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Analysing Gain for Organic Laser Applications 

 
John McGurk 

 
 

Abstract 
 

This thesis presents the results of a study into the design and characterisation of 

optically pumped organic semiconductor lasers for hybrid organic/inorganic 

applications.  The study involves a detailed investigation into a broad range of 

materials including conjugated polymers and monodisperse oligomer molecules with 

emissions spanning the visible spectrum.  To make viable electrically pumped 

organic semiconductor lasers using a hybrid system, it is essential that their lasing 

thresholds are reduced as far as possible. 

 

The optical properties of two main families of oligomer and one conjugated polymer 

are investigated and the effect of their conjugation on stimulated emission discussed.  

Gain measurements based on one oligomer and the polymer are performed to 

assess the reliability of current gain extraction techniques and a new variant of an 

existing gain extraction experiment introduced.  A second oligomer was optically- 

pumped to illustrate the phenomenon of random lasers and explicitly show how 

modes can develop in different ways depending on how their optical pump source is 

varied.   

 

Lasers based on the green-emitting polymer were optically-pumped and wavelength 

tuning of their emission was demonstrated by altering both the grating duty cycle and 

the polymer film thickness allowing us to tune the wavelength to a region with a 

lower lasing threshold.   

 

Finally, first imaged optical pump experiments using micro-LED arrays were 

performed.  Micro-LED emission was imaged to replicate optimum pump conditions. 
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OFET – Organic field effect transistor 
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OLET – Organic light-emitting transistor 

PFO – poly(9,9-dioctylfluorene) 

PL – Photoluminescence  

PLE – Photoluminesence excitation 

PLQE – Photoluminescence quantum efficiency 

PMT – Photomultiplier tube 

SEM – Scanning electron microscopy 

SiO2 – Silicon dioxide (Silica/Quartz) 

T4 – Oligo(Quater)fluorene truxene 

T6 – Oligo(Hexa)fluorene truxene 

TCSPC – Time-correlated single photon counting 

TE – Transverse electric 

TM – Transverse magnetic 

VI – Virtual instrument 

VSL – Variable stripe length 
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Chapter 1 
 
Introduction 
 
 
1.1  Background 
 

Since the demonstration of the first laser using a ruby crystal in 1960 [1], science 

and technology has been revolutionised.  From scanners to printers, to pointers and 

DVDs, lasers have become an everyday necessity.  Throughout that time the choice 

of material has gradually evolved especially since A.J. Heeger, H. Shirakawa and 

A.G. MacDiarmid reported a new class of conducting conjugated polymer in 1977 

whose electrical conductivity could be controlled over a broad range by simply 

doping the material [2,3].    

 

Since then, the use of conjugated polymers have expanded into many fields as the 

understanding of their properties has developed and many new cross-disciplinary 

fields have emerged as the dividing lines between chemistry, electrical engineering, 

physics and material sciences have been gradually blurred.  As well as their 

developing performance as semiconductors, one of the main attractions of organic 

materials is their simple solution processing and fabrication.  The use of processes 

such as ink-jet printing, spray-coating, nano-imprint lithography (NIL) or even simple 

spincasting have created inexpensive ways of depositing materials as thin-films on 

virtually any desirable substrate which has paved the way for huge commercial 
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interest in creating flexible electronic devices [4].  In recent years numerous 

companies have sprung up as a direct result of the development of organic light-

emitting diodes (OLEDs) [5,6], organic photovoltaic cells [7], organic photodetectors 

[8,9], organic field-effect transistors (OFETs) [10], and more recently, organic light-

emitting transistors (OLETs) [11].   

 

Despite this diverse array of semiconductor devices now utilising organic materials, 

the notable absentee from this list is the organic diode laser.  While organic materials 

were only employed relatively recently, compared to their inorganic counterparts, for 

the uses outlined above, organic dye molecules played a significant role in the 

development of the laser in as little as 10 years after its first demonstration.   

 

Following the development of organic light-emitting diodes and their high 

luminescent efficiencies, the search for an organic laser followed shortly behind and 

was demonstrated in 1992 [12] as a conjugated polymer solution and later in 1995 

as a conjugated polymer in the solid state [13,14].  While they were demonstrations 

of stimulated emission, actual lasing using a microcavity resonator was reported 

shortly after [15].  While the natural progression of this involved some more 

complicated types of resonator, all these demonstrations of lasing were all performed 

by optically pumping the organic semiconductor.   

 

In order to produce a workable diode laser, there should be a demonstration of 

electrical pumping of these organic materials.  This is however, a difficult problem to 

overcome as these materials generally have very low charge carrier mobilities 

meaning that in order to reach a typical threshold for lasing, a high current density 

would be required which most known semiconducting polymers could not feasibly 

withstand.  As well as this, metal contacts would be required as electrodes which 

would introduce further losses as the contacts absorb light over long interaction 

lengths with the resonator [16] and the electrical charges themselves form molecular 

polarons under electrical excitation which broadly overlap spectrally with the 

stimulated emission of the polymer and thus dominates the optical properties [17].   
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Since organic semiconductors have long since demonstrated stimulated emission 

with optical excitation, but suffer from seemingly insurmountable barriers relating to 

electrical injection of charge carriers, the solution would seem to arise from the 

indirect injection provided by some sort of hybrid system [18] with the focus settling 

on nitride LEDs as a possible intermediary [19].   

 

To formally bring together many hitherto disparate disciplines with this goal in mind, 

the HYPIX (Hybrid organic semiconductor/gallium nitride/CMOS smart pixel arrays) 

project was created in 2008 [20].  The project consisted of groups from Strathclyde 

University, St. Andrew‘s University, The University of Edinburgh and Imperial College 

London with the idea of utilising the recent advances in high-density micro-pixellated 

gallium nitride light-emitting diodes (GaN μLEDs) [21-24] as well as its demonstrated 

integration with CMOS drive-circuitry [25] to create the possibility of an electrically 

pumped organic semiconductor laser using a family of optoelectronic 

communications interfaces as shown in Fig 1.1. 

 

This work therefore aims to discuss the relative merits of the various materials 

provided as part of the HYPIX project as potential materials for a Hybrid device, 

examine the existing methods for assessing those materials potential and analyse 

what the main considerations for creating an optimised polymer laser are, with the 

hope of making a viable commercial device. 
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Figure 1.1:  Schematic image of hybrid optoelectronic interface concept. 

 
1.2  Organic Semiconductors 
 
For many people familiar with semiconductors, they immediately think of inorganic 

crystalline semiconductors such as silicon and germanium as well as compound 

semiconductors such as gallium arsenide, gallium nitride and others.   The 

technological advancements of the last sixty years have been driven by the precise 

understanding of the electronic and optoelectronic properties of these materials, 

which can be directly measured, calculated and controlled to obtain the various 

energy levels and injection barriers at interfaces.   

 

Materials like silicon are found in group IV of the periodic table indicating that it has 

four electrons in its valence shell.   Since these are four fewer than the required eight 

in a full shell, the silicon atoms will share electrons from other surrounding silicon 

atoms so that they are sharing an additional four electrons.  This electron-sharing is 

called covalent bonding and it‘s these covalent bonds that hold the structure together 

in a periodic, three-dimensional, ordered, geometric pattern called a lattice.  The 

periodicity and order of these overlapping orbitals is so well defined, these discrete 

atomic states form a band structure with a well-defined energy-momentum 

dispersion relation for electrons in the conduction band and holes in the valence 

band.  These well-defined bands mean that if the semiconductor is doped (i.e. a 
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specific impurity introduced into the lattice) in a controlled way, the relative 

occupation probabilities of the bands are modified, leading in turn to a change in the 

optical and electrical properties. 

 

Organic semiconductors could therefore, by the description above, seem to have 

very little resemblance to a semiconductor, but they do in fact make up a unique 

class of materials being utilised for more and more electronic and optoelectronic 

devices.  While discussed in more detail below, any organic molecule will consist of 

covalent bonds caused by the overlap of molecular orbitals which give them their 

conducting properties combined with all the useful processability we associate with 

plastics in general.  There are however important differences between the different 

types of organic semiconductor which will be clarified in the next section. 

 

 

1.2.1   Classification 
 

There are many types of organic semiconductor as well as various sub-categories.  

As the materials used in this study cross a number of different categories, this 

section will help provide a useful clarification of some of these terms.  The first class 

is a small molecule, which are not polymers and have no dendritic arms and are 

among the longest studied organic materials for demonstrating high levels of light 

emission; Tris(8-hydroxyquinolinato)aluminium (Alq3) is one such small molecule 

[26,27].   

 

The second class are conjugated polymers.  These have been studied extensively, 

particularly the poly(phenylene vinylene) [28-29] and polyfluorene [30-31] families.  A 

conjugated polymer is a macromolecule consisting of a large number of repeat units 

called monomers.  If there is only one type of monomer in the chain it is described as 

a homopolymer, however if various different monomers are present, it‘s described as 

a copolymer.  While only homopolymers are studied here, some of the other 

materials share similarities with some well-known copolymers; indeed they are the 

basis for their synthesis.  The various configurations of polymers are summarised in 

Figure 1.2 [32].    In the case of synthesised polymers, they can be regarded as 
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polydisperse which indicates that the same polymer can comprise molecules that are 

non-uniform with respect to relative molecular mass or constitution.   

 

Polydisperse materials are in contrast to monodisperse materials which are uniform 

with respect to the properties outlined above and applies to the third class of material 

which is the conjugated dendrimer [33].  A typical conjugated dendrimer consists of a 

light-emitting chromophore at the core, emanating linear chains (arms) and surface 

groups which control processing properties [34].  As they are single molecules which 

consist of a few monomers then they may also be described as oligomers.  

Examples of these three main classes of organic semiconductor are illustrated in 

Figure 1.3.   

 

 

1.2.2   Electronic Properties 
 

Organic materials get their conductivity due to a phenomenon called hybridisation in 

carbon.  Carbon has six electrons: two in the filled 1s shell and four in the partly filled 

2s/2p shell (1s22s22p2 configuration).  However, Hund’s Rule states that when 

possible, these electrons will occupy orbitals of identical energy giving an 

arrangement of: 1s22s12px
1py

1pz
1 where the s-orbital is spherical and the p-orbitals 

are perpendicular to each other.  These s- and three p-orbitals can be mixed to form 

four sp3 – hybrid orbitals which occupy a tetrahedral geometry as shown in Figure 

1.3 (a).  This is however a case of total hybridisation, but it is also possible for only 

some of the p-orbitals to hybridise as in the case of sp and sp2 hybridisation.  In the 

case of sp2 hybridisation, the electronic arrangement is the same as before but the 

pz
1 orbital is left unhybridised, leaving three sp2 hybridised orbitals remaining [35] in 

a trigonal plane as illustrated in Figure 1.4 (b) [36].   
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Figure 1.2:  Various types of repeat unit systems in polymers including (from top): 

homopolymers (1), alternating copolymers (2), periodic copolymers (3), statistical 

copolymers (4), block copolymers (5) and pseudo-copolymers (6). 

    
 

 

Figure 1.3:  Chemical structure of several classes of organic semiconductors : (a) 

tris(8-hydroxyquinolinato)aluminium (Alq3), (b) poly[2,5-bis(2‘,5‘-bis(2‖-

ethylhexyloxy)phenyl)—p-phenylenevinylene] (BBEH-PPV), (c) T4 oligofluorene 

truxene.   
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The hybridisation process outlined above helps explain how bonding between 

molecules occurs.  The simplest molecule to use to explain how one carbon bonds 

with another is ethene.  Figure 1.5 shows the bonding in an ethene molecule.  The 

C-C (and C-H) bonds are covalent and consist of near equal sharing of electrons 

between atoms.  This bond is called a σ (sigma) bond where the electron density is 

arranged along the axis connecting the two sp2 hybrid orbitals.  Meanwhile the 

unhybridised p-orbitals are coplanar above and below the molecular plane and form 

a second set of (weaker) bonds known as a π (pi) bond.  This is the reason why 

alkenes are regularly described as having a double-bond, due to the combination of 

both a σ and a π bond.   

 

The understanding of the π bond allows us to discuss the idea of conjugation.  While 

it will become apparent that conjugation can occur in any long-chain molecule the 

best way to outline it is with benzene, C6H6.  Benzene consists of six sp2 hybridised 

carbons each attached by σ bond to a hydrogen atom.  The various C-C bonds 

around the ring are of equal length so the various double bonds cannot be drawn at 

just three specific points, but rather are alternating as shown in the Kekule structures 

in Figure 1.6 (a).  This alternating bond structure is called conjugation.  For this 

reason in a π conjugated system the π electrons are described as delocalised as 

Figure 1.6 (c) illustrates [38].   

 

All the types of organic semiconductor classes described have a similar conjugated 

backbone like benzene.  It‘s the delocalised π electrons that are responsible for the 

semiconducting properties of the material.  Figure 1.7 shows a typical energy 

diagram for a simple ethene molecule.  For both the σ and the π bonds, the least 

energetic bond type is preferred leaving the σ* and π* states unoccupied.  The 

occupied state represents the constructive overlap of the two atomic wave functions 

known as the bonding molecular orbital which forms a stable bond.  The unoccupied 

state represents the destructive overlap and is known as an antibonding molecular 

orbit and does not favour bonding [39].   
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Figure 1.4:  Hybridisation types in carbon for (a) sp3 – hybridisation and (b) sp2 – 

hybridisation [36]. 

          

Figure 1.5:  Ethene molecules illustrating the σ bond formed from the overlap of the 

sp2 orbitals on each C atom and the π bond formed from the unhybridised p orbitals 

on each C atom [37]. 

 

 

 

 

(a) 

(b) 
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This explanation can be verified mathematically by considering how the wave 

functions of two atoms (A & B) interact [40].  The wavefunction of Atom A is 

represented by: 

 

       a                       (1.1) 

 

This description applies to a single atom in the ground state.  However if these two 

atoms are brought together, the resulting electrical orbital must belong to both atoms 

meaning that a new wavefunction must now represent the new molecular orbital.  

The two possibilities are 

 

    ba  









2

1
                 (1.2) 

 

    ba  









2

1
                               (1.3)

 

Ψ+ is the constructive solution which represents the bonding case and Ψ-  is the 

destructive solution which represents the antibonding case.  The Ψ-  case has a 

probability density lΨ- l
2 equal to zero at a specific position between the two atomic 

nuclei called the node.  This means it‘s extremely unlikely that an electron will be 

found at this position, but rather almost everywhere else.   
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Figure 1.6:  C6H6 (benzene):  (a) chemical (Kekule) structures, (b) spatial distribution 

of the σ orbitals, (c) spatial distribution of the π orbitals leading to a delocalised π 

system [38].   

 

 

 

 

Figure 1.7:  Energy diagram of an ethene molecule showing relative energies of σ – 

σ * and π - π * orbitals [39].   
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Figure 1.8:  Atomic orbitals combining to generate molecular orbitals (a) in the 

bonding case and (b) in the antibonding case [39]. 

 

On the other hand, electrons in the bonding case are highly likely to be found in the 

space between both nuclei, thus exerting an attractive force on the nuclei and pulling 

them together.  The antibonding case does not have the same attractive force, and 

therefore a bond with a higher energy level is created.   

 

These cases are highlighted in Figure 1.8.  Since the lower energy of the molecular 

orbital is occupied and the higher energy is unoccupied they are usually referred to 

as Highest Occupied Molecular Orbit (HOMO) and Lowest Unoccupied Molecular 

Orbit (LUMO).  These states are frequently compared to the valence band and 

conduction band associated with classic semiconductors, and any optical transitions 

between the two states are commonly known as  π → π * transitions.   
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1.2.3   Optical Properties 
 

The photophysics of organic semiconductors are what make them relevant to lasing 

applications.  As mentioned previously, the energy levels created as a result of the 

HOMO and LUMO levels allow for optical transitions from one level to the other.  

These optical transitions manifest themselves as broad peaks around particular 

maxima.  The reason why the peaks are broad and not narrow sharp lines, like 

atomic transitions, is due to the various vibrational and rotational transitions made 

available within a molecule.  Typically, electronic transitions are ~ 1 eV whereas 

vibrational and rotational transitions are ~ 100 meV and 10 meV respectively.   

 

When the Coulombic force within a molecule is subjected to a change by an 

electronic transition, the vibrational modes invariably get excited too (rotational 

modes in the solid-state are generally quenched).  Figure 1.9 shows the absorption 

and fluorescence spectrum resulting from transitions between different vibronic 

states.   

 

The molecular potential energy versus nuclear position diagram shows that within 

the electronic ground state S0 and the excited singlet state S1 there are sub-levels 

which denote the vibronic levels, ν.  Transitions between electronic states occur on 

such a fast timescale compared with those of nuclear vibrations, that the nuclei can 

be considered stationary in the process.  This principle is known as the Franck-

Condon principle and provides the stationary nuclear framework to allow transitions 

to be drawn as vertical lines.  

 

The principle goes further and outlines how we can determine transition probabilities 

by considering the overlap of the wavefunctions in the ground and excited state as 

illustrated in Figure 1.10.   
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Figure 1.9:  Electronic and vibrational transitions depicted by potential energy 

diagrams of (a) absorption processes and (b) emission processes.  The absorption 

and luminescence spectra and their corresponding vibronic positions are highlighted 

in (c).   

 

Figure 1.10:  Potential energy as a function of nuclear coordinate.  Vibronic states 

are shown with relevant wave functions.  Transitions are indicated by vertical arrows 

[41]. 
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Figure 1.11:  Jablonski diagram of a typical molecule with electronic and vibronic 

states contained within a system of singlet and triplet states.  The main radiative 

processes are shown by straight green (absorption) and red (emission) lines.  Curly 

lines include the various non-radiative processes including internal conversion 

(yellow) and intersystem crossing (dark blue) [42]. 

 

In terms of the electronic states, Figures 1.9 and 1.10 are simplistic and there are in 

fact more electronic states including both singlet (S0, S1, S2) and triplet (T1, T2, T3) 

states, as well as sets of both radiative and non-radiative processes.  The Jablonski 

Diagram in Figure 1.10 better illustrates these various processes.   

 

Immediately following the absorption of a photon (~ 10-15 s) the electron can be 

excited from the ground state to a higher singlet state (S0,ν → Sn,ν), but following 

that, various transitions can occur among which the most probable is a (non-

radiative) relaxation process down to the lowest vibrational energy of the excited 

singlet state (Sn,ν → S1,ν0) known as internal conversion (~ 10-14 - 10-11 s).  An 

excited molecule in the lowest excited singlet state (S1,ν0) relaxing to the ground 

state may produce an emitted photon.  This is called fluorescence (S1,ν0 → S0,νn) 

and is by far the longest relaxation duration (~ 10-9 s).   
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There are however, various other pathways which compete with the fluorescence as 

shown by the vertical curly light blue and purple straight lines linking the excited state 

to the ground state.  As stated above, a relaxation may produce a photon, but it also 

may not.  In which case, the energy is simply dissipated as heat.  As well as this, 

there are various exciton quenching processes resulting from the collisions with 

other molecules [41, 43-44].   

 

The curly sideways arrows indicate additional non-radiative processes including 

intersystem crossing where a transition takes place between the lowest excited state 

to a triplet state (S1,ν → T1,ν) before either relaxing non-radiatively to the ground 

state or emitting a photon (despite being spin-forbidden by selection rules) through 

phosphorescence (T1,ν → S0,ν).  Phosphorescent transitions have very low rate 

constants due to being forbidden which gives these transitions extremely long 

lifetimes (~ 10-3 – 102 s).   

 

It is the long lifetimes of these triplet states that allow them to interact with other 

triplet excitons to produce an excited singlet state (and a singlet in the ground state) 

(T1,ν → S1,ν).  While the interaction itself is non-radiative, the radiative de-excitation 

from the excited singlet state resulting from this triplet interaction is known as 

delayed fluorescence.   
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Chapter 2 
 
Theory of Organic 
Semiconductor Lasers 

 

 

2.1 Organic Semiconductor Lasers 
 

The acronym LASER stands for ‗light amplification by stimulated emission of 

radiation‘.  At its most basic, a laser consists of a medium capable of amplifying light 

(known as the gain medium) and a resonator to provide feedback.  As discussed in  

§ 1.2.3, a photon incident on a molecule can excite an electron and that electron can 

subsequently fall back to the ground state and emit another photon.  This process is 

known as spontaneous emission.  Now if an incident photon of the same frequency 

as that emitted strikes the material while a molecule lies in the excited state, it may 

force the molecule to undergo the transition back to the ground state and emit a 

photon of the same phase, frequency and direction of the incident photon.  This 

process is stimulated emission [1].  These differences are illustrated in Figure 2.1.   
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Figure 2.1:  Schematic illustration of relevant lasing processes: (a) spontaneous 

emission, (b) stimulated emission and (c) absorption.   

 
 

2.2  Stimulated Emission 
 

As light travels through an amplifying medium, it stimulates the perpetual emission of 

more and more photons and the intensity (for small-signals) increases exponentially 

according to: 

 

    
    zgeII  (

0

                        (2.1)  

 

where I0 is the initial intensity, g is the wavelength-dependent gain coefficient, α is 

the loss coefficient and z is the distance travelled along the amplifying medium.  The 

gain coefficient is the product of the stimulated emission cross-section, σSE, and the 

population inversion, Nexc. 
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Figure 2.2:  Energy level diagram of: (a) a four-level laser scheme and (b) 

corresponding energy levels of lowest two singlet states in an organic semiconductor. 

 

However, the system with just two levels in Figure 2.1 (b) is not practical for 

obtaining population inversion, therefore a system with more levels like a four energy 

level laser scheme like that shown in Figure 2.2 (a) is required.   

 

The four-level system allows for population inversion between levels 1 and 2.  This 

system corresponds to the set of singlet ground and excited states outlined in Figure 

1.10 whereby the fast non-radiative decay process occurs between vibronic sub 

levels instead of between levels 0 and 1 and between levels 3 and 2 as shown in 

Figure 2.2 (b). 

 

 

2.3  Amplified Spontaneous Emission 
 

The presence of gain is essential for studying a new material‘s potential for lasing 

applications.  At the point at which gain exceeds losses in the material, it is 

considered to have reached the lasing threshold.  To date, three main methods have 

been reported to study gain in organic semiconductors: Transient absorption 

measurements [2-4], waveguide amplifiers [5] and by measuring ASE [6-8].   
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Figure 2.3:  Sketch of the variable stripe length configuration.  The laser beam is 

focussed into a uniform stripe using a cylindrical lens and controlled using a 

micrometer controlled screen.  The ASE is collected as a function of the excited 

stripe length (z).   

 

The last mentioned method involves photopumping a slab waveguide of an organic 

semiconductor with a pulsed laser in a stripe and observing the edge emission as 

illustrated in Figure 2.3.   

 

The technique of observing amplified light along a one-dimensional optically excited 

strip was first reported by Shaklee et al. using a CdS crystal [9].  The technique 

works by waveguiding some of the spontaneous luminescence along the pumped 

stripe, and if the gain exceeds the losses incurred by scattering losses, then the 

remaining spontaneous emission can be amplified exponentially as they travel along 

the waveguide.  This is because the photoexcited region is where all the population 

inversion is and the initial spontaneous photons stimulate the de-excitation of these 

states to produce more emitted photons.   

 

Light from the spectral peak of the gain (which is a function of wavelength, g(λ) ) will 

therefore amplify more than other spontaneous light emitted which means that as the 

pump intensity increases, the level of spontaneous emission is higher which creates 

more stimulated photons leading to a spectral narrowing of the emission around the 

gain maximum.  Spectral narrowing of this type can produce full width half 
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maximums of as little as 1 or 2 nm for ASE.  This spectral narrowing was first 

observed in a conjugated polymer by Heeger et al. in 1996 using MEH-PPV [10]. 

 

ASE observed from these types of waveguide structures are often referred to as 

―mirrorless‖ lasing [11,12].  Part of the reason for this is that both ASE emission and 

laser emission are often characterised using the same parameters such as input-

output characteristics and threshold positions.  This thesis will study these 

comparisons further.   

 

In an unsaturated amplifier having a length much greater than width, the growth of 

the intensity of the ASE signal is governed by [13]: 
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where g‘ is the gain coefficient, α is the loss coefficient, A(λ) is a constant related to 

the cross section and P0 is the pumping intensity [14].  We can create a new term by 

simply combining the gain and losses to give a ‗net gain‘ term: g(λ) = g(λ’) – α which 

gives a solution for eq. (2.3) for the intensity, I as: 
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As A(λ) is a constant (related to the wavelength dependent fluorescence quantum 

distribution [15]) A(λ)P0 is regularly combined into a term known as the spontaneous 

emission intensity, Ω [8], to give: 
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where A21 is the spontaneous emission rate, N2 is the excited state population, hν is 

the energy of the emitted photon and A / 4πL2 is the solid angle defined by the exit 

facet of the amplifier and a point z from the facet edge on the sample surface.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

 

2.4  Slab Waveguides 
 

Dielectric slab waveguides are among the simplest optical waveguiding structure.  

Their geometry and guided modes can be described by simple mathematical 

expressions.  Figure 2.4 shows the schematic setup of a three-layer slab waveguide, 

with an organic semiconductor film between a substrate layer and an air layer.     

The core layer, n1 must have a higher refractive index than that of the other two, n2 

and n3 , to achieve mode guidance in the waveguide.  That is n1 > n2 ≥ n3.  If n2 = n3, 

the slab waveguide is described as symmetric.  In reality, a slab waveguide with a 

thin film core layer will almost always be asymmetric, that is to say, the two outer 

layers do not have the same refractive index.   In this asymmetric case the refractive 

indices will relate as np > ns  > na where np is the organic semiconductor / polymer 

layer, ns is the substrate and na is the air.   

 

An equivalent mathematical definition of a mode is that it is an electromagnetic field 

which is a solution of Maxwell‘s wave equation [16] 
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where E is the electric field vector, n is the index of refraction, and c is the speed of 

light in a vacuum.  The solution to (2.6) for monochromatic waves is 
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where ω is the radian frequency.  Substituting (2.7) into (2.6) we obtain 
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where k0 = ω/c = 2π/λ.   

 

From Figure 2.3 we assume that a plane wave propagates in the +z direction, i.e. 

E(r) = E( x, y) exp(-iβz), β being the propagation constant, (2.8) becomes  
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The waveguide structure is assumed to be uniform and extend to infinity in the x-

direction [17,18].  Therefore the E field is also uniform in the x-direction. Therefore 

this uniformity means we can replace ∂/∂x term, with zero.  This gives 
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The E field is now reduced to a function of y only and the refractive index has gained 

an ‗i‘ subscript here indicating that each layer in the waveguide has a different 

refractive index.  With the electric field only existing in one direction we define the 

Transverse Electric (TE) and Transverse Magnetic (TM) polarisations existing in the 

waveguide.  The field components of the two polarisations are Ex ,  Hy and Hz for the 

TE polarisation and Hx ,  Ey and Ez for the TM polarisation which are also illustrated 

in Figure 2.4. 
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Figure 2.4:  Schematic of a simple three-layer slab waveguide.  Plane waves 

propagating along the waveguide by an angle θ are totally internally reflected at the 

two interfaces until the facet edge.  For TE waves the electric field vector E is in the 

x-direction and for TM waves it‘s the magnetic field vector H. 

 

 

The solutions of (2.10) will be either sinusoidal or exponential depending on whether 

the term k0
2ni

2(r) − (β)2 is greater or less than zero for ni = np , ns  and na.  For guided 

modes, it is required that most energy is confined to the core (organic) layer which 

demands that the sinusoidal solution must occur in the core with (exponential) decay 

tails in the air and substrate layers.  In the organic semiconductor case, where np > 

ns > na the possible range of β to guide a mode is simply given by k0np > β > k0ns > 

k0na for TE modes where we can define the propagation constant β = k0neff where neff  

is the effective index.  

 

As outlined above, the refractive index of the organic layer, np is greater than that of 

the other two layers.   This allows the wave to propagate in the +z direction provided 

the angle of propagation is greater than the critical angle of total internal reflection. 

 

 
)/arcsin( pscritical nn                        (2.11) 

 

The mode equation for a three layer waveguide that says that a standing wave must 

be formed by constructive interference of the incident wave with itself after it is 

reflected off the boundaries with the other layers and is given by [19] 
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where dp is the organic layer depth (thickness), m is the mode order (an integer = 

0,1,2…), and φa and φs are the phase shifts that the wave undergoes upon being 

reflected at the air-organic interface and the substrate-organic interface respectively.  

These phase shifts are given by [20] 
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where ρ= 1 for TMm and ρ= 0 for TEm modes.   

 

As discussed, the wave propagates in the +z direction, therefore the propagation 

constant β (the z-component of the wavevector), can be related to the wavevector ko 

by  

 

         ipkn  sin0                (2.15) 

 

Since β = k0neff , the effective index neff is therefore given by 
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The meaning of the mode equation of a three-layer planar waveguide system Eq. 

(2.12) is shown in Figure 2.5.  The parameters used here, are those of the polymer 

BBEH-PPV including the wavelength at peak gain λ = 535nm, the refractive index of 

BBEH-PPV at this wavelength [21] and the refractive indices of air and quartz (ns = 

1.5 na = 1.0). 

 

The green lines represent the left hand side of Eq. (2.12) and sweep out the various 

possible values for various thicknesses at various different propagation angles.  The 

blue and purple lines depict the right hand side of Eq. (2.12) which is a sum of the 

phase shifts encountered at the boundaries as well as the additional multiple of 2π 

term depending on the order of the mode. 

 

In the case of TE0 and TM0, as the order of the mode m is zero, it consists of just the 

phase shift sums.  The point at which the green lines intersect the blue (and purple) 

lines represent the point at which the TE (and TM) modes will exist for a particular 

thickness and at a particular angle. 

 

The effective refractive index embodies all the relevant properties of waveguide 

propagation, and Figure 2.6 illustrates the TE0 and TM0 modes highlighted in Figure 

2.5 as a function of organic film thickness.   

 

For both modes it is clear that the effective index increases with film thickness and 

that the TE mode has a larger effective index throughout.  It also shows that for both 

modes a cut-off thickness exists, below which no mode can be supported.  Due to 

the TE mode‘s higher relative effective index, its cut-off thickness is lower than that 

of TM.   

 

Throughout this thesis most results are for the TE mode (unless otherwise specified) 

due to the greater confinement is has in the gain material.  
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Figure 2.5:  Simulation of the two sides of the three layer mode equation for TE and 

TM for a material with a peak emission wavelength λ = 535nm, a refractive index of 

np = 1.7 and deposited on a quartz substrate with refractive index ns = 1.5 and the 

refractive index of air na = 1.0.  Green lines represent left side and the blue and 

purple lines represent the right side of the equation. 

 

Figure 2.6:  Simulation of effective refractive index neff as a function of film thickness 

dp for a material with a wavelength of λ = 535nm, a refractive of np = 1.7 and 

deposited on a quartz substrate with refractive index ns = 1.5.   
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2.5  Laser Resonator Structures 
 
To this point only aspects of the gain medium (optical amplifier) have been 

discussed.  The second basic element of the laser is the feedback structure, known 

as an optical cavity or resonator, to repeatedly pass light back through the gain 

medium.  Figure 2.7 outlines the operation of a Fabry-Perot (F-P) laser cavity at its 

most basic.  Once the active medium is excited the front and rear reflectors (mirrors) 

ensure the light reflects back and forth through the gain medium thus gaining in 

intensity.   

 

Organic semiconductor materials allow for a wide variety of different laser resonator 

geometries.  To date, lasers with different cavities have been demonstrated including 

planar microcavities [22-24], F-P dye laser cavities [25-27], microrings [28-30], 

microspheres [31,32] and planar waveguides with corrugated substrates such as 

distributed Bragg reflectors (DBRs) [33] and distributed feedback lasers (DFBs) 

[34,35].   

 

Figure 2.8 features some of the geometries that have been studied recently.  Those 

featured geometries represent three broad classifications of resonator structure.  

Figures 2.8 (a) and (b) represent the simplest laser design with an amplifying 

medium located between two mirrors like that of a Fabry-Pérot interferometer.  

Figures 2.8 (c) and (d) operate as ‗ring‘ resonator as light travels in a closed loop 

using numerous mirrors.  Figures 2.8 (e) and (f) are a class of resonator that differ 

from the previous two in that they do not use local reflectors (mirrors), but operate by 

Bragg scattering at periodically distributed inhomogenities on a substrate known as a 

grating.   

 

This concept was first introduced by Kogelnik [36] and has been successfully 

employed in numerous organic semiconductors including derivatives of the 

poly(phenylene vinylene)s [37-42] and polyfluorenes [43-47] as discussed in § 1.2 as 

well as ladder-type poly(para-phenylene)s [48-51] and small molecule systems [52-

62].  The simple one-dimensional DFB grating has since been developed and lasing  
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Figure 2.7:  Illustration of a basic laser including the active medium and the feedback 

mechanism provided by mirrors. 

 

 

Figure 2.8:  Schematic of some resonators used for lasing applications with organic 

semiconductors.  The arrows indicate directions of wave propagation in the 

resonators which include (a) planar microcavity ; (b) Fabry-Pérot dye laser cavity ; (c) 

microring resonator ; (d) spherical microcavity ; (e) distributed feedback resonator ; 

(f) Two-dimensional (2-D) DFB/ photonic crystal resonator [77]. 
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has been demonstrated in more complicated structures such as the two-dimensional 

[63] and even the three-dimensional feedback laser [64]. 

 

2.6  DFB Coupled Wave Theory  
 

Figure 2.9 shows a typical structure of a one-dimensional DFB laser.  The periodic 

corrugated structure is incorporated into the organic semiconductor planar 

waveguide.  Waves propagate in the +z direction are partially reflected at the 

periodic corrugations and move in the –z direction.  When the waves interfere 

constructively they create a new Bragg-scattered wave.  The direction of this new 

wave will be dependent on the wavelength of the light as well as the grating period 

and satisfy the Bragg condition 

 

                2

Bragg

eff

m
n


 :  m = 1,2,…        (2.17) 

 

where Λ is the period of the grating spacing, λBragg is the wavelength of the light, m is 

the order of diffraction and neff, the effective refractive index as outlined previously.  

The case of the second-order DFB laser is indicated in Figure 2.9.  The first-order 

diffracted wave is emitted perpendicular to the waveguide plane whereas the 

second-order is emitted at some angle to the plane.  It is therefore the case that the 

wavelength of the light emitted perpendicular to the plane is equal to neffΛ. 

 

The detailed theory that underlines the mechanism that couples light into particular 

lasing modes in a DFB laser is known as the coupled-wave theory [65].   
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Figure 2.9:  Schematic of a 2nd order DFB laser.  Arrows indicate propagation of 

waves including reflections.  The output from the first (m = 1) and second-order 

(m=2) scattering are indicated.  

 

The model, based on the scalar wave equation for the electric field as discussed in § 

2.4 assumes a spatial modulation of the refractive index n(z) given by 

 

         znnzn 01 2cos            (2.18) 

 

and a spatial modulation of the gain coefficient g(z) given by 

 

       zggzg 01 2cos                           (2.19) 

 

where n and g are average values of the medium and n1 and g1 are the amplitudes 

of the sinusoidal modulation of n and g.  These perturbations in n and g are small1.  

Kogelnik et al. describe the wave-coupled theory in great detail in [66] using two 

counter propagating waves L(z) and R(z) whose amplitude grows because of the 

presence of gain in the waveguide and they transfer energy to each other by Bragg 

scattering.  The addition of these two waves gives 
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         zizLzizRzE 00 2exp2exp            (2.20) 

 

where β0 is the propagation constant at the Bragg wavelength2 and L(z) and R(z) are 

amplitudal prefactors of the left and right moving waves.   

 

Inserting this into the Helmholtz equation produces a pair of coupled wave equation 

solutions3  

 

      LizRigzR
z

 



          

                 (2.21) 

      RizLigzL
z

 



           

 

Here δ ≈ β - β0 = n(ω – ω0) and is simply a measure of the level of detuning of the 

optical wave from the central Bragg condition.  κ is defined as the coupling 

coefficient.  The coupling coefficient is a measure of the level of power transfer 

between the two contradirectional waves propagating along the laser and can be 

altered by changing the periodic geometry of the grating which will be discussed 

later.  Equations (2.21) have a solution given by 
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where γ is the complex propagation constant and is described by 

 

        
 222  ig            (2.23) 

                                                 
2
 DFB laser oscillates at or near the Bragg frequency (ω = ω0) 

3
 Second derivatives are neglected 
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At this point two special cases arise for the complex propagation constant γ.  1) 

index-coupling, when the real part of the refractive index varies (periodically) and κ is 

real (Δn ≠ 0; Δg = 0) and 2) gain-coupling when there exists a periodic variation of 

the gain, and κ is imaginary (Δn = 0; Δg ≠ 0) [67-69].  In reality, however mixed 

cases occur and the coupling coefficient is a complex quantity [70] which is referred 

to by some as a third case called complex coupling (Δn ≠ 0; Δg ≠ 0). 

 

In the case of index coupling (or complex coupling resembling index coupling) there 

exists a spectral region known as the stopband or photonic bandgap.  Spectrally, this 

bandgap is located near the Bragg wavelength (as the laser oscillates around this 

point) and increases linearly with the coupling coefficient4 and no waves can 

propagate within this region.  Therefore in reality, lasing occurs on the available band 

edges on either side of the Bragg wavelength.  Figure 2.10 illustrates the index-

coupling case for DFB lasers.  The Bragg wavelength (or frequency ω0) is 

highlighted to show its location in the middle of the stopband. 

 

 

 

                                                 
4
 For high κL products [14] 
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Figure 2.10:  Dispersion diagram for a DFB laser with index coupling and no gain or 

loss [66]. 

 

 

 

2.7  Random Lasers 
 
The laser processes described so far have done so with the help of carefully 

designed resonators.  However, stimulated emission in disordered systems like thin-

film layers of polymers and small molecules are also considered to lead to lasing 

action above a certain lasing threshold.  Random lasing occurs in disordered 

systems that contain optical gain, where light scattering and interference effects 

create a feedback mechanism [71, 72].  These scattering centres create a closed 

loop which may amplify the emission exponentially before escaping the gain medium 

as shown in Figure 2.11.   
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Figure 2.11:  Illustration of a disordered gain medium with a possible closed loop 

where stimulated emission can amplify.    

 
 

Random lasing is often characterised as the observation of a broad series of narrow 

laser-like spectral lines.  Since the first observation of random lasing with resonant 

feedback was reported in ZnO [73] and later in π –conjugated polymer films [74] 

much work has been carried out to define the nature and interplay between disorder 

and light amplification [75].  Typically, the average distance between two scattering 

events known as the light mean free path, l* is measured.  However as random 

lasing has been observed for both the case of l* on the order of a wavelength and 

also significantly greater than a wavelength (up to l* ≈ 15λ) [76] its role in the process 

is not completely understood.   
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Chapter 3 
 
Organic Materials and 
Experimental Techniques  
 
This chapter introduces the materials provided as part of the HYPIX project as well 

as the various preparation and characterisation techniques used to both fabricate 

and analyse an organic semiconductor thin-film.   

 

Preliminary studies can deal with ensuring that the best choice of solvent is used, to 

what substrate is chosen and checked using spectroscopic transmission 

measurements and surface profilometers for thickness.  Microscopic images can 

also help study solubility issues regarding choice of solvents and material packing.  

The optical characterisation of materials are measured by way of absorption, 

photoluminescent and time-resolved photoluminescent measurements and the 

material‘s suitability as a potential laser material are studied by making ASE 

measurements and studying their performance as a distributed feedback laser. 

 

3.1 Organic Laser Materials 

 

All the supplied materials studied were provided by Pete Skabara et al. from the 

University of Strathclyde‘s Chemistry Department as part of the HYPIX project.  

Skabara et al. have considerable experience in not only producing materials for 
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organic semiconductor laser applications, but specifically oligomer molecules [1-5].  

This has the great benefit that all materials have a polydispersity index of 1  

(cf. § 1.2.1) meaning that they are readily repeatable and consistent. This section 

introduces the basic characterisation of the materials used.  While some materials 

are clearly more desirable for lasing applications than others, they all have individual 

points of interest regarding chemical structure, optical output or random lasing. By 

establishing the basic optical properties here, these points of interest will be studied 

in chapter 4 in regards to their impact on gain observation in photopumped organic 

materials. 

 

3.1.1  Oligofluorene Truxenes 

 

The oligofluorene truxenes studied include T4 whose molecule consists of a 

hexahexylated (six hydrocarbon side-chains with a length of six carbon atoms) 

truxene core with three fluorene arms attached consisting of four 9,9 dihexylfluorene 

units [6] as shown in Figure 3.1.   

 

The other truxene material is T6 (with dihexyl- and dioctylfluorene units).  Regarding 

Figure 3.3, the number of units contained in an arm R, extends from 4 to 6.  For the 

T6 batch with dioctylfluorene side chains, all references to C6H13 as the side-chain 

become C8H17.  The T6 truxenes were new materials and follows a series of 

truxenes, from T0 - T4, which have been reported [7-13].  The motivation for these 

materials is to avail of the relative success of polyfluorenes [14-16] but synthesise a 

more reproducible monodisperse oligomer.   

 

Figure 3.2 is the absorption coefficient α, PL and ASE spectra for T4.  The main 

absorption peak at 371nm has an absorption coefficient of 2.16 x 105 cm-1.  The PL 

spectrum has clearly defined peaks relating to the vibronic modes specified in § 

1.2.3 including the 0-0 peak at 421nm, 0-1 peak at 443nm and 0-2 peak at 470nm.  

The Stoke‘s shift, the difference between positions of the band maxima of the  
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Figure 3.1:  Chemical structure of the T4 truxene.  The four fluorene repeat units contain 

C6H13 side-chains. 

 

Figure 3.2:  Absorption coefficient (solid line), normalised PL (dashed line) and ASE (filled 

area) spectra for T4 truxene waveguides. 

 

absorption and emission spectra (HOMO and LUMO levels), is 3.9eV.   

 

Despite the T4 truxene, consisting virtually of just polyfluorene repeat units, the 

absorption peak is blue-shifted by ~19nm and the emission peaks are blue shifted by 

~18nm (0-0), ~23nm (0-1) and ~25nm (0-2) from those in PFO.  Apart from being a 
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monodisperse oligomer, the only other notable chemical difference is the side chain 

length whose primary purpose is to effect solubility.  The ASE peak is centered at 

449nm which relates it to the 0-1 peak.  PLQE was also measured for T4 and varied 

with thickness as has been shown in other organic materials [17].  The values used 

therefore are for a particular optimum thickness for photopumping.  The PLQE was 

measured as 31 ± 5%. The lifetime was measured as 580ps.   

 

The chemical structure of the T6 truxene is shown in Figure 3.3 along with a 

depiction of the two side chain lengths used with the two T6 compounds.  The 

absorption coefficient α, PL and ASE spectra for both T6 formations is shown in 

Figure 3.4.  Possessing the same repeat units as T4, they have similar absorption 

peaks at 374nm (dihexylfluorene side-chains (Hex)) and 376nm (dioctylfluorene 

side-chains (Oct)).  The values of α however vary noticeably as 1.91 x 105 cm-1 for 

T6 (Oct) and 2.26 x 105 cm-1 for T6 (Hex).  The PL shows that T6 also have a similar 

0-1 vibronic peak to T4 at 446nm (Both).   

 

The samples from which the PL were measured had approximately the same 

thickness (T6 (Hex) - 141nm and T6 (Oct) - 147nm) but the 0-1 vibronic peak is 

much higher for the T6 (Hex) truxene despite being marginally thinner.  This 

represents a larger degree of self-absorption which is where the PL emission that 

overlaps with the absorption spectrum (usually 0-0 peak) is reabsorbed and re-

emitted through the 0-1 peak [8].   

 

The PLQE measured for both T6 oligomers also showed consistently higher PLQE 

values for T6 (Oct) over T6 (Hex) across all thicknesses measured.  At the thickness 

used for photopumping, the PLQE for T6 (Oct) is 67 ± 5% whereas, the T6 (Hex) is 

just 37 ± 5%.  The lifetimes measured were broadly similar with T6 (Oct) measured 

at ~ 515ps and T6 (Hex) at ~580ps.   
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Figure 3.3:  Chemical structure of the T6 truxene.  The six repeat units consist of hexyl 

(C6H13) and octyl (C8H17) side chains. 

 

Figure 3.4:  Absorption coefficient (solid line), normalised PL (dashed line) and ASE (filled 

area) spectra for LEFT: T6 (dihexyl-) and RIGHT: T6 (dioctyl-) truxene waveguides. 

 

3.1.2 BBEH-PPV Polymer 

 

The only polymer used was poly[2,5-bis(2‘,5‘-bis(2‖-ethylhexyloxy)phenyl)-p-

phenylene vinylene] (BBEH-PPV) first reported in [18].  The poly(p-phenylene  
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Figure 3.5:  Chemical structure of the BBEH-PPV polymer. 

 

Figure 3.6:  Absorption coefficient (solid line), normalised PL (dashed line) and ASE (filled 

area) spectra for BBEH-PPV waveguides. 

 

vinylene) (PPV) family of polymers includes BuEH-PPV, BCAH-PPV, DOO-PPV, 

MEH-PPV, M30-PPV and TOP-PPV [20-23].  BBEH-PPV was attractive for its 

exceptionally low ASE and lasing thresholds and for the spectral position of its main 

absorption peak [16].  Figure 3.5 shows the chemical structure of the BBEH-PPV 

polymer. 

 

The absorption spectrum, shown in Figure 3.6, is broad in comparison to the 

truxenes and BBEH-PPV is a green emitter.  The peak absorption is at 424nm and 

the absorption coefficient is 7.67 x 104 cm-1 which is significantly lower than the 
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truxenes.  The PL spectrum had a 0-0 peak at 505nm and the 0-1 peak occurring at 

542nm.  The peak of the gain were the ASE is observed is at 535nm.  The PLQE is 

measured at 58 ± 5% and the lifetime 650ps which is consistent with that reported 

[18,23].   

 

3.1.3 T4BT-A Truxene 

 

The T4BT-A truxene is part of a broader T4BT family of truxenes as illustrated in 

Figure 3.7.  In the same way as the T4 truxene is analogous to the PFO polymer, 

T4BT is analogous to the F8BT co-polymer which has been used in organic laser 

[24], LED [25] and even organic photovoltaic devices [26].  

 

The location of the Benzothiadiazole (BT) unit along the arms of the truxene and its 

subsequent effect on the optical characteristics were studied by Belton et al. [27] as 

part of the HYPIX project.  While the series comparison is not studied here, the 

T4BT-A truxene, as well as having the lowest ASE threshold of the series also 

exhibits a pronounced level of random lasing and is used to clearly illustrate some of 

the considerations which occur when measuring ASE in chapter 4. 

 

The absorption coefficient is 1.77 x 105 cm-1 at the absorption peak at 362nm which 

is slightly lower than the other truxenes.  It does however have a secondary peak at 

441nm owing to the presence of an emitting chromophore which creates an 

intramolecular charge transfer (ICT) absorption band arising from a push of electrons 

from the substituent units on the arms (donor) to the emitting chromophore 

(acceptor).  The main emission peak occurs at 561nm.  The PLQE was measured as 

~ 55 ± 5% while the lifetime was measured at ~3ns.   
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Figure 3.7:  Chemical structure of the T4BT-A core and side chain with four fluorene repeat 

units and a BT unit located at the first position from the core. 

 

 

Figure 3.8:  Absorption coefficient (solid line), normalised PL (dashed line) and ASE (filled 

area) spectra for T4BT-A waveguides. 

 

3.1.4 Oligofluorene DPP Family 

 

The final class of material are those with quaterfluorene arms like the T4 truxene, but 

a 1,4-diketo-2,3,5,6-tetraphenyl-pyrrolo[3,4-c]pyrrole (DPP) chromophore core.  The 

DPP unit was previously used primarily as an acceptor material unit in various 

organic photovoltaic small molecule materials such as α,α-DH6TDPP, SMDPPEH 
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Figure 3.9:  Chemical structure of the DPP series including (from left): Linear-c, Star and 

Linear-nc compounds.   

 

and DPP(TBFu)2 [28-30].  Figure 3.9 shows the three materials that form the DPP 

series.  Two materials have a linear structure consisting of two quaterfluorene arms 

on either side of a DPP core.    

 

One of these linear structures positions the DPP unit in such a way that the 

conjugation (cf. § 1.2.1) is preserved through the core from one arm to the other and 

called Linear-c(conjugated).  The other linear structure however restricts the 

conjugation to just the quaterfluorene arms as the position of the DPP core interrupts 

the conjugation pathway with a nitrogen atom.  This material is Linear-nc (non-

conjugated).   The third material known as Star consists essentially of both 

mentioned conjugation pathways and as such has four quaterfluorenes.   

 

Figure 3.10 highlights the conjugation pathways for each material in red and also 

shows the corresponding absorption and emission spectra.  While the absorption 

peaks due to the fluorene units remain unchanged throughout the series at ~365nm 

(αStar = 2.13 x 105 cm-1, αLinC = 1.83 x 105 cm-1, αLinNC = 1.83 x 105 cm-1) the spectral 

position of the secondary peak due to the presence of the DPP chromophore is blue-

shifted shifted significantly (in the solid-state) for the Linear-nc (λabs=473nm) 

compared to the Star and Linear-c absorption peaks (λabs=506nm).  The same is also 

true of the PL where the emission of the Linear-nc (λPL=575nm) is correspondingly  
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Figure 3.10:  (Left) Chemical structure of the DPP core with conjugation pathway in red and 

(Right) absorption coefficient (solid line) and normalised PL (dashed line) for DPP 

waveguides of (from top) : Linear-c, Linear-nc and Star.   

 

blue-shifted with respect to the other two DPP compounds (λPL=634nm).   

 

Figure 3.10 also shows that for the long wavelength absorption peak due to the core, 

the Lin-nc and Star compounds exhibit two features due to vibronic splitting.  

Skabara et al. showed that Lin-c had a higher degree of crystallinity than the Lin-nc 

and Star compounds [31].   

 

One explanation is that quadrupole-quadrupole interactions are co-operative, which 

makes aggregation favourable (hence crystallinity).  This type of aggregation has an 

intrinsic 1-D character which has all the quadrupole‘s ellipsoids aligned in one 

direction just as the Lin-c molecule has a 1-D conjugation character since the alkyl  
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Figure 3.11:  Schematic representation of 1D (a) and 2D (b) interactions between molecules 

in aggregates.  Quadrupoles are represented by two dipoles originating from ICT and 

directed in opposite directions. 

 

side groups reduce the electron withdrawing effect.  The ellipsoid‘s alignment and 

relation to other molecules is shown in Figure 3.11a). 

 

The Star molecule‗s aggregation on the other hand involves a 2-D interaction 

between adjacent molecules between the more electron-rich 2,5-phenylene rings 

(coloured blue in Figure 3.11b) and the 3,6-phenylene spacers (coloured red) which 

are involved in the Intramolecular Charge Transfer (ICT) behaviour of the electron 

charges being pushed and pulled around the system.  These quadrupole ellipsoids 

occurring in different directions are likely to affect the level of absorption due to the 

decreased level of ICT resulting from these interactions between adjacent 

molecules.   

 

Similarly the features in Lin-nc‘s long wavelength absorption band may be as a result 

of the interactions of the above mentioned groups, but will however be less 

pronounced due to the linear shape of the Lin-nc molecule. 

  

The PLQE for these materials is small if the maximum absorption peak is pumped 

(~5%), however although the level of absorption due to the DPP chromophore is 

much lower, per photon it is much more efficient, producing PLQE values of up to 

20%.   
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Table 3.1:  Physical properties of the oligofluorene-DPP derivates in the solid-state. 

 

 

The stimulated emission produced as a result of the various conjugation pathways is 

studied in § 4.6 which discusses the effect of chemical structures on stimulated 

emission along with the effect of the T6 side chains. 

 

The main optical characterisation results are summarised in Table 1.  Optical results 

in solution as well as descriptions of synthesis processes and energy transfer 

mechanisms are contained in [31]. 

 
3.2  Sample Preparation 
 
Quartz substrates (Spectrosil B) were used for most optical characterisation and 

ASE experiments while DFB gratings for laser work were provided by the Centre for 

Integrated Photonics. 

a)The numbers correspond to the Stokes shift calculated from the DPP emitter and not the FL4 absorption maximum
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Figure 3.12:  Illustration of the spincoating of an organic material into a sample. 

 

All work, in preparing organic thin-films, was done in a cleanroom environment.  

Polymer or small molecule materials were weighed on a balance and placed in a 

vial.  An appropriate solvent (chlorobenzene or toluene) was measured in a pipette 

and added to the vials, noting the solution concentration.  The solution was kept on a 

hotplate at between 60˚ and 80˚C (depending on the solvent).   

 

Substrates were cleaned by submerging them in a diluted surface active cleaning 

agent (decon 90) while in an ultrasonic bath for 20-30 minutes.  Substrates were 

dried with the help of a nitrogen gun and then treated by plasma asher (Emitech) to 

remove any other remnants.  Once both substrate and solution are ready, the 

substrates are placed on a chuck on the spin coater and the solution, having been 

filtered through a syringe, is applied to the substrate surface via a pipette.  The spin 

coater was then closed and sealed and the sample was spun for approximately one 

minute to wet (spread) the solution evenly across the surface as shown in Figure 

3.12.  The spin-cast samples were removed and kept on hotplates to remove any 

remaining solvent left in the sample. 
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Figure 3.13:  Microscope images of the T6 truxene for (Left) filtered and (Right) unfiltered 

samples. All images at magnification x10. 

 

Following the sample‘s preparation, it can (at a later point if necessary) be scratched 

and its thickness measured by an Alphastep 200 profilometer (Tencor) to within 5nm.  

Typically, at least three measurements were taken on three different scratches 

across any sample.  The average thickness of these nine measurements are 

recorded so that trends for a particular material can be drawn with solution 

concentration, spin coater spin speed, molecular weight (if a polymer) and solvent.  

The samples are also observed at various magnifications to check for 

inhomogeneities and aggregation.  Figure 3.13 shows examples of the microscope 

images of filtered and unfiltered samples of the T6 truxene.  A number of aggregates 

are clearly visible when solutions are applied unfiltered. 

 

 

3.3  Optical Characterisation Experiments 
 
 

The measurements of absorption, photoluminescence, time-resolved 

photoluminescence and photoluminescence quantum efficiency (PLQE) outlined in 

the introduction will be discussed individually. 
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Figure 3.14:  Schematic diagram of the processes in a UV-Vis spectrometer.    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15:  Plots of: (a) Absorbance versus wavelength for five samples and (b) 

comparable absorbance peaks versus measured film thicknesses.   

 

3.3.1 Absorption Measurements 

 

Absorption measurements were carried out by the UV-Vis spectrometer (Jasco).  

The schematic illustrated in Figure 3.14 shows that a lamp light source5 produces 

light that passes through a monochromator to select individual wavelengths which is 

split in two beams which pass through both the reference and the sample.  The 

transmitted light from both beams is then measured as a ratio of each other and the 

absorbance is calculated by 
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where Tref is the light transmitted through a reference substrate and Tsample is the 

transmitted light through the sample itself.  The proportion of light transmitted 

through a quartz substrate is ~ 92% so the amount reflected (or absorbed) is not 

insignificant.  However, while this loss is negated by using the reference, it shows 

nevertheless that interfaces on the sample can reflect a small proportion of light that 

will be neither absorbed nor transmitted.  While that is extremely small, it is worth 

noting that a transmission measurement like this does not fully measure absorption.   

 

The absorbance however, is only a measure of how absorbing a sample is, but tells 

you nothing about how absorbing the material is as it is thickness dependent.  The 

independent measure is called the absorption coefficient, α and calculated using the 

Beer-Lambert law [32] 

 

 
d

A 10ln
                                (3.2) 

 

Due to the resolution of the profilometer, it is important, particularly for very thin films, 

to check that the absorption coefficients match.  Figure 3.15 plots a set of thickness 

measurements against an absorbance at a particular wavelength.  All measurements 

should fall on the line regardless of how thick they are. 

 

 

3.3.2 Photoluminescence Measurements 

 

Measurements of the emission properties of a material are performed by a 

FluoroMax 3 (Horiba) compact spectrofluorometer.  Figure 3.16 shows a schematic 

of the set-up.  The source is a Xenon arc lamp that is focussed onto the excitation 
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Figure 3.16:  Schematic diagram of the processes in a spectrofluorometer.    

 

      

Figure 3.17:  PL emission of the Star DPP oligomer at different angles.     

 

 

monochromator to select the appropriate excitation wavelength.   The 

monochromated beam strikes the sample on a rotatable stage.  The angle of 

incidence is chosen at 600 as shown in Figure 3.17.   The profile of the PL emission 

of Star is the same at all angles, the only difference being an optimised signal-to-

noise at 600.   The emission is collected by passing through another monochromator 

that collects over the entire specified range, before passing through a photomultiplier 

tube (PMT) before reaching a signal detector [33].  The same set up as that shown in  
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Figure 3.18:  Normalised Absorbance in red and normalised PLE in black as a 

function of energy for BBEH-PPV.  The dashed lines are the wavelengths chosen to 

probe PLQE. 

 

Figure 3.16 is used for two other distinct sets of measurements involving probing a 

sample‘s photoluminescence (PL).   

 

Photoluminescence excitation spectroscopy (PLE) operates in broadly the same way 

as the PL experiment outlined above with the main difference being that the 

excitation source is varied and only one emission wavelength monitored.  Peaks in 

PLE spectra usually represent the main absorption peaks of the material, however 

being a photoluminescence experiment does measure different quantities to the 

absorbance experiment and must therefore not be used as an absorbance 

measurement.  Figure 3.18 compares the absorption and PLE spectra of BBEH-

PPV.  The comparison indicates relatively where the most (and least) efficient 

excitation wavelengths are located. 

 

The third main experiment with this system is the measurement of a material‘s 

photoluminescence quantum efficiency (PLQE).  The experiment places the sample  
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Figure 3.19:  Illustration of the three configurations of the integrating sphere to measure 

PLQE.  (a) The chamber is empty; (b) The sample is present in the chamber but not directly 

in the beam path; (c) The sample is present and directly in the beam path.  

 

inside an integrating sphere which collects all the light including the excitation 

source.  PLQE is defined as the number of photons emitted per absorbed photons of 

the excitation source.  While the exact method for calculating PLQE is disputed 

[34,35] this thesis has by a series of comparisons settled on the method described in 

[36].  The method describes using three separate measurements including an empty 

chamber (experiment A), a chamber with a sample located out of the direct path of 

the incident beam (experiment B) and a chamber with the sample located directly in 

the path of the excitation beam (experiment C) as shown in Figure 3.19.   

 

Both the incident beams and PL emissions are recorded and integrated as shown in 

Figure 3.20.  This thesis notes that it is important to integrate as a function of energy 

as opposed to wavelength as an integration with respect to wavelength will give an 

inconsistent weighting to each measured wavelength and therefore skew the results. 

 

The PLQE of a sample can vary considerably depending on the excitation 

wavelength as outlined by the PLE experiment.  Using the wavelengths of the peaks 

and troughs of the PLE we can measure the PLQE for each wavelength to see if the 

PLE/Absorption is borne out.  For a 240nm BBEH-PPV sample, the PLQE was 
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Figure 3.20:  Spectra of a thin-film of BBEH-PPV for each experiment.  

 

measured as 52 ± 3%, 10 ± 3% and 7 ± 3%, for excitation wavelengths of 424nm, 

341nm and 304nm respectively which seems to correctly describe the large relative 

mismatches in normalised PLE and absorption spectra present for the latter two 

excitation wavelengths. 

 

The remaining measurement is that of time-resolved photoluminescence.  

Fluorescence lifetime is the characteristic time that a molecule remains in the excited 

state prior to falling back down to the ground state.  The experimental setup 

available for measuring fluorescence lifetime utilises a time-correlated single photon 

counting (TCSPC) system (PicoHarp 300, PicoQuant GmbH).  The method is based 

on the repetitive, precisely timed registration of single photons of e.g. a fluorescence 

signal [37, 38].  The 405nm excitation pulse responsible for the fluorescence is used 

as a reference to start a stop-watch experiment.  An avalanche photo diode (APD) 

counts the single photons and the TCSPC system records the time and builds up a 

profile of the fluorescent lifetime.  Figure 3.21 is an example of a T6 lifetime plot. 
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Figure 3.21:  PL Lifetime measured by the TCSPC system.  

 

 

3.4 Amplified Spontaneous Emission 

Measurements 

 

The schematic layout of the ASE setup is outlined in Figure 3.22.  Organic samples 

are photopumped with a Q-switched Nd: YAG laser with a wavelength of 355nm and 

a pulse width of ~10 ns operating at a repetition rate of 10 Hz.  The beam passes 

through an initial polariser before passing through a pair of neutral density (ND) filter 

wheels (one graduated, one discrete) up to an ND value of 3.5.   

 

The ND filter wheels, the shutter and the energy meters were all chosen so that their 

accompanying software‘s virtual instruments (VIs) could all be incorporated into a 

LabVIEW programme to ensure repeatability for every measurement. This involved 

either taking a VI provided by the supplier or developing a new VI linking into the  
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Figure 3.22:  Experimental setup for the measurement of ASE.    

 

software itself.  The purpose was to create a sequence whereby the precise ND 

value would be selected, the same number of pulses would be recorded by the 

energy meters, the shutter would help preserve the sample from photobleaching and 

the CCD would record the emission for each measurement.  The LabVIEW 

programme allows the user to create a corresponding ‗front panel‘ interface to allow 

the user to input the various parameters, as well as view other outputs such as the 

emission spectra, average pulse power recorded and even the current CCD 

temperature. 

 

The user may also choose the size of increment of the ND from one measurement to 

the next.  Typically, ND = 0.1 is used as an increment.  A typical measurement will 

consist of ~500 pulses.  The programme was written so that at the end of the 

measurement three data files are automatically produced to process the data 

including a data file which measures the average detected energy over the 500 

pulses, as well as the average number of counts detected by the CCD for every data 

point.  Figure 3.23 is a screen grab of the VI front panel asking the user to input start 

and finish ND, incremental decrease of the ND, CCD resolution, central wavelength 

of CCD detector and exposure time.  This particular contribution to the experimental 

procedure resulted in a repeatable and reliable automated system for making many 

measurements whose results could be quickly and easily compared. 
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Figure 3.23:  Front panel of LabVIEW ASE programme. 

 

The beam shape is controlled by a cylindrical lens which expands and shapes the 

beam into a rectangle before passing through a slit, which can be adjusted to the 

desired dimension by monitoring it with a beam profiler (not shown).  A beam splitter  

is positioned in front of the sample with a secondary beam directed at one of two 

energy meters (Ophir).  The purpose is to calculate the beamsplitting ratio with no 

sample in place, so that when an experiment takes place the energy incident on the 

sample surface can be accurately tracked in real time.  The second energy meter is 

compared with energy meter 1 to measure sample transmittance. 

 

As the beam strikes the sample surface, the ASE is emitted perpendicular to the 

beam and is collected via a microscope objective and optical fiber to a spectrometer 

(Princeton Instruments Acton SpectraPro 2300i) before being dispersed to a charge-

couple device (CCD) (Princeton Instruments Pixis400).  The ASE also passes 

through a second polariser.  The importance of this is to ensure that the mode 

(usually TE) being studied is the only mode being recorded at any one time.  It is 

also useful for filtering out PL emission, which is isotropic and unpolarised, as the 

more PL that is collected, the more the actual ASE is swamped and indistinguishable  
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Figure 3.24:  Experimental setup for the measurement of lasers.    

 

from the PL itself.  It may also lead to a false impression of how much energy is 

required to observe ASE.  This point will be discussed more in chapter 4.   

 

3.5 Laser Measurements 

 

Laser measurements were measured using the experimental setup illustrated in 

Figure 3.24.  Like the ASE setup a Q-switched Nd:YAG laser at 355nm and at a 

repetition rate of 10Hz was used. 

 

The sample on the grating is rotated to an appropriate angle of incidence to the 

beam and photopumped through the substrate (the merits of both will be discussed 

in chapter 5).  A camera was also used to observe the position of the beam on the 

grating so that none of the beam was accidently photopumping the planar 

waveguide.   

 

A lens was placed close to the grating surface to collect the laser emission, which 

emits as a fan, and focus it onto the optical fibre.   
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Figure 3.25:  Experimental setup of the LED pumped laser measurement system.   

 

 

3.6 Micro-LED Pumping Measurements 

 

While the characterisation of the GaN μLED arrays or their integration with CMOS 

drive circuitry is beyond the area of discussion for this thesis, the maximum output 

energy density available from them is of course of interest in observing the first 

instance of μLED pumped lasing using an imaging setup.  The setup is shown in 

Figure 3.25.  The divergent nature of the GaN μLEDs means that short of completely 

butt-coupling the LEDs to the sample, the setup was built to allow for 

magnification/demagnification of the beam so that it may be tailored to the 

dimensions used with the lasing experiment described in § 3.4.  A sample is also 

placed on a rotating stage with a camera for alignment to avail of the information 

gained from the laser experiment. 
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3.7 Refractive Indices 

 

A Kramer‘s-Kronig analysis was employed by Dr. Paul Stavrinou [39] to evaluate the 

refractive index, n at the PL maximum for the materials using the difference between 

the absorption coefficient, α of the relevant material (e.g. Linear-c) and a relevant 

reference material such as the star shaped oligofluorene truxene T4 for which the 

refractive index was measured using variable-angle ellipsometry [6].   

 

The approach is a semi-empirical way of assessing subtle changes in the refractive 

index Δn, particularly in the spectral region beyond the main absorption band will be 

dominated by local changes.  In the case of an oligofluorene DPP derivative, the new 

refractive index, nDPP is expressed by nDPP = nT4 + Δn.  Similarly, the new absorption 

coefficient, αDPP = αT4 + Δn.  The Kramers-Kronig relations, which are well established 

relations in optical data inversion [40], relates the real refractive index, n to the 

absorption coefficient, α as 
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                   (3.3) 

 

Figure 3.26(a) shows the change in absorption coefficient, Δα, as a function of 

wavelength, between Linear-c and T4.  The figure is supplemented with illustrations 

of the specific changes in absorption coefficient arising from e.g. spectral 

mismatches of peaks, coefficient strength mismatches, broadness mismatches or 

combinations of these three. 
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Figure 3.26: (Left):  Change of absorption coefficient between T4 and Linear-c as a function 

of wavelength with illustrations depicting the specific sources of absorption coefficient 

changes and (Right) Wavelength dependent refractive index for T4 and Linear-c.   

 

Figure 3.26(b) also illustrates the resulting refractive index for Linear-c alongside the 

variable-angle ellipsometry measured T4.  The refractive index for the DPP series 

shows a characteristic kink around the position of the core absorption peak.   
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Chapter 4 
 
Gain Measurement Analysis 
and Optimisation 

 
4.1  Introduction 
 

In § 2.3 the importance of measuring gain to assert the viability of a potential laser 

material was discussed along with various experimental techniques, including the 

variable stripe method of measuring ASE.  However, upon transferring this technique 

to the study of organic semiconductor laser materials, issues arise from the non-

uniformity of a spin-cast organic ‗slab‘ that must be addressed.  The goal therefore is 

to discuss these issues and create an effective means for analysing gain 

measurements. 

 

Figure 4.1a) presents a typical plot of the main characteristics that are investigated 

with these measurements.  The two emission processes described earlier (cf. § 2.2) 

are the ASE and the PL as shown in Figure 4.1b).  In the absence of orientation, PL 

emission is isotropic and unpolarised, while ASE is highly directional and highly 

polarised [4].   

 

There are three main regimes: PL (1), ASE (2) and saturation (3).  The PL regime 

consists of just detected PL emission which increases linearly with increasing input 

energy.  As the input fluence increases, a superlinear increase in intensity of the  
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Figure 4.1:  (a) Emission and Full-Width Half-Maximum (FWHM) as a function of incident 

energy density using pulsed laser excitation; it contains three intensity regimes 1 to 3, where 

1 is the PL regime, 2 is the ASE regime and 3 is the saturation regime.  (b) emission spectra 

of a BBEH-PPV film at different excitation intensities.  The black line is the broad PL 

spectrum, while the red line is the narrow ASE spectrum excited at twice the threshold 

energy density for observing ASE.   

 

 output radiation is observed as the highly directional ASE emission begins to 

emerge from the PL band and eventually dominates the detected emission as its 

spectrum narrows [5].  At this point, the emission is in regime 2.  Finally, as the input 

energy is increased yet further, the emission begins to level off again as the 

amplification reaches the gain saturation were no more states can be excited and 

this is regime 3 [6]. 

 

The output emission is typically also plotted in terms of its FWHM.  As the ASE 

increases, the output emission is accompanied by a corresponding spectral 

narrowing before the narrowing is halted by the gain saturation.  The purpose of 

displaying them together is an affirmation that the expected spectral narrowing is 

occurring with increasing ASE emission.  This approach is widely used to illustrate 

that a new material has potential for possible organic laser applications [7,8].   

 

However, as the dashed red line depicting ASE in Figure 4.1a) shows, the ASE 

emission is an independent emission process that still exists even if it cannot be 
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observed due to PL spectral dominance.  A problem arises therefore when materials 

are described as having an ASE threshold at a certain energy density [9].  Strictly 

speaking, ASE does not have a threshold.  The detection of spectral narrowing at a 

specific energy density, can simply be said to be a measure of how well the setup is 

filtering out the unpolarised PL.  The alternative measure for a material‘s potential is 

its gain coefficient which will be explored in this chapter.   

 

The remaining undefined quantity that is often reported alongside the input/output 

characteristics is the spontaneous emission factor β.  The factor β is the fraction of 

the total spontaneous emission that is coupled to the lasing mode below threshold.  

Therefore a value of β closer to 1 is desirable [10,11]. 

 
4.2  Variable Stripe Length Experiment 
 
The variable stripe length (VSL) measurement works by photopumping a uniform 

beam across a surface devised in a planar waveguide geometry with one end 

located at the waveguide edge and its ASE collected from the edge as a function of 

excitation length l as sketched in Figure 2.3.  There are two basic ways to proceed.  

The first is to fix the pump source at a certain energy density while gradually varying 

the stripe length; repeating that (if necessary) for different pump energy densities.  

The second method fixes the stripe length and varies the energy density across a 

certain range.  Similarly this is then repeated for different stripe lengths.   

 

The first method dominates the literature [12-16], while the second method does not 

appear to be reported.   

 

Figure 4.2 illustrates these two methods.  One method, sketched in Figure 4.2 (a), 

gradually moves the stripe across the film.  Once the measurement is complete it is 

repeated at various other pump energy densities.  The second method, sketched in 

Figure 4.2 (b), focusses on gradually changing the pump intensity across a fixed 

photopumped area.  At the end of the measurement a new stripe length is chosen 

and the measurement is repeated.  From this point the method that varies lengths at  
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Figure 4.2:  Sketches of the variable stripe length configuration for (a) the VL method for 

increasing pump stripe lengths and the effect on spectral output and (b) the VP method for 

increasing pump intensities and its effect on output. 

 

specific fixed energies and repeats them for higher energies is known as the varying 

length (VL) method, while the method that varies the intensity at specific stripe 

lengths is known as the varying pump (VP) method. 

 

Figure 4.3 shows VSL measurements using both methods from a 240nm thick 

sample of BBEH-PPV which plots output emission intensity versus incident energy 

density (Figure 4.3 a)) and stripe length (Figure 4.3b)).  The most notable similarity 

between the two methods is that they both sweep out the familiar ―S‖ shaped curve 

which is to be expected as both methods increase the number of incident photons,
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Figure 4.3: (a) VSL measurement by varying the pump intensity (VP method) and repeating 

for stripe lengths of 1-4mm. (b) VSL measurement by varying the stripe length (VL method) 

and repeating for different pump intensities.  
 

which will lead to a higher level of excitation.  Both methods also seem to show the 

emergence of the superlinear regime at the same lengths and energy densities.   

 

From § 2.3 we recall the equation that describes the growth in emission intensity for 

a single pass amplifier at small signal 

 

      

  )1( 


 gle
g

I 
             

(4.1)
 

 

From equation 4.1 we know that the gain is calculated, in part, by measuring the 

spontaneous emission factor, Ω which is a constant.  As the stripe length increases 

in the PL regime, the output signal, I, increases linearly with length as given by 

 

      lI                  (4.2) 
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Figure 4.4:  Experimental VSL data and small-signal fit curves from BBEH-PPV thin-

films. From top: 190μJ/cm2, 100μJ/cm2 and 60μJ/cm2. 
The spontaneous emission factor Ω, is therefore the slope of the PL regime.  This 

defines the first main difference between the methods as varying the stripe length 

will not affect the spontaneous emission factor, while varying the intensity clearly will 

affect it as it is proportional to the number of excited states N2.   

 

19.2cm
-1

 

14.7cm
-1

 

7.5cm
-1
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By calculating the spontaneous emission factor from (4.2) and inserting it into (4.1) 

we can fit that to the experimental data to calculate the gain.  This equation however 

is only valid for the small-signal regime where the ASE output signal IASE is 

significantly smaller than the saturation output signal Is (IASE << Is).   

 

Figure 4.4 plots the small-signal fit to the experimental data of each of the three 

energy densities used in Figure 4.3 (b).  The gain values for the 60μJ/cm2, 

100μJ/cm2 and 190μJ/cm2 fixed stripes are calculated as 7.5cm-1, 14.7cm-1and 

19.2cm-1 respectively. 

 

The same energy densities are highlighted by the dashed lines on Figure 4.3 (a) for 

the VP method.  These new intensities are calculated by using average values for 

the two nearest experimentally determined energy densities.   

 

Figure 4.5a) plots these intensities as a function of stripe length and again fits 

equation 4.1.  The spontaneous emission factor is extracted by just studying the PL 

regime as shown in the inset of Figure 4.5 (b).  The main plot indicates that, as 

expected, the spontaneous emission factor is increasing linearly with pump energy 

density.  Therefore Ω can be extrapolated for 60μJ/cm2, 100μJ/cm2 and 190μJ/cm2. 
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Figure 4.5: (a) Small-signal fit to VSL data obtained from BBEH-PPV thin-films by varying 

the pump intensity for a fixed stripe. (b) Spontaneous emission factor as a function of pump 

intensity.  Inset: Region of the energy diagram from which the spontaneous emission factor 

was deduced.   
 

 

The calculated gain values are 7.8cm-1 and 14.8cm-1 for 60μJ/cm2 and 100μJ/cm2, 

which are in good agreement to that calculated by the VL method.  The 190μJ/cm2 

experiment calculates the gain as 22.5cm-1, which is slightly higher than the 19.2cm-1 

calculated by varying the stripe.  However this is calculated from just two points 

which will increase the error.  Also, it is arguable that the second point is already 

within the saturation regime in which case the experimental fit will not be as 

accurate. 

 

These results suggest that both methods offer plausible but slightly different 

approaches to calculating the gain by the variable stripe length (VSL) method.  The 

VP method however, has a number of in-built advantages.   

 

Firstly, as the same area is photopumped over the course of the experiment rather 

than the area closest to the sample edge being exposed for much longer than the 

longest stripe, then there is a smaller uncertainty in the gain value due to 

photobleaching.  Photobleaching is the photochemical destruction of a fluorophore 

which is regularly reported afflicting organic laser studies [17-19]. 
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The second reason why it may be advantageous is that the spontaneous emission 

factor calculated from the PL regime of the variable stripe length measurement has 

been calculated from minimum stripe lengths of 0.5mm as spin-cast films 

experiencing ‗beading‘ for ~0.3mm from the edge (cf. § 5.5) so for particularly high 

energy densities, the number of PL regime points to calculate the spontaneous 

emission factor is greatly reduced.   

 

Figure 4.6 illustrates both sets of calculated gain coefficients.  For the VP method, 

some extra data points have been added at other energy densities to try and show 

any trend more clearly.  Both data sets show a levelling off of the gain coefficient at 

the highest energy densities at gain values of 20-25cm-1.  This is in good agreement 

with other green polymers for which the net gain coefficient has been plotted as a 

function of energy [20].  Specifically for BBEH-PPV, the most recent study by M. D. 

Dawson and I. F. W. Samuel et al. in 2011 [8], reports a maximum gain of 19.0 cm-1 

(albeit for a much lower reported pump energy density) which is in good agreement 

with the 19.2cm-1 shown here.   
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Figure 4.6:  Gain coefficient as a function of incident energy density for BBEH-PPV.  

The red line is the VP method and the black line is the VL method. 
 

 
4.3  Determining the Gain at the ASE 

Threshold 
 

In § 4.1 the problem of describing ASE thresholds due to its dependence on the level 

of PL was discussed.  Efforts have been made to define an ASE threshold more 

objectively.  One definition says the threshold condition for ASE is realised when the 

stimulated and the spontaneously emitted photon fluxes are, after losses, equal at 

the edge of the excitation region [21].  In other words, at the threshold, the total 

output intensity is equal to twice the fluorescence  

 

     FASE II 2                      (4.3) 
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Substituting Eqs. (4.1) and (4.2) into (4.3) gives us 

 

                        1exp2  thth gLgL                      (4.4) 

 

whose only solution is 

        256.1thgL                             (4.5) 

 

To examine this, we study a 140nm thick sample of the T4 truxene pumped at 

25μJ/cm2.  The VSL measurement is shown in Figure 4.8.  The spontaneous 

emission factor was calculated as 33 for this energy density.  By extrapolating the PL 

emission as illustrated in Figure 4.7, the length at which the measured ASE output is 

approximately twice the extrapolated PL can be determined.  In this case, that length 

at which threshold is obtained using the T4 truxene was calculated at 2.2mm as 

shown in Figure 4.8.  Substituting this value into Eq. (4.5) returns a value of 5.7cm-1. 

 

However as noted from inorganic VSL experiments in [3], most of the ASE emission 

arises from the emitting elements at the maximum stripe L, which experience the 

largest single pass gain.  To probe this further, the data points from the T4 VSL 

measurement were grouped into 5-point data sets.  The small-signal gain equation 

was fitted to each data set and the calculated gain coefficient was extracted for each.  

The results are shown in Table 4.1.  The clear trend is that the gain coefficient 

increases with the stripe length. 
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Figure 4.7:  (Solid line) Dependence of ASE intensity on stripe length.  The 

fluorescent intensity IF and the small-signal intensity IS-S are represented by the 

dashed and dotted lines respectively [21]. 

 

Figure 4.8:  Emission output as a function of stripe length for T4.  The perceived 

threshold is located at the cross-section of the dashed lines.  The solid black line 

represents the fluorescence intensity. 
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Table 4.1:  Gain coefficients calculated for various data sets comprising different length 

ranges.

 

 

If we take the mid-point of the data sets‘ length range as the stripe length and use 

the calculated gain coefficient we can also show the gl product around the perceived 

threshold length.   

 

Table 4.2 shows that for a solution of gl ~ 1.256 the threshold must be between data 

sets 4 and 5 which have mid-points of 2.0 and 2.1mm which is in good agreement 

with the 2.2mm demonstrated as the ASE threshold in Figure 4.8.  Considering it has 

already been established that the most significant ASE contribution is at the 

maximum stripe length [3] then a stripe length between 2.1mm and 2.3mm is 

probably more accurate and in even better agreement.   

 

This study suggests that due to the clearly changing nature of the gain coefficient, it 

is inaccurate to define one gain value from which to calculate the threshold length or 

vice-versa.  A better description is therefore given by 

 

              256.1ththLg                          (4.5) 
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Table 4.2:  gl products calculated for data sets using the length range‘s mid-point. 

 

 

 

4.4  Approximation of the Gain Equation 
 

While most publications quote the small-signal single pass amplifier gain equation as 

being the basis for any evaluation of the gain of a material, there are however 

examples of gain being extracted by measuring the slope of the ASE regime of the 

output intensity plot as a function of stripe length [22] on a semi-logarithmic axis.  

This approach seems reasonable, but given the importance of the spontaneous 

emission factor outlined so far, it was decided to try to incorporate Ω in some way. 

 

In § 4.3, it was acknowledged that the gain will vary with stripe length (as well as with 

pump intensity).  In these circumstances, ‗maximum modal gain‘ is often reported 

indicating the best recorded gain.  This can however give a misleading indication of 

the true single pass gain of the material.  For VSL studies on silicon nanocrystals (Si-

nc), the models use a gain coefficient that remains equal until a critical pumping 

length, saturation length lsat [3].  A reasonable solution would be to measure the gain 

coefficient in the defined gain regime (cf. § 4.1).   

An approximation can therefore be made so that the gain can be read off the semi-

logarithmic plot of ASE output as a function of stripe length while using the 
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spontaneous emission factor to determine the threshold from which to measure from.  

This approximation would therefore eliminate the need for a fitting curve.  It begins 

by taking logs of 4.1 giving 
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The first approximation of the RHS, comes from the Taylor expansion: 
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The implication that the second term on the right hand side is significantly larger than 

the third term when gl  ≥ 1.25  leads to the final expression of the approximation 
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Using this approximation (4.7), we can apply this to the same experimental T4 data 

as that used in § 4.3 and compare with the small-signal fit (4.1).  The results are 

given in Figure 4.9.  Below threshold (data sets 6-7) there is a large deviation in the 

calculated gain coefficients, but thereafter is a rapid convergence.  This fact alone 

adds weight to the decision to measure gain from the threshold as opposed to the 

smallest measured length.  Figure 4.10 (a) shows the T4 experimental data for the 

190μJ/cm2 case with the limits for measuring gain marked.  The saturation is given 

by  

         










 s

sat

gI
gL ln1                                    (4.8) 

where Ω << gIsat [21]. 

 

The closest point at which the left hand side ≈ right hand side is when Lsat = 2.4mm, 

(4.55:4.64) which is also the same stripe length at which the experimental data is 

perceived as beginning to depart from the fit curve.   

 

In terms of the gain reported in the literature, Tsiminis et al. reported a maximum 

gain of 23 cm-1 [23] which is in good agreement with a value of 22.5 cm-1 measured 

here. 

 

Figure 4.10 (b) is the semi-logarithmic plot of ASE output as a function of stripe 

length for the BBEH-PPV data shown in § 4.2.  The appropriate gain limits from 

threshold to saturation are included for each energy density.  The results are 

illustrated in Figure 4.11.  The gain coefficients calculated for both the approximation 

and the small signal gain fit for BBEH-PPV are very similar and seem to show that 

the approximation works well. 

 

In summary, the gain coefficient is calculated by firstly creating upper and lower 

limits to define the data‘s gain regime and then fitting a straight line to a semi-

logarithmic plot across the gain regime.  From 4.7, the gradient of this line is equal to 

the gain coefficient divided by ln(10), therefore multiplying the gradient by ln(10) 

gives us the gain coefficient. 
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Figure 4.9:  Gain coefficient as a function of data set.  The black points represent the small 

signal equation and the red points represent the approximation. 

  

Figure 4.10: (a) Experimental data and small signal curve fit for T4 illustrating the gain limit 

points used for the approximation.  (b) Semi-log plot of BBEH-PPV ASE output  vs. stripe 

length with gain limits marked for each energy density.   
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Figure 4.11: Gain coefficient vs. Incident energy density for BBEH-PPV for the small 

signal gain equation in black and the approximation in red.   

 
4.5  Optimisation of Gain Collection -      

Optics 
 

To this point, the discussion of gain has dealt with just the analysis.  There are 

however, important considerations regarding how the gain should be collected such 

as the stripe dimensions, the collection optics and even the substrate choice can 

play an important role.  To highlight these differences, the T4BT-A truxene (cf. § 

3.1.3) was used as it exhibited considerable random lasing which can graphically 

illustrate the effect of these considerations.  

 

4.5.1 Pump Stripe Length Dependence  
 
The random laser action observed in many organic semiconductors when 

photopumped is a result of various closed loops (cf. § 2.7).  The evidence for the 
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laser action is given by the evolution of peaks above a certain threshold in the same 

way as that observed for ASE.  The linewidths of these emergent peaks are more 

comparable to that of actual single mode lasing (cf. § 5.5).   

 

For this reason, the observation and evolution of peaks with respect to changes in 

stripe dimension, offer a broader evaluation than merely observing another 

input/output characteristic curve.  Figure 4.12 (a) is an illustration of the scatterers 

present within an organic film photopumped by progressively longer stripes.  Within 

those stripes a number of possible closed loops are identified which have typical 

cavity lengths of ~1µm.  Some of them will still manage to emit from the stripe edge 

albeit via a slightly different route while others may not make it as they form closed 

loops which do not reach the edge.   

 

Figure 4.12 (b) shows the development of peaks in a 230nm thick T4BT-A sample.  

With progressively longer stripe lengths all peaks develop to some extent as the 

number of incident photons is increased.  However, various modes dominate at 

certain stripe lengths before being overtaken by other modes.  

 

This stands in stark contrast to the condition where the stripe length is constant and 

the pump energy density increased as described by Figure 4.13.  In this situation, 

the same identifiable modes develop with increasing pump density with no change in 

relative intensity.  This marks another subtle difference between monitoring the ASE 

as a function of length and energy density. 
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Figure 4.12: (a) Illustration of random scatterers located in a gain medium 

photopumped by increasingly longer stripes to create various new closed loops. (b) 

Stimulated emission spectra of a T4BT-A film for various stripe lengths from 1 to 

3mm.   
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Figure 4.13:  Stimulated emission spectra of a T4BT-A film, for energy densities of 

I1= 120μJ/cm2, I2= 80μJ/cm2and I3= 40μJ/cm2 obtained with a stripe of length L = 

2mm. 
 

 

 

4.5.2 Pump Stripe Width Dependence  
 

The pump stripe width may appear on the surface as requiring a similar analysis to 

the stripe length.  However, due to the fact that the stripe width involves focussing an 

existing beam (i.e. same pump energy) rather than adding or subtracting photons by 

altering the length, then it deals purely in terms of energy density.  Since the ASE 

emission is directional, then the effect of the stripe length is minimal except for the 

fact that most of the gain is accumulated from the stripe length furthest from the 

sample edge.  The stripe width however will spread these excited areas and produce 

lower levels of population inversion over wider stripes.   
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Figure 4.14:  Stimulated emission spectra of a T4BT-A film for varying stripe widths. 

 

Figure 4.14 compares five different stripe widths by passing the focussing lens 

through its focal length.  The widths range from 110μm to 34μm.  It is clear that the 

fine spectral structure is most obvious using the narrowest stripes and fades into a 

broad featureless continuum with wider stripes.  This feature has been observed 

elsewhere for polymers [23] and attributed to the spectral overlap of numerous 

narrow peaks originating from different parts of the film‘s excited area gradually 

merging into a smooth band with wider excitation areas due to area averaging.  

While there may be some basis for saying this, it does not really explain why there is 

averaging.   

 

Also, since it is understood that various closed loops exist all over the film, a broader 

stripe will include some new areas that were not included before.  It is more likely the 

case, that over a broader area, more possibilities for spectral variation exist while 

each of those will experience a more equal degree of population inversion resulting 

in the smoothing of the spectral band. 
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Figure 4.15 Left: Beam profile image of the typical ASE emission of an organic 

semiconductor thin-film.  Right: Sketch of a photopumped organic thin film with regions of 

higher ASE output highlighted.   
  

A further way to measure the effect of closed loops is study the end emission with a 

beam profiler.  If a beam, whose uniformity and dimensions have been verified by a 

beam profiler, photopumps a surface, it stands to reason that the end emission 

should be equally well distributed across the width of the emission.  That however, 

would assume a homogeneous medium which is not the case here.   

  

Figure 4.15 shows a beam profile image taken from the sample edge illustrating the 

relative intensities of the emission of the sample.  This shows how there is a clear 

disparity in terms of what can be accumulated by a single pass gain medium, and 

other stimulated emission processes are present.  Figure 4.15 also sketches a 

photopumped sample whereby within the excited area there exist competing regions, 

producing their own independent stimulated emissions. 
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Figure 4.16: Peak output as a function of incident energy density for thin-films of T4BT-A.  

Inset: Stimulated emission spectra of T4BT-A highlighting peaks used to plot peak output. 
 

4.5.3 Emission Peak Dependence 
 

Most studies on ASE in any type of material describe their results with an 

input/output plot with the output described in terms of arbitrary units.  Some plots 

describe output in terms of the peak ASE emission wavelength [24].  One problem 

with describing things in this way is that due to the fine spectral structure, large 

discrepancies exist.   

  

Figure 4.16 plots the peak emission of two spectral peaks and a dip from the 

spectrum shown and plots them using an input/output curve.  Throughout this thesis 

plots are instead made by considering the whole spectral area of interest and 

integrating over that area.  Not only does it eliminate discrepancies between peaks, 

but it also collects all the output emission produced and is therefore a truer 

interpretation of the output.  
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Figure 4.17: Observed stimulated emission output for T4BT-A at different input and 

output polarisations. 
 

4.5.4 Polarisation Dependence 
 

It has already been shown that the TE mode shows greater confinement in the gain 

medium than the TM mode and is therefore concentrated on.  For this reason, it is 

important to filter out both unpolarised light and other polarised modes.  Similarly, 

any incident light polarised in a direction that is not useful for studying a specific 

mode will add to the level of pump fluence detected but will not produce any useful 

emission in the TE mode.  Figure 4.17 compares the four possible polarisations.  

Since the incident electric field is parallel to the bench, and the emitted TE mode is 

polarised vertical to the bench, the polarisations are simply described as horizontal 

(H) and vertical (V) for incident (inc) and emitted (emis) light.   

 

The results show that while the emission polarisation is essential and the most 

important to get right to observe the spectral fine structure of the material, the 
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incident polarisation also plays a part in screening out wasteful incident light that will 

not assist in observing the relevant mode.   

 

 

4.5.5 Edge Emission and Substrate 
 

The spin-coating process (cf. § 3.1) is an effective way of evenly distributing an 

organic solution across a substrate.  However it is not perfect at forming what would 

be described for inorganic (crystalline) materials as a facet.  A residual ‗bead‘ of 

material is typically left at the edge after the spin-coating process.   

 

Figure 4.18 (a) is a typical profile of the film at the sample edge as measured by the 

alphastep profilometer.  The inhomogenous region can extend for 0.3mm along the 

substrate surface.  This region of the sample is not only uneven but can have 

thicknesses of the order of microns.  A typical film is of the order ~100nm, clearly 

little of this region, when photopumped, will contribute to the single pass amplifier.  

Using a silicon-on-silica substrate, samples can be cleaved along the boundary 

created due to its miller indices, and the inhomogenous region removed.  Figure 4.18 

(b) shows there is marked decrease in the ASE threshold observation and a 

corresponding increase in ASE output.   

 

It is however impractical to use a silica on silicon substrate other than to point out 

this problem with edge beading as one energy meter in the ASE setup is used to 

monitor the transmission for every measurement to ensure that no obvious 

photodegradation sets in, and this cannot be observed with an opaque substrate.    
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Figure 4.18: (a) Alpha-step profile of a typical film edge for a spin-cast organic 

semiconductor deposited on a quartz surface. The dotted line represents the location of a 

possible cut-off point from cleaving. (b) Input/output curve for an uncleaved quartz substrate 

and a cleaved silica on silicon substrate of T4BT-A. 
 

 
4.6  Optimisation of Gain Collection -      

Chemical Structure 
 

 

4.6.1 Alkyl Side Chains 
 

The T6 truxenes consisted, largely, of the same fluorene units present in the T4 

oligofluorene truxene and oligofluorene DPP compounds as well as the various 

polyfluorene polymers.  The effect of the side-chain is designed to be confined to 

processing issues involving solubility and wetting.   
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Figure 4.19:  Input/output plot for samples of T6 (Hex) in red and T6 (Oct) in black.  

Measurements shown are for 1mm stripes (filled symbols) and 4mm stripes (empty 

symbols). 
 

Invariably, the side-chains have an indirect effect on the optical properties (cf. § 

3.1.1) since the side-chains determine how densely packed the absorbing/emitting 

units are which may result in a change in the level of absorption, but will also affect 

the level of self-absorption and quenching. 

 

To test the effect, two T6 samples with virtually the same thickness (141nm & 

147nm) were studied.  The absorption coefficient of T6 (Oct) (cf. § 3.1.1) was 

noticeably higher (~18%) than that of T6 (Hex) while the T6 (Hex) sample produced 

more PL by way of self-absorption.  The PLQE was however higher for the T6 (Oct) 

samples.  This shows that there appear to be both favourable and unfavourable 

consequences for altering the length of the alkyl side-chains. 

 

The best way therefore to decide is to carry out a VSL measurement on the two 

samples.  Figure 4.19 shows that there is a clear advantage with using octyl side-

chains for optimising gain in T6.  The 4mm stripe on T6 (Oct) reached ASE at ~ 

30µJ/cm2, but only at ~ 90µJ/cm2 for the same stripe on T6 (Hex) sample. 
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4.6.2 Core Conjugation 

 

The conjugation of the DPP was discussed in terms of its optical characteristics in § 

3.1.4.  Its effect on the observable stimulated emission is shown in Figure 3.17.  At 

the same energy densities, spectral narrowing was only clearly observed with the 

Lin-c compound.  The Star compound mapped out just the PL with perhaps the 

emergence of a peak at its 0-1 vibronic peak at 627nm, but not enough to describe it 

as spectral narrowing.  The Lin-nc compound, not only showed no spectral 

narrowing, but the emission observed had an extremely low signal-to-noise ratio.  

This was also observed with the PL measurement where the raw PL counts were an 

order of magnitude lower, indicating significantly lower emission of any kind. 

 

Considering the PLQE measured was significantly larger when the excitation was at 

the long wavelength absorption band rather than at the main short wavelength 

absorption band, the Lin-c compound was also pumped at 532nm as well as the 

355nm used as standard.  By monitoring the transmission and measuring the 

amount of energy absorbed, the energy density threshold for observing spectral 

narrowing in Lin-c is 42µJ/cm2 pumping at 532nm compared with 106µJ/cm2 when 

pumped at 355nm confirming the improved efficiency of exciting at the core. This 

behaviour with respect to pump wavelength has been reported for red-emitting 

conjugated polymers previously [20].   

 

In light of these results and acknowledging the effect of the length of the side chains 

on absorption, PL and ASE emission for T6 (cf. § 3.1.1), a second batch of Linear-c 

and Star has been synthesised to decrease the ASE threshold.  These and other 

results from solution measurements are reported in [25]. 
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Figure 4.20:  Amplified spontaneous emission spectra for spin-coated thin films (~365nm) of 

Linear-c, Linear-nc and Star excited at λ = 355nm (solid lines).  Spectra are displayed for the 

maximum absorbed energy density (750μJ/cm2). 
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4.7 Summary 
 
This chapter reported on the validity of an alternate form of the variable stripe 

method which broadly match the measured gain from the traditional form but offers 

operational advantages in terms of non-equal photobleaching and reduced influence 

of edge beading.  The similarity in the results of both methods confirms the 

importance of the accurate extraction of the spontaneous emission factor in 

accurately stating the gain at a particular pump intensity. 

 

ASE thresholds were more credibly calculated by both determining them in relation 

to the spontaneous emission, and in terms of the solution of the gl product.  This 

thesis however acknowledges that due to the dynamic nature of gain, the solution is 

only valid for the value of the gain coefficient at this ASE threshold.   

 

An approximation of the small signal gain equation was presented.  The results are, 

above threshold, in broad agreement with those determined from curve fitting.  The 

motivation arises from reports of linear fits of ‗max. modal gains‘ which are 

determined by the steepest slope. 

 

Spectral observations of random lasing were observed from photopumping 

experiments of truxenes to graphically illustrate the importance of the consideration 

of stripe dimensions, pump intensity, collection method and polarisation.  The 

potential influence of beading was also shown.  Without consideration to the correct 

stripe and collection setup, any measurement of ASE (and therefore gain) will always 

be instrument limited to some degree. 

 

ASE measurements were carried out oligofluorene DPP molecules and T6 truxenes 

with different conjugation.  In the case core conjugation in DPP, clearly the 

conjugation through the core was considered essential to observe any stimulated 

emission.  Experiments with T6 focussed on the side chain lengths which resulted in 

a clear preference for octyl side chains over hexyl side chains in observing 

stimulated emission in oligomer truxene molecules.   
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The work presented in this chapter therefore helps better understand how ASE 

emission in organic semiconductors should be analysed and interpreted to assess its 

potential as a viable laser material.  The work also introduces new materials and 

outlines their strengths and weaknesses while giving a clear indication of how the 

internal chemical structure of both the core and the side chains can have a direct or 

indirect influence on the observable emission. 
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Chapter 5 
 
Optimising Organic Lasers 
for Micro-LED Pumping 

 

 
5.1 Introduction 
 
In recent years the interest in organic semiconductors as viable laser materials has 

grown as they have been shown to emit right across the visible spectrum for both 

polymers and oligomers [1-15].  All of these examples of organic semiconductor 

lasers have been the result of being optically pumped with a laser.  The goal to 

produce electrically pumped lasers is therefore of great interest.   

 

For the reasons outlined in § 1.1 this can be a challenging goal.  While claims of 

electrical pumping have been made [16-18] they have either ended in redaction [16] 

or met with scepticism as to whether the results are actually atomic transitions 

arising from the excitation of the contacts [17] or if spectral narrowing of 2.6nm to 

2.0nm with an incredibly low lasing threshold really constitutes lasing [18] leading to 

commentary papers restating the basic components of what a laser actually is [19].   

 

 



Chapter 5 Optimising Organic Lasers for Micro-LED Pumping 

144 

 

These difficulties have led to the situation where indirect electrical pumping has been 

mooted as a way to bypass the barriers posed by direct pumping.  The approach of 

the HYPIX project as outlined in § 1.1 is to create a fully hybridised optoelectronic 

communications interface consisting of organic semiconductor lasers controlled by 

complementary-metal-oxide-silicon (CMOS) based electronic control circuitry by 

using intermediate gallium nitride optoelectronics. 

 

To take full advantage of the opportunity presented by high power µLEDs (cf. § 5.2) 

we must work to not only improve the gain materials, but also improve on the laser 

structure itself. That includes not only carefully choosing the laser grating, but also 

optimising the both the waveguide and pump sources dimensions too. 

 

This chapter reports on the optimisation of an organic semiconductor laser so that 

this information may be transplanted, where possible, to the imaging setup 

controlling the μLED output. 

 
5.2 Material Choice and Gratings 
 

The first decision arising directly from the study of the materials in chapter 3 is their 

suitability for lasing applications with a μLED array.  Not only did BBEH-PPV require 

the lowest incident energy density despite its very low maximum absorption 

coefficient (~10μJ/cm2), but that was achieved by pumping at 355nm which from 

Figure 5.1 we can see is almost the bottom of a spectral trough in terms of 

absorption.  

 

Gallium nitride UV/visible quantum well LEDs have made many advances in recent 

years.  The group at the Institute of Photonics have been developing high-power 

micron scale LEDs by fabricating arrays of thousands of ultraviolet, blue and green 

emitters per square millimetre.  These LEDs are designed to offer sufficient light 

output to affect other materials through an integrated optoelectronic package and 

have been gradually optimised over recent years [20-24] 
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The latest generation of GaN μLEDs (at the time of writing) also had a peak output at 

441nm which matches very closely to the peak absorption of BBEH-PPV at 425nm 

compared to the oligofluorenes whose peak absorption was located around 375nm 

which availed of the 355nm laser pumping but was much further away spectrally 

from the LED‘s emission. 

 

With the material decided, samples were made by spin coating thin layers on top of 

DFB gratings in the cleanroom.  The maximum thickness of samples spun was 

280nm using a 15mg/ml chlorobenzene solution, which ensured that the only modes 

supported would be those of TE0 and TM0.  Figure 5.2 is a scanning electron 

microscopy (SEM image) of a DFB grating.  

 

 

Figure 5.3 shows the periodic structure of a DFB resonator.  As well as a grating 

period Λ, the ratio between the groove width wg and the period Λ known as the duty 

cycle is defined as 

 

    



gw

dc                        (5.1) 

 

The gratings used are summarised in Table 5.1.  Both gratings share a periodicity of 

350nm, one DFB grating (fG2) has a duty cycle of 30%, while the remaining DFB 

grating (fG6) has a duty cycle of 75%.  The laser setup was controlled using the 

same LabVIEW programme as for the ASE experiments. 
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Figure 5.1:  Normalised absorption spectrum of a 240nm thick film of BBEH-PPV (green line) 

and emission spectrum of GaN micro-LED (Blue line).  Inset: Chemical structure of BBEH-

PPV and image of GaN micro-LED array.   

 

 

Figure 5.2:  SEM image of a DFB grating engraved on SiO2.   
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Figure 5.3:  Schematic illustration of a DFB grating highlighting the grating period Λ, the 

ridge width wr, the groove width wg and the grating depth wd.   

 

 

 

Table 5.1: Geometries of 1-D DFB gratings used. 
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5.3 Laser Operation 

 

Figure 5.4 (a) shows an example of a BBEH-PPV DFB laser above and below the 

lasing threshold.  The lasing threshold is defined much more clearly than the ASE 

threshold in that the first observation of a spectral peak is considered the laser 

switch-on.  The PL spectrum below threshold is the same as the PL spectrum shown 

in the material characterisation, except that it is now interrupted for ~20nm by a 

spectral dip.   

 

The coupled mode theory that describes the operation of DFB lasers, as outlined in 

chapter 2 (cf. § 2.6), implies that at the Bragg wavelength λBragg that exactly satisfies 

the Bragg condition of a pure index grating cannot propagate in the waveguide due 

to the photonic stop-band centered on λBragg.  This photonic stop-band is manifested 

as this spectral dip.   

 

The DFB lasers studied in this thesis are 2nd order surface-emitting devices, which 

due to their 2nd order output, satisfy the Bragg condition so that 

 

  
Braggeffn                        (5.2) 

 

Above threshold, lasing occurs at a pair of wavelengths at either edge of the stop-

band.  The spectral width of the photonic stop-band, and therefore the spectral 

distance between the pair of wavelengths at either end of the stop-gap, is 

determined by the strength of the coupling of the grating.   
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Figure 5.4:  (a) Spectral plot of a DFB BBEH-PPV laser below (black line) and above (red 

line) the lasing threshold with visible stop band and (b) the input/output characteristic for a 

DFB BBEH-PPV laser. 

 

 

The example in Figure 5.4 (a) shows lasing occurring on the long-wavelength side of 

the stop-band illustrating a strong index-coupling component.  The laser shown is a 

240nm BBEH-PPV laser with a FWHM of 1.05nm.  Figure 5.4(b) shows the 

input/output characteristic for this laser.  While this thesis gives precedence to the 

observation of spectral narrowing, the corresponding output is usually such that it 

corresponds immediately with the beginning of a super-linear growth.  The lasing 

threshold therefore is determined as the energy density recorded at the point at 

which spectral narrowing occurs which for this particular sample is 9μJ/cm2. 

 

5.4 Laser Wavelength Tuning 

 

In the literature there have been many reports outlining that the wavelength of the 

emission of a DFB laser can be tuned by changing either the grating period Λ [7,24-

25], or the effective refractive index neff [2-3, 26-27] in Eq. (5.1).  A simple model of 

(5.1) illustrated in Figure 5.5 (a) shows that a change in grating period Λ produces a 

simple linear response in the wavelength of the DFB laser, whereas from the 

discussion of slab waveguides (cf. § 2.4), a change in thickness produces a change 

(b) (a) 
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in the effective index neff producing a non-linear change in the lasing wavelength as 

shown in Figure 5.5 (b).  The film thicknesses used for the fG2 grating ranged from 

180nm to 280nm.  Figure 5.6 shows the various lasing peaks obtained by tuning the 

film thickness. 

 

When tuning with the thickness, the lasing threshold energy density is determined 

from plots like those shown in Figure 5.4.  Whether a sample is tuned by grating or 

film thickness, the commonly held view is that any reduction in lasing thresholds will 

only come about by tuning the DFB laser wavelength as close as possible to the 

maximum of the gain spectrum or even the maximum of the PL spectrum [28].   

 

Starting at 180nm, samples were measured for their threshold and then the next 

thickest film studied.  The gain spectrum of a BBEH-PPV planar waveguide 

optimised for ASE measurements at 250nm was used to provide the ‗target‘ gain.  

As expected, increasingly thick films produced lower and lower thresholds reaching a 

low of 8μJ/cm2 at 250nm, the same thickness as the planar waveguide and the point 

where the DFB laser lined up spectrally with the peak of the gain as shown in Figure 

5.7 a).  For completeness two other, thicker samples that dropped down the gain on 

the long wavelength side were also studied but were found to have energy 

thresholds of 8μJ/cm2 also. The study was repeated on the four thickest samples on 

a different part of the grating and the same results produced.  The lasing thresholds 

are plotted as a function of thickness in Figure 5.7 b).  Rather than beginning to 

increase beyond the gain maximum, thresholds appear to level off.   

 

The literature describes very thin films as providing poor confinement for the 

waveguide mode leading to high losses and therefore high thresholds [3, 29], while 

the presence of higher order modes in thick films would compete with the 

fundamental mode and this also would lead to a threshold increase [30].   
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Figure 5.5:  Illustration of the solution of the Bragg condition for a DFB laser as a function of 

(a) the grating period Λ and (b) the film thickness d. 

 

Figure 5.6:  DFB Laser spectra for a number of samples with varying film thickness of the 

BBEH-PPV active layer. 

 

Both of these statements are true, but in the case of the latter it requires very much 

thicker films before any second mode is observed.  From our slab waveguide model, 

a thickness of ~520nm would be required to first observe any second mode.  The 

degree of tuning is too fine to ever reach this point.   

 

Recently, Quintana et al. have demonstrated a similar ‗levelling-off‘ of their DFB 

thresholds with film thickness [31].  One suggested reason for this is the level of 

optical absorption.  This thesis agrees with that, in that even if the gain peak is not 
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being utilised fully, thicker films will be more absorbing.  Using the second energy 

meter, transmissions were recorded for each sample ranging from 53.7% (180nm) to 

40.3% (280nm).  This means that there are many more absorbed photons resulting 

in more spontaneous emission as shown in § 3.3.2 for thicker films.   

 

This thesis goes further and suggests that not only does the greater absorption 

reduce the threshold from what it otherwise may be, but the gain spectrum itself 

shifts making it a ‗moving target‘.  This shift is most likely due to the various degrees 

of confinement provided by different film thicknesses leading to different ASE peaks 

as depicted by Figure 2.6 (cf. § 2.4).  Figure 5.8 shows the development of the 

spectral narrowing of the PL to ASE with increasing pump intensity for two planar 

waveguides on a semi-logarithmic scale.  The spectral shift of the peak 

corresponding to the 0-1 vibronic peak with increasing pump intensity for the 140nm 

was a full 10nm as shown in Figure 5.8 (a).  Considering the FWHM at the highest 

pump intensity is ~6nm then it‘s not insignificant.  For the 300nm thick film shown in 

Figure 5.8 (b) however, there was no noticeable shift beyond the spectrometer‘s 

resolution.  Samples measured between these two showed shifts between 0nm and 

10nm as expected.   

 

This is important as it shows that not only is the thickness important in determining 

the spectral maximum of the gain, but also the pump intensity.  For this reason it 

may be particularly misleading to use the PL 0-1 vibronic peak as a guide.  

Wavelength tuning to lower the threshold should therefore be aware of the gain at 

different pump intensities. 
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Figure 5.7:  (a) DFB laser spectra at varying thickness of BBEH-PPV and ASE spectra from 

a 245nm BBEH-PPV planar waveguide and (b) film thickness dependence of DFB laser 

thresholds for BBEH-PPV (black line is a guide to the eye). 

 

(a) 

(b) 
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Figure 5.8:  Semi-logarithmic plot of BBEH-PPV emission as a function of wavelength at 

increasing photopump intensities for (a) 140nm thick planar waveguide and (b) a 300nm 

thick planar waveguide of BBEH-PPV.  

 

 

5.5 Grating Influence on DFB Lasers 

 

The DFB lasers studied in this thesis are both 2nd order surface-emitting devices 

which have been shown in the literature to distinguish between lasing on the short-

wavelength edge of the band and the long edge of the band by saying that the short-

wavelength lasing peak generally has a larger lasing threshold due to higher 

radiation losses incurred [31].  The two DFB gratings used (fG2 (dc = 30%) and fG6 

(dc = 75%)) illustrate clearly in Figure 5.9 the lasing on both edges of the stop-band 

for a DFB laser.  The photonic stop-bands are highlighted by the blue area.  The 

stop-bands however are of different spectral lengths, which in turn lead to different 

coupling coefficients, κ, for the 75% and 30% duty cycle gratings respectively. 

 

For two samples using each grating, films of the same thickness were spin-cast.  

The dependence of the DFB laser emission wavelength in the case of two 240nm 

thick samples spun on an fG2 and fG6 grating is shown in Figure 5.10.  Despite 

having the same period, their laser peaks are approximately 3.5nm apart. The 
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Figure 5.9:  DFB laser spectra for: (Top) 75% duty cycle grating and (Bottom) 30% duty 

cycle grating.  The high duty cycle grating here results in a laser peak forming on the high 

wavelength side of the band edge as opposed to the low wavelength side for the lower duty 

cycle grating.  The higher duty cycle grating also sweeps out a spectrally broader band gap. 
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Figure 5.10:  DFB laser spectra of BBEH-PPV for 30% duty cycle (black line) and 75% duty 

cycle (red line) for 210nm thick films. 

 

 

Figure 5.11:  Schematic comparison between two gratings with the same grating period but 

different duty cycle.   A high duty cycle (75% here) can contain a higher amount of high 

index gain material such as BBEH-PPV per period which increases the effective index of the 

device. 

 

only difference is their duty cycle.  This implies that from Eq. (5.2) the neff must be 

affected as Λ is constant at 350nm.  One reason is contained in the discussion of 

spectral band gaps only allowing lasing on their respective band edges.  However, 

as Figure 5.10 shows clearly, even in the event that the lasing occurred on the same 

band edge, there would still be a discrepancy of ~ 1nm.   
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Figure 5.11 illustrates schematically the two duty cycle gratings.  The duty cycles are 

measures of their groove-to-period ratios.  In these grooves, more of the active layer 

material (which has a higher index) is contained in the grating with a 75% duty cycle 

(a), than is contained in the 30% duty cycle grating (b), which leads to a higher 

effective index over the course of the grating, which in turn leads to a red-shift in the 

position of its DFB wavelength.  Combining these two aspects contributes to the 

overall change in the effective index, neff leading to the difference in the position of 

their DFB laser wavelengths for the same thickness. 

 

Studies into the effect of the duty cycles of 1-D DFB resonators have been shown 

before by Wang et al. who compare a 30% duty cycle grating with a 70% duty cycle 

grating and their simulation that plots duty cycle versus coupling coefficient predicts 

a coupling coefficient of 449.7cm-1 and 610.3cm-1 respectively [32].  This thesis 

agrees with their main findings that the lasing occurs on the short and long 

wavelength sides of the band edge for 30% and 70% respectively and the 70% 

grating delivers generally lower thresholds. 

 

However since § 5.3 indicated clearly how thresholds can vary so much with 

thickness, the slope efficiency was also studied for both gratings.  Figure 5.12 shows 

the slope efficiencies for both gratings.   

 

The output slope efficiencies, of 3.0% and 1.9% for 75% and 30% duty cycles 

respectively, is in good agreement with the literature which typically places the slope 

efficiency of a 1D DFB grating somewhere in the middle of these two values [3, 33].  

The samples used in Figure 5.12 however, compare a relatively high pump energy 

threshold sample for the 75% grating with a lower energy threshold sample for the 

30% grating showing that while the slope efficiency is a measure of the grating 

feedback, the threshold is a measure of numerous parameters.  This is however an 

illustrative exception to the rule and for all comparable samples the 75% grating 

consistently produced the lower lasing thresholds. 
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A further difference was observed when determining whether to direct the active 

layer of the sample, or the quartz substrate, towards the detector to maximise 

recorded signal.  Figure 5.13 shows the detected emission under identical conditions 

for both orientations of a 75% duty cycle grating with the CCD.  The PL area in and 

around the lasing peak was integrated and compared.  With the samples still in 

place, the CCD was replaced with the second energy meter and their collected 

outputs measured.  The ratio of output energies of the active layer facing the 

detector to the substrate was 176pJ to 78pJ = 2.26:1 (~70:30). 

 

The ratio of the integrated areas was 66893 to 29411 = 2.27:1 (~70:30) which was in 

good agreement with the energy meter comparison. 

 

For the 30% duty cycle grating, the same measurements yielded firstly a reduction in 

the raw number of counts/ recorded energy in comparison to the 75% grating.  

Secondly, it showed a weaker reliance on orientation as the detected output energy 

ratio was 1.10:1 while the integrated area ratio was 1.08:1 illustrating only a slight 

(52:48) improvement in detected emission with the active layer facing the detector.   

 

 

5.6 Laser Optimisation                                                                                           

 

Using the fG6 (75% dc) grating a number of measures were carried out to reduce the 

laser threshold further.  The stripe dimensions like those shown in chapter 4, were 

studied as well as the angle of incidence and the susceptibility to photodegradation.   
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Figure 5.12:  Output energy from a one-dimensional BBEH-PPV DFB laser as a function of 

pump energy.  The slope efficiency are shown for a 75% duty cycle grating (red) and 30% 

duty cycle (black). 

 

 

Figure 5.13: DFB laser spectra rom a 75% duty cycle DFB grating using the same incident 

angle, with the BBEH-PPV active layer facing the CCD detector (black line) and the SiO2 

substrate facing the detector (red line).  The yellow region indicates the integrated area. 
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5.6.1 Angular Dependence  
 

From chapter 2 the coupled mode theory described index coupling by way of the 

photonic band gap created due to the grating.  Figure 5.14 a) compares the 

dispersion relation for a 1D photonic crystal in the first Brillouin zone with the 

dispersion relation for a homogenous material.  Figure 5.14 b) illustrates the 

dispersion relation for two possible homogeneous layers of a waveguide with one 

dispersion relation representing the highest index present (the active layer) and 

another representing air.  Any modes present must be contained within this area.  In 

this case, just the two fundamental modes are considered.  The incident wavevector 

(in our case a 355nm laser source), will only couple the fundamental mode at a 

certain point.  The red dots represent a momentum shift resulting from the change in 

the angle of incidence.    

 

To probe this, the sample was moved through various angles to check for a change 

in transmission that may mark a specific coupling.  This was tested for both the 

planar waveguide and the grating as Figure 5.15 a) illustrates.  Since the 

transmission curves seemed to resemble each other, it seemed that it was not 

obvious, just from transmission, where the optimum angle was.  Therefore, a broad 

preliminary angular sweep was used to narrow down the angular region where fine-

tuning should take place.  Figure 5.15 b) is a semi-logarithmic plot of lasing at 

different angles ranging from 15 to 40 degrees.  The results show that the peak 

output was considered somewhere between 15 and 25 degrees.   

 

For each angle in this range, the effective area of the photopumped region of the 

grating was measured to ensure that the correct beam area was used to determine 

the incident energy density at each data point by measuring the number of pixels 

across the 2mm wide grating surface and comparing against the beam image as 

show in Figure 5.16 (a).  Figure 5.16 (b) shows that the incident angle for a 355nm 

laser source producing the lowest threshold was determined at 22 degrees.   
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Figure 5.14:  (a) Dispersion relation for a 1D photonic crystal in the first Brillouin zone 

(curved lines), compared with the dispersion relation for a homogeneous material ω 

= ck (straight lines).  When the two dispersion lines cross, they repel each other and 

a photonic gap appears. (b) Fundamental modes confined by the highest and lowest 

refractive indices and altered by the interface.  Red dots represent the increasing 

momentum shift provided by incident angles beginning with normal incidence at kz = 

0. 

 

(a) 

(b) 
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Figure 5.15: (a) The measured transmission of BBEH-PPV as a function of incident angle 

through the planar waveguide (red) and through the 75% duty cycle DFB grating (black).  (b) 

DFB laser spectra as a function of a broad range of incident angles. 

 

 

        

Figure 5.16: (a) Image of sample at 22 degrees with grating illuminated.  Inset: Image of 

laser stripe to be kept on the grating for different angles; (b) DFB laser threshold energy 

density as a function of incident angle.   

 

 

 

(b) (a) 

(b) (a) 
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5.6.2 Laser Wavelength Change  
 

Over the course of studying these organic lasers, one observation that was 

consistently observed was the blue-shifting of the laser peak with increasing pump 

intensity.  This may imply a slight reduction in the effective index of the laser.  A 

slight reduction in the effective index is equivalent to a slight reduction in the 

effective thickness of the active material responsible for confining the mode in the 

waveguide.  Figure 5.17 a) illustrates the laser wavelength of a 75% dc BBEH-PPV 

DFB laser and its progressive shift with increasing intensity.   

 

The laser peak‘s shift is small enough to be instrument-limited by the spectrometer, 

but clearly in the blue direction and repeatable.  One way to check this is to study a 

simple planar waveguide and monitor the output signal over consecutive 

measurements.   

 

Figure 5.17 b) shows the input / output characteristic of BBEH-PPV for five 

consecutive measurements.  The clear observation from both the PL and ASE part 

of the plot is that the signal is at its highest on the first measurement and lowest on 

the fifth and final measurement.  This suggests that there is a degree of degradation 

occurring.  The inset shows an image of the beam profile and a corresponding 

patterning observed under the microscope with the same dimensions.  
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Figure 5.17:  (a) DFB laser wavelength as a function of incident energy density for BBEH-

PPV.  Points are gradually blue-shifted to lower wavelengths but limited by CCD resolution. 

(b) Study of repeated photopumping of a region of a BBEH-PPV planar waveguide.  Arrows 

are a guide to the eye for the direction of the signal for the 1st measurement to the 5th.  Inset: 

A microscope image of a patterned stripe observed on the BBEH-PPV planar waveguide 

accompanied with the beam profile of the laser recorded for the experiment.   

 

5.6.3 Stripe Dimensions  
 

The influence of the stripe dimensions on the ASE produced within planar 

waveguides was discussed in § 4.5.1.  In terms of DFB lasing, stripe widths of 150, 

250 and 375μm were studied as well as stripe lengths ranging from 0.5mm to 

1.65mm.  Studies were carried out at 22 degrees, the optimised angle to lower the 

threshold of DFB lasing, so the effective length of a 1.65mm stripe across the grating 

is almost 2mm which is the width of the grating and therefore the maximum length 

possible.  Figure 5.18 shows the dependence of the width and the length.  In the 

case of the stripe width, no noticeable decrease in threshold was observed.  In the 

case of the stripe length measurement, the threshold reduced with increasing stripe 

length until ~1mm.  After this point, the threshold stabilises at ~14μJ/cm2.   

 

(b) (a) 
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Figure 5.18:  Stripe dimension dependence for a DFB BBEH-PPV laser for (a) the stripe 

width (perpendicular to feedback direction) and (b) the stripe length (parallel to feedback 

direction).  The stripe length experiment‘s threshold appeared to initially reduce and then 

stabilise at ~1mm. 

 

It‘s important to acknowledge that these stripe lengths are not related to the κL 

product which is a measure of the length of the device (grating) itself.  The κL 

product is directly proportional to the spectral width of the photonic band gap [34] 

which was consistently measured for every stripe length as 19.978nm. 

   

 

5.7 Micro-LED Pumping of Lasers 
 

Using the results from the lasing experiments, the BBEH-PPV laser grating was 

pumped with the GaN LEDs using the imaging set up to create stripes similar to 

those used with the laser applications.  Due to the highly divergent nature of the 

LEDs [35, 36], they are often treated as point sources when in fact they are finite 

sources.  The imaging setup, illustrated in Figure 3.25, allows for the spot size of the 

LEDs to be controlled by a set of lenses and microscope objectives so that a spot 

size with dimensions close to those studied with a 355nm laser could be created.  A 

CCD camera was also placed on axis so that the position of the µLED stripe on the 

grating could be monitored.  While the emission of the LEDs more closely 

(b) (a) 
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Figure 5.19:  Inset: On-axis image of an 8 x 2 GaN LED pixel array imaged at the sample 

position.  Main: Image of the LED imaged stripe being positioned on the grating of a 75% 

duty cycle DFB grating with a BBEH-PPV active layer. Right: Beam profile image of the 

intensity distribution from the LED emitters.   

 

corresponds to the absorption peak of the BBEH-PPV polymer, the pulse duration of 

~25ns is over three times longer than that of the Nd:YAG laser, so the lowest energy 

density of 6μJ/cm2 may not mark the exact energy density required by the LEDs to 

observe lasing.   

 

Figure 5.19 contains an inset showing an on-axis image of the imaged LED at the 

sample position with the main image showing the LED stripe being positioned across 

the grating at the chosen incident angle of 220.  Figure 5.19 also shows a beam 

profile image of the LED‘s relative emission intensity across the array.  The LED‘s 

emission is broadly confined to one side of the LEDs presumably due to the bonding.  

This makes the imaging more relevant as any calculations of required incident 

energy density without imaging would have to use the array dimensions (8 x 2 array 

of 72µm pixels) which would assume uniform emission across the array.  
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Figure 5.20:  Spectral output of both GaN LEDs at 440nm and the PL emission of BBEH-

PPV interrupted by the resonator stop band of the 75% duty cycle DFB grating.   

 

The maximum output intensity obtained from the latest generation of imaged LEDs 

(at the time of writing) was 1.1μJ/cm2.  These LEDs were first applied at an incident 

angle of 220 and then scanned through the whole range from 00 to 700.  The results 

shown in Figure 5.20 describe the various attempts at pumping so far.  The photonic 

stop band resulting from the 75% dc DFB resonator is clearly visible at ~538nm.  The 

corresponding threshold for the laser pumped experiment (cf. § 5.2) was measured 

as ~6μJ/cm2.  Considering also the longer lifetime and improved spectral matching, 

these results suggest that only a slightly higher power output from the LEDs would 

be enough to observe spectral narrowing, particularly as they have already been 

observed with high power LEDs that are not micro-pixelated [37].   
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5.8 Summary 
 
This chapter presented the results of a broad study into optically pumped green 

lasers using 1-D DFB gratings with different duty cycles. An optimised design 

strategy was employed to reduce pump thresholds and use this information for 

micro-LED pumping experiments as part of a broader experiment to build a hybrid 

device for indirect electric injection.   

 

Green Lasers based on the BBEH-PPV polymer were chosen for their spectral 

matching with GaN emission.  Emission wavelengths were tuned by altering the film 

thickness and changing the duty cycle.  Lasers were tuned between 527nm and 

542nm to reduce the lasing threshold as far as possible reaching a low of ~6µJ/cm2. 

Despite using a planar waveguide as a spectral guide, thresholds seem to stabilise 

at, and beyond, the ASE peak wavelength indicating that absorption as well as 

variance in ASE wavelength must also play a role in determining the threshold. 

 

Experiments describing the influence of the grating duty cycle were performed.  As 

well as affecting the spectral length of the optical stopband, they also determine the 

eventual lasing wavelength by altering the effective index between 1.52 and 1.54.  

The higher duty cycle not only indicates reduced losses and lower thresholds, but 

also higher slope efficiencies, a parameter which can be regarded as independent of 

the influence of film thickness.   

 

The influence of various operational parameters including grating orientation, angle 

of incidence, and stripe dimension were described in detail.   

 

The orientation of the active layer and substrate with respect to the detector was 

found for both gratings to be improved with the active layer facing the detector and 

pumped through the substrate.  The higher duty cycle grating was particularly 

influenced as ~70% of its emission was detected on this side.   

 

The incident angle and stripe dimensions of the beam were studied and an optimum 

incident angle of 22o and stripe length of >1mm was determined.  The stripe width 
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barely altered which suggests that any change in a dimension perpendicular to the 

direction of feedback makes little difference. 

 

The DFB laser peaks were observed as blue-shifting spectrally with increasing 

energy density.  A red-shift is consistent with a decrease in the effective index which 

suggests that the effective thickness is being decreased, possibly as a result of a 

photodegradation process observed from planar waveguides. 

 

Gallium Nitride micro-LEDs were imaged so as to utilise the design strategy 

implemented for laser pumping with a 355nm Nd:YAG source.  While they were 

imaged as close as possible to the laser output, the highest imaged energy density 

available was ~1µJ/cm2, indicating that these early generation LEDs were simply not 

powerful enough to observe lasing here, although given the demonstration of LED 

pumped lasers elsewhere it is only a matter of time before they are powerful enough 

to image.  Ideally a newer generation will have more control over the divergent 

nature of the LED light cones so that the energy budget available for efficient 

imaging is as large as possible.   
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Chapter 6 
 
Conclusions 

 
6.1 Thesis Summary 
 

The work presented in this thesis was performed as part of the HYPIX collaboration 

into the development of a new family of optoelectronic communication interfaces 

based on organic semiconductor lasers.  The key contributions in this thesis relate to 

the study of new oligofluorene truxene materials and in the extraction of gain 

coefficients and the optimisation of 1-D DFB laser performance. 

 

An alternative approach to the variable stripe length method was presented using the 

BBEH-PPV polymer which confirmed results from the traditional method, but also 

highlighted the importance of accurately obtaining the spontaneous emission factor.  

The method also provided the opportunity to negate the accumulative effect of 

photobleaching on particularly susceptible materials. 

 

The T4 truxene was used to show that when the measurements are divided into data 

sets, there are clear differences in the extracted values of the gain coefficients over 

different pump stripe lengths.  This study confirms the validity of the small signal 

equation in providing a good approximation of the threshold length but suggests an 

important amendment to the gl product solution to take into account the dynamic 

nature of the material‘s gain with respect to stripe length.  A further attempt was also 

made to create a valid approximation of the small signal equation itself where a 
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value of the gain was extracted from a semi-logarithmic plot using the threshold point 

and saturation points as limits.  The values were broadly similar to those obtained 

from normal fitting. 

 

Spectroscopic studies of a new green-emitting truxene, T4BT-A, show a large 

number of competing modes, like those routinely reported in conjugated polymers, 

when photopumped.  The observation of new modes with different stripe lengths, as 

opposed to identical modes with increasing pump lengths, along with the edge 

emission observation, suggests the presence of random lasing in these truxenes. 

 

Studies into the degree of core conjugation in the oligofluorene DPP series 

demonstrated that a break in the conjugation pathway through the emitting core 

directly affects the photophysical properties.  Broken conjugation leads to little 

observable PL emission and no observable ASE.  Long wavelength absorption 

peaks of two compounds exhibited vibronic splitting which could be attributed to the 

greater electron withdrawing effect of these compounds.  Further studies using a 

new T6 truxene with different alkyl side chains lengths demonstrated a clear 

preference for octyl side chains in observing ASE for similarly thick films. 

 

Lasers based on the BBEH-PPV polymer were optically pumped and emission 

tuning was demonstrated by altering both the polymer thickness and grating fill factor 

allowing the pump threshold to be minimised.  Thresholds were found to reach a 

minimum and level-off due to the variation in absorption and also the possibility of a 

shift in the gain peak.   

 

Furthermore, lasers were optimised by firstly comparing the relative merits of the 

duty cycle and then applying the most favourable stripe dimension, incident angle 

and grating direction.   

 

Finally, the first results of an imaged micro-LED array used as a pump source, 

producing a maximum energy density of 1.1µJ/cm2, are demonstrated.  The pumping 

reproduces the sub-threshold emission spectra of the laser-pumped experiment. 
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6.2 Suggestions for Future Work 
 

In order to progress towards the goal of an indirectly electrically pumped laser a 

number of challenges with the optoelectronic interface approach still remain.  Firstly, 

regarding materials, while the lowest ASE threshold belongs to the polymer the T4 

truxene also has a low threshold at ~10µJ/cm2.  The BBEH-PPV polymer however 

was chosen to spectrally match the available µLEDs.  This polymer however is still 

noticeable for having a particularly low peak absorption coefficient compared to all 

those studied.  In addition, it was the only material to be noticeably affected by 

photobleaching as has been reported elsewhere [1].  A material that could combine 

the spectral matching of a GaN LED‘s emission with greater absorption could 

significantly reduce any pump laser thresholds.   

 

In terms of small molecule materials, the work regarding the understanding of the 

oligofluorene DPP materials‘ conjugation, as well as the clear advantage 

demonstrated by octyl side chains in T6 truxenes, has led to the synthesis of a new 

batch of linear conjugated DPP materials with octyl side chains which are currently 

being studied within our group. 

 

Regarding the µLEDs, the extremely divergent nature of their emission means that 

imaging remains a challenge in order to utilise their entire available energy budget.  

If the emission could be further controlled at source with a layer with a specific 

refractive index to confine the emission into a narrow cone of light then imaged 

pumping could have more potential. 

 

While a number of challenges remain, should they be overcome, organic laser 

diodes have great potential as cheap, versatile laser sources.  One particular 

application of interest at present are organic laser‘s potential as sensing devices [2]. 

 

Combined with the broader areas of interest such as displays, transistors and solar 

cells, organic semiconductor lasers, whether they are polymers or small molecules, 

remain any exciting area of exploration to create innovative devices. 
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