 

constant at 0.91 or 91% (represented by blue circle scatter data, right ordinate) in 

both TE and TM measurements. This value agrees with that obtained previously 

by the UV-Vis spectrometer and, thus, verifies the accuracy in the data collection 



145 

procedure. This finding indicates that the waveguide functional quality is 

maintained throughout the measurements and that no damage occurred to the 

waveguide. 

 
Figure 5.20 shows the peak emission intensity at 450nm (black squares, left ordinate log-
log graph) and the absorbed pump energy (∆I/Io, blue circles, right ordinate) versus 
pump energy density increasing from ~0.16µJ/cm2 to ~1100µJ/cm2 in the shape of a 
120µm x 2941µm rectangular stripe on the S80F8:20F5 asymmetric polymer waveguide 
in the TM guided mode (perpendicular to the ASE direction). The green dashed line 
represents the PL dominated emission component. The red solid line represents the ASE 
dominated emission. The blue dashed line suggests the onset of ground state saturation 
in the polymer. Inset shows a selection of normalised emission spectra going from a PL 
dominated spectrum (black line plot, below ASE threshold, Eth, at 10µJ/cm2), via an 
emission spectrum at pump energy just above Eth at 25µJ/cm2 (red line plot), to ASE 
dominated emission spectra detected at 98µJ/cm2 (green line plot) and 268µJ/cm2 (blue 
line plot). 

Figure 5.19 and Figure 5.20 show the ASE peak intensity and the absorbed pump 

energy versus the pump energy density of S80F8:20F5 waveguides in the TE and 

TM mode direction respectively. The Eth is also determined by the line-line 
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intersection of the PL emission (represented by the green dashed line in the plots) 

and the ASE emission (represented by the red solid line). The Eth for S80F8:20F5 

is found to be 12 ± 0.2µJ/cm2 in the TE direction and 21 ± 0.1µJ/cm2 in the TM 

direction. Similar to the finding in Y80F8:20F5, the Eth in the TE direction is 

nearly half of the value found in the TM direction, which indicates that the 

S80F8:20F5 polymer chains in the waveguide also have an optical anisotropy. 

The optimal ASE direction of S80F8:20F5 is parallel to the TE direction. This 

characteristic suggests that the copolymer chains of this material also have a 

tendency to organise themselves within the plane of the waveguide.  

A saturation feature can be observed in both TE and TM modes from the ASE 

signals of the S80F8:20F5 sample at high pump power; this is illustrated by the 

blue dashed line in Figure 5.19 and Figure 5.20, where a drop in slope for the 

ASE peak intensity versus pump energy density can be noticed. The saturation, 

ESAT, can be determined by the line-line intersection of the ASE line (red solid 

line in the plot) and the saturation line (blue dashed line). The ESAT was found to 

be 113µJ/cm2 in the TE mode and 166µJ/cm2 in the TM mode.  

It is worth noting that the fractional pump energy absorbed by the polymer film 

remained constant at 0.85 or 85% (represented by blue circle scatter data, right 

ordinate) in both TE and TM measurements. This value agrees with that 

obtained by the UV-Vis spectrometer measurements previously, thus, verifies 

the accuracy in the data collecting procedures. This finding indicates the 

waveguide functional quality is maintained throughout the measurements and 

suggests that no damage occurred in the waveguide. Therefore, the saturation 

feature is not a consequence of a damaged waveguide; it is caused by the 

material properties. This can be a characteristic of ground state saturation. No 

saturation feature was observed in the Y80F8:20F5 waveguide. 
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5.5 Conclusions 

In summary, a series of extensive optical, electroluminescence and gain 

characterisations have been performed on two statistical copolymers synthesised 

by Yamamoto coupling method – Y80F8:20F5 and Y50F8:50F5, and two 

alternating copolymers with the same molar ratio of substituted fluorene units as 

the selected statistical copolymers, synthesised through Suzuki coupling – 

S80F8:20F5 and S50F8:50F5. The aim of the study is to investigate the effects of 

the polymer route on the optical and gain characteristics.  

The selected copolymers share similar absorption coefficient and 

photoluminescence characteristics with near-identical refractive index spectra. 

These copolymers were found to possess sufficiently high PLQE (above 50%). 

They are inefficient electroluminescent materials as the maximum ηP values were 

found to be in the 10-2 to 10-3 lm/W region, which is 2 to 3 orders of magnitude 

lower than efficient electroluminescent materials [107] and were also discovered 

to have high carrier mobility, 10-2 to 10-3 cm2v-1s-1. Overall, it has been found that 

the differences in their synthetic routes and the differences in their molar ratios 

of the functioning fluorene units do not have an effect on their optical properties.   

Moreover, these copolymers possess good optical gain potentials. The two 

80F8:20F5 copolymers share similar ASE characteristics, with similar Eth in the 

TE and TM guided mode directions. What is more, the similarities found in 

optical and gain properties between the two 80F8:20F5 copolymers imply the 

differences in the polymer synthesis routes do not have significant effect on the 

material optical and gain properties.  

The only difference found between the Y-copolymer and S-copolymer is that 

S80F8:20F5 displays an ASE saturation feature at high pump power (above 

110µJ/cm2) with ESAT at 113µJ/cm2 in the TE mode and 166µJ/cm2 in the TM 
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mode. This saturation feature is absent in Y80F8:20F5, considering the maximum 

pump energy of ~600 µJ/cm2 in the TE direction measurement, and ~400 µJ/cm2 

in the TM direction. This suggests the onset of ground state saturation in 

S80F8:20F5, and this is the only apparent difference in the gain properties 

between the two copolymers of different synthesis routes.  

Furthermore, the Eth in the TE direction is half of the value found in the TM 

direction for both Y80F8:20F5 (Eth at 13.8 ± 0.2µJ/cm2 in the TE direction and 27.4 

± 0.3µJ/cm2 in the TM direction) and S80F8:20F5 (Eth at 12 ± 0.2µJ/cm2 in the TE 

direction and 21 ± 0.1µJ/cm2 in the TM direction), which indicates that the 

polymer chains on the waveguide have optical anisotropy. The optimal ASE 

direction is parallel to the TE direction. This characteristic suggests that the 

copolymer chains in the spin-coated film have a tendency to organise in-plane 

instead of perpendicular to plane. Such behaviour is consistent with many other 

studies on spin-coated conjugated polymer films [104, 108-110]. It is worth 

noting that the refractive index spectra of Y80F8:20F5 and S50F8:50F5 shown in 

Figure 5.10 is the ordinary refractive index (no = nTE [105]) spectra of the two 

copolymers. This is the reason for the absence of optical anisotropy features in 

their refractive index spectra. 
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Chapter 6 Optical Gain Switching in Distributed Feedback Polymer Laser 
Optical Gain Switching in Distributed 
Feedback Polymer Laser 

6.1 Introduction 
The development of polymer optical materials represents a major research area 

for photonics. Polymers have been increasingly used to fabricate passive 

structures within tele- and data-communication systems with robustness, ease of 

processing, integration and low cost among the key drivers [111-113]. Both silica 

defined infrared and polymethylmethacrylate (PMMA) defined red low-loss 

transmission wavelengths are of interest. The latter, for example, provided the 

basis of the widely adopted Media Oriented Systems Transport (MOST) 

standard for automotive data-communication systems installed in many millions 

of cars [114]. 

In recent years it has also been recognized that such plastic fibre and waveguide 

structures might benefit from the incorporation of gain, ultrafast optical 

switching and other active functionalities, with organic semiconductor materials 

and devices considered particularly promising due to their potential for ready 

integration [115-118]. Organic light emitting diodes have, for instance, been used 

as electrically modulated (tens of MHz) sources for transmitting video and audio 

signals over multimode optical fibre [119]. There has also been significant recent 

progress in optimising the performance of conjugated polymer DFB lasers 
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leading for example to the demonstration of quasi-continuous wave operation 

[120] and, as a result of significantly reduced lasing thresholds [121, 122], to 

GaInN diode pumping [123, 124].  

The study reported in this chapter was a collaborative work between the 

University of St Andrews and Imperial College London. The results have been 

published in [125]. The polymer distributed feedback (DFB) laser samples were 

provided by Imperial College London and the experiment was performed at the 

University of St Andrews. For this collaborative study, the author was 

responsible for all parts of the polymer DFB laser samples preparation and 

fabrication, and parts of the experimental set up, data collection as well as data 

analysis. 

6.2 The Polymer 

The gain material used in this study is Red F (also known as Dow Red F), which 

is a fluorene-based polymer of the third generation (i.e. a complex copolymer). It 

was manufactured and provided by Sumitomo Chemical Company. The 

chemical structure of Red F is shown in inset of Figure 6.1. Red F is a red light 

emitting polyfluorene copolymer, which also exhibits ASE in planar slab 

structures on fused silica substrates. Red-F was analysed because as a laser 

material it has given a low laser threshold of 1.1µJ/cm2 [126].  

Dow Red F shares many common spectral features with F8BT, its distinguishing 

feature being the 550 nm shoulder that arises from a transition involving the red 

chromophore units within the polymer backbone. Unsurprisingly, therefore, 

similar photophysical properties are observed for F8BT and Dow Red F in 

respect of excitation at the 329 nm and 465 nm peaks. Figure 6.1 shows the 

spectra of the absorption coefficient (left ordinate) and PL for Red F film sample 

and the inset shows the chemical structure of the statistical copolymer Red F. 
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Figure 6.1 shows the absorption coefficient (left ordinate) and the normalised PL spectra 
of a Red F thin film. These data sets were collected and analysed by Hong Yoon [127]. 
Inset shows the chemical structure of the statistical copolymer Red F, with F8BT as a 
main functional unit.  

6.3 Optical Gain Switching 

Optical gain switching is a technique of controlling the gain mechanism within 

solid state lasers. Organic optical gain switches are advantageous for high speed 

optical telecommunications networks, integrated circuits and signal processing 

in the future due to their cost-effective fabrication, signal amplification capability 

and single or multiple pulse-switching potential. 

There are different methods to achieve optical gain switching and optical gain 

switching in this chapter was performed by using a switch pulse resonant to a 

higher excited state.  This section provides the background information on 

resonant switching method. Extensive amount of research has been conducted 

exploiting this technique on organic materials to produce optical storage devices 

[128-130]. Resonant gain switching modulates the gain or transmission of the 

pump pulse by a switch pulse (or control pulse) resonant to the excited or upper 

excited state [116, 131-133]. This is achieved by pumping the gain medium at a 
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fast pump rate (i.e the switching pump rate) that both the population inversion 

and the gain reach a level above the lasing threshold before the laser oscillation 

is developed in the resonator. Thus, the switching pump pulse drives the 

population inversion above the threshold to a higher excited state (Sn in Figure 

6.2) causing laser oscillation relaxation. Hence, the upper excited state 

population depletes as the radiation increases in time. The amplification of the 

pulse is switched off because the switch pulse excites the excitons to an upper 

excited state, thereby removing the gain; the number of excitons available to 

relax from S1 to the ground state, S0, is reduced and the probe beam is not 

amplified.  

 
Figure 6.2 shows the principle of optical switching. The energy level diagram shows 
how the input and switch pulses affect the pump pulse. (a) Amplification of pump pulse 
light with the absence of the switch pulse. (b) The switch pulse is introduced and pump 
pulse amplification is quenched. 

Figure 6.2 explains the details of optical gain switching mechanism in a polymer 

system with energy diagrams. In the absence of the control pulse as shown in 

Figure 6.2a, the signal probe (at 492nm or 498nm) transfers population from the 

S0 singlet ground state to the S1 excited singlet state – the excitation process 

begins primarily from the lowest (v = 0) vibronic sublevel (due to the very 

limited thermal population of the excited vibronic sublevels at room temperature) 

to a variety of vibronic sublevels (v = 0, 1, 2, etc.), this process is denoted by the 

green vertical arrow in Figure 6.2a. Internal conversion (i.e. fast vibrational 
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relaxation) within the S1 vibronic manifold efficiently populates the lowest 

vibronic sublevel (shown by blue dashed wavy arrow) from which radiative 

emission can occur back to the ground state, typically to a number of different 

vibronic sublevels thereof, which leads to a vibronically structured luminescence 

spectrum. Lasing occurs when the round trip optical gain in the resonant cavity 

exceeds the losses (shown by the red solid arrow).  

For conjugated polymers, the radiative S1 to S0 0-1 vibronic transition normally 

has the largest gain cross-section, corresponding as it does to a four level system 

(low threshold for population inversion) and suffering relatively little from self-

absorption and excited state absorption effects [38]. The self-absorption process 

appears to be more problematic for the 0-0 vibronic transition, and the excited 

state absorption effect becomes significant for 0-2 and higher order vibronic 

transitions. Therefore, the radiative 0-1 vibronic transition is consequently the 

wavelength at which amplified spontaneous emission (ASE) normally occurs [38] 

and for which the lowest laser threshold energies are obtained, which is 

achieved by matching the resonant cavity to the ASE spectrum [124, 126]. 

In Figure 6.2b, the role of the control pulse is to perturb the population inversion 

and consequently modulate the optical gain and hence laser output. The control 

pulse is selected to coincide in wavelength with an excited state absorption 

(denoted by the dusty pink solid upward arrow), shown for simplicity as S1 to Sn 

in Figure 6.2b. In this study, the control pulses are used to modulate a device 

rather than just the properties of a film and their wavelength is specifically 

selected to lie at a silica-based telecommunications wavelength, namely in the 

vicinity of 1.3µm. This combination provides a wavelength conversion scheme to 

transfer data from silica to polymer optical fibre communication windows. The 

excited state absorption at 1.3µm is assigned to a transition to a higher lying 
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neutral excited state with the expectation of rapid internal conversion (or 

vibrational relaxation) for fast gain recovery [134]. 

It is worth noting that a variety of excited state absorption processes have been 

reported in conjugated polymers and, whilst all are potentially suitable for use in 

gain switching, their specific attributes will determine the effectiveness and 

dynamics of the resulting switch. For example, ultrafast (≤300GHz) switching of 

the gain properties of PMMA films containing well-dispersed poly(9,9-

dioctylfluorene) (PFO) chains: 780nm control pulses were able to fully quench 

the stimulated emission at 590nm [116]. In that case, the excited state absorption 

of the control pulses resulted in the generation of charge states and the isolation 

of the PFO chains was required in order to ensure rapid recombination (via a one 

dimensional random walk) and hence fast gain recovery.  

In this chapter, the switch pulse would be called either ‘switch’ or ‘control’ pulse, 

and the pump pulse would be called either ‘pump’ or ‘signal’ pulse. 

6.4 Experimental 

The Red F polymer used in this study was provided by the Sumitomo Chemical 

Company and was used as supplied. One-dimensional, second order gratings 

were fabricated on the surface of silica substrates using e-beam lithography and 

reactive ion etching. The DFB lasers were then prepared by spin-coating toluene 

solutions of Red F (20mg/ml) onto these grating patterned substrates to produce 

asymmetric slab waveguide structures. Two grating patterns were used with 

periods (Λ), fill-factors and depths: (a) Λ=420nm, 50% and 100nm and (b) 

Λ=430nm, 20% and 50nm. After coating with 240nm thickness Red F films these 

structures showed laser action at 675nm and 692nm, respectively. 
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Figure 6.3 shows the experimental schematics for the optical gain switching 
measurement performed on the Red F DFB laser. The laser output signals were collected 
by the streak camera. Figure is not drawn to scale. 

Figure 6.3 shows the schematics of the apparatus employed in the optical gain 

switching measurement. Pump and control pulses were simultaneously 

generated by an amplified 5kHz Ti:sapphire laser pumped optical parametric 

amplifier (OPA). The pulses were stretched to ~4ps (FWHM) in a highly 

dispersive TF-10 glass block in order to better match the time resolution (~2ps) of 

the Hamamatsu Synchroscan streak camera used as detector. The wavelength of 

the control pulses was tuned from 1.28µm to 1.32µm, resulting also in a slight 

change of the pump wavelength from 492nm to 498 nm (a consequence of 

deriving both the pump and control pulses from the same OPA source). This 

small change in pump wavelength did not appreciably affect the lasing 

dynamics. The optical pump and control beams were spatially overlapped on the 

sample but subjected to a variable time delay. The polymer DFB laser output was 

dispersed in a spectrograph and detected with a Hamamatsu Synchroscan streak 

camera. A benefit of working with 1.3µm control pulses is that by frequency 



156 

doubling they can be simultaneously detected on the streak camera, simplifying 

the measurement procedure. 

6.5 Results  

This section describes the results of optical gain switching in polyfluorene-based 

red light emitting distributed feedback (DFB) lasers using 1.3µm optical control 

pulses to directly modulate their output. By tuning the temporal overlap of the 

laser pump and control pulses it is also possible to more subtly control the laser 

dynamics, for example to introduce a variable time delay as needed for data re-

timing. Given the polymer optical fibre defined 650nm centred target 

wavelength window, the fluorene-based red emission copolymer Red F was 

selected as the gain medium for the DFB lasers in this study. The solid-state gain 

properties of this polymer and the characteristics of optically pumped DFB lasers 

based thereon have been previously reported [38, 126]. Red F shows optical gain 

across a broad spectral range straddling 650nm and DFB lasers have previously 

been fabricated with outputs between 627nm and 702nm [126].  

   
Figure 6.4 (a), (b) and (c) show streak camera images for the 692 nm Red F DFB laser and 
frequency doubled 1.28 µm control pulses. The control beam as a streak on the left of the 
image and the Red F laser output appears as a streak on the right of the image. The 
situations shown are: (a) Control pulses off. (b) Control pulses on but not synchronised 
to switch the DFB laser fully off. (c) Control pulses on and synchronised to switch the 
DFB laser off. 

With an excitation spot of 100µm diameter the 675nm and 692nm DFB laser 

threshold energies were Eth = 18nJ per pulse and 25nJ per pulse, respectively. 
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The FWHM DFB laser linewidth was 0.6nm and the FWHM pulse duration was 

~10ps. In Red F, the ASE peak is centred at 685 nm and has a FWHM linewidth 

of 10nm [38] such that both of the DFB lasers studied here are expected (and 

indeed do) have similarly low thresholds. The spectral width of this absorption 

has not yet been determined and will be the subject of a separate study, although 

the expectation from measurements on other conjugated polymers is that it is 

likely to extend to cover a range >100nm. 

   
Figure 6.5 Streak traces of (a) the pump pulse (dashed line) and the DFB laser output 
(solid line) in a 2 nm window centred at 692nm when no control pulse is applied, (b) the 
frequency doubled control pulse (dotted line) and the DFB laser output (dashed line) in 
the same 2nm window at 692nm when switched off by the control pulse. The pump 
pulse energy was 40nJ (some 1.5 times the lasing threshold energy) and the control 
pulse energy was 2µJ but spread over a spot twice as large as the pump spot. 

Figure 6.5(a) shows temporal profiles of the pump pulse at 492nm and the 

output pulse from the Red F DFB laser at 692nm as detected by the streak camera 

in the absence of the control pulse. Time ‘zero’ in these streak traces was set at 

the peak of the pump pulse.  The output pulse shows a peak at about 6ps after 

the pump pulse and has a duration of ~10ps (FWHM). Similar time dynamics 

have been reported in DFB lasers using other conjugated polymers [135, 136] 

except that the Red F laser output pulses are of longer duration than is typical. 
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With an increase in pump energy, the temporal shape of the lasing pulse and its 

build-up time remained largely unaffected, an observation in contrast to the 

results of previous studies [135, 136]. This can be explained by the fact that only 

a small fraction of pump photons directly excite the red emission chromophores 

in a Red F polymer film, with the balance being absorbed by fluorene segments, 

which only subsequently transfer the excitation energy to the red chromophores. 

In such circumstances the build-up time for lasing is limited by the energy 

transfer time.  

     
Figure 6.6  (a) Temporal and (b) Spectral profiles for emission from a strongly pumped 
(200nJ pulses) 692nm Red F DFB laser modulated by weak (50nJ) 1.28µm control pulses 
timed to arrive at the same time as the pump pulse (i.e. in advance of the DFB laser 
emission). (a) The dashed and solid lines show the emission output from the DFB laser 
structure with and without control pulse modulation. The dashed line shows the second 
harmonic of the control pulse. (b) The corresponding spectral profiles of the emission 
from the DFB laser structure with (dashed line) and without (solid line) control pulse 
modulation. 

Figure 6.5(b) shows temporal profiles of the second harmonic of the control 

pulse at 1.28 µm and the DFB laser output at 692nm simultaneously detected by 

the streak camera.  The energy of the control pulses in this case was 2µJ and the 

angle of the frequency doubling crystal was adjusted to give a comparable 
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intensity signal on the streak camera to that of the Red F laser output. The 

intensity of the polymer laser output decreases significantly provided the control 

pulse arrives later than the pump pulse but before the lasing maximum observed 

in the absence of the control pulse. In particular, the DFB laser emission is most 

strongly quenched when the control pulse arrives at ~4ps after the pump pulse. 

The laser output in the absence of the control pulse exceeds that with the control 

pulse by a factor ≥30, offering good prospects for a wavelength conversion 

device. Similar behaviour was found for the 675nm Red F DFB laser and for 

1.32µm control pulses, demonstrating the reproducibility of the phenomenon 

across a range of DFB laser output and control pulse wavelengths.  

    
Figure 6.7 (a) Temporal profiles for emission from a 675nm Red F DFB laser (pumped 
with 80nJ pulses) modulated by intense (200nJ) 1.32 µm control pulses. Here the control 
pulse (its second harmonic is shown by the dashed line) was timed to arrive 3ps (peak-
to-peak) after the unperturbed DFB laser output (solid line) resulting in a time delayed 
DFB output pulse (dashed line). (b) Spectral profiles for the DFB laser output in the 
absence of the control pulse (solid line) and for the time delayed DFB output (dashed 
line) resulting from the control pulse modulation. 

The effects of tuning the temporal delay between pump and control pulses and 

adjusting their relative intensities were explored, demonstrating that gain 

switching can be achieved under a variety of situations. Figure 6.6 shows 
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representative changes in the temporal and spectral profiles of the emission from 

a 692nm Red F DFB laser pumped at eight times the laser threshold (200nJ per 

pulse) and subjected to relatively weak (46nJ) control pulses. The specific 

situation shown in the figure is that when the control pulse (dashed line) is 

adjusted to arrive at the sample at the same time as the pump pulse (not shown). 

The solid line in Figure 6.6(a) is the DFB laser output in the absence of any 

control pulses whilst the dashed line is the emission output with the control 

pulses turned on. Figure 6.6(b) shows that the DFB laser emission (solid line, 

sharp peak) is replaced by a broadband emission when the control pulses are 

turned on, demonstrating that under suitable conditions, even a relatively weak 

control pulse can switch the laser off. The weak control pulse, however, leaves a 

substantial PL background, which is not present when a control pulse with 

higher energy is used and timed to arrive slightly after the pump pulse. It is 

worth noting that following an optimisation of the polymer DFB resonator 

design to reduce lasing thresholds it has been possible to show that GaN-based 

laser diodes can be used as a pump source for polymer DFB lasers [121-123]. 

Combined with the use of control pulses from a GaAs-based laser diode, this 

would offer the prospect of a favourably compact switching system.  

A more subtle control of the DFB laser emission is also possible, allowing 

adjustment of the output pulse intensity, temporal profile, and time delay 

relative to the pump pulse. The latter delay offers the potential for data re-timing, 

another important function in communication systems. Figure 6.7 shows just 

such an intensity reduction and temporal shift in the polymer laser output due to 

control pulses. The DFB laser was pumped at 498nm with 80nJ pulses (i.e. four 

times threshold) and its output was modulated with a 200nJ control pulse at 

1.32µm, delayed by a few picoseconds relative to the pump pulse. The control 

pulse (dashed line) terminates lasing by transferring population to a higher lying 
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excited state.  Subsequent relaxation re-populates the lowest excited state and 

the lasing pulse (dashed line in Figure 6.7a) then reappears, here some 3ps 

delayed from the control pulse. The temporal location of the lasing pulse is then 

largely defined by the control pulse demonstrating that re-timing is possible. It is 

clear from Figure 6.7(b) that the temporal width and the spectral content are little 

altered by re-timing but there is an approximately 35% drop in pulse intensity. 

These data are representative of a very large parameter space in regard of 

relative pump and control pulse intensities and time delays and are, as such, 

only indicative of the response that can be induced. A more detailed study 

would be of interest both from the view of establishing application potential and 

in order to better characterize the underlying photophysics of the switching 

process. Finally it is worth noting that the actual control pulse is in fact broader 

in time than shown in Figure 6.7 (dashed line) for the streak camera detected 

signal due to the quadratic intensity dependence for second harmonic generation. 

Moreover, the arbitrary ordinate scale hides the large difference in intensity 

between the DFB laser output pulses and the much stronger control pulses. 

6.6 Conclusions 

In summary, this chapter demonstrated optical gain switching in third 

generation polyfluorene-based red light emitting DFB lasers using ~1.3µm 

optical control pulses (4ps, 5kHz) to directly modulate their output. A minimum 

of a thirty-fold reduction in the laser output as a response to a control pulse was 

achieved, creating a novel switch that offers an effective wavelength conversion 

between silica and polymer optical fibre (POF) communication wavelengths. By 

tuning the temporal overlap of the laser pump and control pulses it is also 

possible to more subtly control the laser dynamics, for example to introduce a 

variable time delay as required for data re-timing. In addition, the laser output 
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can be switched off by a relatively weak control pulse (50nJ) suggesting that 

GaAs-based laser diodes might be suitable to provide the control pulses. 
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Chapter 7 Conclusions 
Conclusions 
Conjugated polymer semiconductors combine the processing and mechanical 

characteristics of plastics with the desirable optical and electronic properties of 

semiconductors. The aim of the research reported in this thesis was to investigate 

the evolution of the optical gain properties through three generations of 

electroluminescent fluorene-based polymers. Detailed optical, optoelectrical and 

gain characterisations were carried out on a range of different electroluminescent 

polyfluorene-based polymers. 

Chapter 3 reports an investigation of the optical and optoelectronic properties of 

a series of nine blue-emission fluorene-based electroluminescent copolymers of 

the first and third generations. The optical properties including ASE of such 

materials were characterised, while their PLED performances were evaluated 

and compared. It was discovered that three of the studied materials were unable 

to generate ASE: SCB3, SCB11 and SC006. On the other hand, these three non-

ASE polymers were also found to be the three best performing PLED materials. 

Therefore, it has become evident that optimised highly efficient light emitting 

conjugated polymers for PLEDs are not necessary to be effective optical gain 

media.  Moreover, by comparing the PLED and optical gain performances 

shown by the polymers, SC006 is discovered to be the best PLED material by 

obtaining the highest maximum luminous efficacy in the SC family; however, it 

was unable to give ASE thus making it the worst optical gain polymer in the 
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group.  Whilst SC010 was found to be the most efficient optical gain medium in 

the family by having the combination of low ASE threshold energy density, high 

gain and low loss, however it gives the worst PLED performance. Similar trends 

apply to the SCB group, evincing an anti-correlation between optimised PLED 

and optical gain characteristics. Furthermore, the three non-ASE polymers 

possess long excited state lifetimes (0.32-1.7ns) whilst the rest of the selected 

polymers that do give ASE had significantly shorter decay times (134-250ps). In 

addition, the polymer with the highest PLQE was SC006 (96%), which is a non-

ASE material, and SCB18 had the lowest PLQE (22%) with an ASE threshold of 

~104µJ/cm2. It is therefore evident that high steady state PLQE and long excited 

state lifetime are insufficient for good optical gain properties. It has also been 

discovered that SC006, the copolymer has the longest singlet excited state 

lifetime (τ), has the lowest radiative decay rate (kr) and non-radiative decay rate 

(knr), as it has the longest τ. This indicates the energy transfer process in the third 

generation polymer system is a lot more complex than the other copolymers of 

the first generation. In fact, the reduction in radiative decay rate is a common 

feature found in all complex copolymer of the third generation reported in this 

thesis. 

Overall, it has been discovered that the simple copolymers of the first generation 

are better gain media than the complex copolymers of the third generation. The 

more simple and straightforward (i.e. fast kr and knr ≈ 2x109s-1) energy transfer 

processes between similar functional units along the polymer chains is found to 

be a more suitable environment for gain medium. 

Chapter 4 presented an investigation of the cause of the ASE quenching in the 

SC006 complex copolymer system of the third generation. The functions 

intermolecular and intramolecular species with the SC006 were identified by 

performing a series of optical characterisations and comparisons between similar 
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materials. It has been found that non-ASE copolymer SC006 has PL spectral 

features which are greatly influenced by the arylamine moiety presents in its 

polymeric system; its PL spectrum was found to be significantly red-shifted from 

the other SC copolymers, but presenting visible vibronic structures. Its PL is 

strongly Stokes shifted from the absorption which together with evidence of 

solvatochromism suggests that the emissive state is not directly accessed by the 

absorption event.  

ASE measurements were performed on SC006 solution and it was discovered 

that SC006 was able to give ASE with reduced presence of intermolecular species 

in the polymer system - SC006 was not able to give ASE in solid state. 

Results showed that it was the combination of the intermolecular and 

intramolecular interface energy transfer process between the electron-donor unit 

and the electron-acceptor units that was responsible for the gain quenching in 

the SC006 polymer system. With either species alone, is not enough to stop the 

ASE mechanism completely as confirmed by the ASE in both toluene and THF 

solutions of SC006. On the other hand, the lack of both intermolecular and 

intramolecular species in a complex polymer system can also quench the ASE 

mechanism completely as demonstrated by the SC006 solution in chloroform. 

Furthermore, it is possible that the complex copolymer system of SC006, given 

by the arylamine moiety, enhances the energy transfer processes between the 

intermolecular and intramolecular interfaces. Hence, under the condition that  

the functional units in the copolymer share similar optical properties (i.e. both 

emit in blue with comparable absorption and PL spectral features), the addition 

of arylamine moiety in a copolymer system can stimulate gain quenching effect, 

as this can encourage the development of complex energy transfer processes 

between the excited states of the functional units. 
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In Chapter 5 a series of extensive optical, electroluminescence and gain 

characterisations were performed on two statistical copolymers synthesised by 

Yamamoto coupling method – Y80F8:20F5 and Y50F8:50F5, and two alternating 

copolymers with the same molar ratio of substituted fluorene units as the 

selected statistical copolymers, synthesised through Suzuki coupling – 

S80F8:20F5 and S50F8:50F5. The aim of the study was to investigate the effects of 

synthesis route and chain structure on optical gain characteristics of 

polyfluorenes.  

The selected copolymers shared similar absorption coefficient and 

photoluminescence characteristics with near-identical refractive index spectra. 

These copolymers were found to possess sufficiently high PLQE (above 50%). 

They were inefficient electroluminescent materials as the maximum luminous 

efficacy (ηP) were found to be in the 10-2 to 10-3 lm/W region, which is 2 to 3 

orders of magnitude lower than efficient electroluminescent materials and were 

also discovered to have high carrier mobility, 10-2 to 10-3 cm2v-1s-1. Overall, it has 

been found that the differences in their synthetic routes and the differences in 

their molar ratios of the functioning fluorene units do not have an effect on their 

optical properties. 

Moreover, these copolymers possessed good optical gain potentials. The two 

80F8:20F5 copolymers shared similar ASE characteristics, with similar Eth in the 

TE and TM guided mode directions. The similarities found in optical and gain 

properties between the two 80F8:20F5 copolymers imply the differences in the 

polymer synthesis routes do not have significant effect on the material optical 

and gain properties.  

The only difference found between the Y-copolymer and S-copolymer is that 

S80F8:20F5 displayed an ASE saturation feature at high pump power (above 
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~110µJ/cm2) with ESAT at 113µJ/cm2 in the TE mode and 166µJ/cm2 in the TM 

mode. This saturation feature is absent in Y80F8:20F5, considering the maximum 

pump energy of ~600 µJ/cm2 in the TE direction measurement, and ~400 µJ/cm2 

in the TM direction. This suggests the onset of ground state saturation in 

S80F8:20F5, and this is the only apparent difference in the gain properties 

between the two copolymers of different synthesis routes. 

Furthermore, the Eth in the TE direction is half of the value found in the TM 

direction for both Y80F8:20F5 (Eth at 13.8 ± 0.2µJ/cm2 in the TE direction and 27.4 

± 0.3µJ/cm2 in the TM direction) and S80F8:20F5 (Eth at 12 ± 0.2µJ/cm2 in the TE 

direction and 21 ± 0.1µJ/cm2 in the TM direction), which indicates that the 

polymer chains on the waveguide have optical anisotropy. The optimal ASE 

direction is parallel to the TE direction. This characteristic suggests that the 

copolymer chains in the spin-coated film have a tendency to organise in-plane 

instead of perpendicular to plane. Such behaviour is consistent with many other 

studies on spin-coated conjugated polymer films [104, 108-110].  

Finally, Chapter 6 demonstrated optical gain switching in third generation 

polyfluorene-based red light emitting DFB lasers using ~1.3µm optical control 

pulses (4ps, 5kHz) to directly modulate their output. A minimum of a thirty-fold 

reduction in the laser output as a response to a control pulse was achieved, 

creating a novel switch that offers an effective wavelength conversion between 

silica and polymer optical fibre (POF) communication wavelengths. By tuning 

the temporal overlap of the laser pump and control pulses it is also possible to 

more subtly control the laser dynamics, for example to introduce a variable time 

delay as required for data re-timing. In addition, the laser output can be 

switched off by a relatively weak control pulse (50nJ) suggesting that GaAs-

based laser diodes might be suitable to provide the control pulses. 
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