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Abstract 
 
 

This thesis describes investigations into the photophysical properties of luminescent 

materials and their application in optoelectronic devices such as light emitting diodes 

and photodetectors. The materials used were all solution processable because of the 

interest in low cost processing of organics. 

 

I have investigated the photophysics of 1,4,5,8,9,12-hexamethyltriphenylene, a 

triphenylene derivative which has its luminescence enhanced by the addition of 

methyl groups. These groups change the planar shape of the triphenylene molecule 

into a twisted one, changing the symmetry of the molecule and increasing its dipole 

moment in absorption and emission by ~4 fold. This increased its rate of radiative de-

excitation by ~20 times. In addition, the twisted shape of the molecule prevents 

intermolecular interactions and concentration effects from affecting the luminescence. 

This results in an efficient solid-state photoluminescence quantum yield of 31%. 

 

This thesis also includes an investigation into phosphorescent polymer dendrimers, 

designed to have suitable viscosities in solution for inkjet printed OLED applications. 

A photophysical study of the intra-chain aggregation effects on the luminescence was 

undertaken in both homopolymers and copolymers with high energy gap spacer units. 

Using double dendrons to increase the steric protection of the luminescent cores, the 

best homopolymers achieved 12.1% external quantum efficiency (39.3 cd/A) at 100 

cd/m2 brightness and the best co-polymer achieved 14.7% EQE (48.3 cd/A) at 100 

cd/m2. This compares favourably with 11.8% EQE for the best phosphorescent 

polymer and 16% for the best solution processed dendrimer OLED previously 

reported. 

 

Finally I have applied a solution processed enhancement layer to silicon photodiodes 

to enhance their ultraviolet response. Using a blend of materials to give favourable 

absorption and emission properties, 61% external quantum efficiency was achieved at 

200 nm, which is better than the 20-30% typical for vacuum deposited lumogen 

enhancement layers used commercially. 
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1. Introduction 
 

The word plastic is originally Greek and refers to materials that are easily shaped or 

moulded such as wax or clay. Today plastic normally refers to organic (carbon based) 

polymers which have these properties. By injection moulding, stamping or extruding 

these materials can be used for making many of low cost mass produced items in our 

daily lives. However, in addition to allowing low cost manufacturing, polymers can 

also provide us with unique materials properties. Poly-paraphenylene 

terephthalamide, better known as Kelvar is such a polymer which has a yield stress 

per unit weight more than 5 times higher than steel. It has been crucial for the 

development of modern body armour as well as being useful in many engineering 

applications. Polytetrafluoroethylene (PTFE) or teflon is highly resistant to chemical 

attack, making it useful for laboratory equipment, but this also leads to having non-

stick properties allowing it to be used to lubricate joints without the need for oil and in 

non-stick cookware. These materials have properties that mean that instead of merely 

responding to an existing need, they have helped to define the products and 

applications they have been applied to. 

 

Organic semiconductors, sometimes referred to as plastic electronics, are another 

revolutionary set of materials. They come in the form of conjugated polymers or small 

molecules that can conduct electrical currents and absorb and re-emit light. They can 

be applied in many of the applications of traditional inorganic semiconductors such as 

transistors [1], light emitting diodes [2] and photovoltaics [3]. However, unlike their 

inorganic counterparts they are amorphous and can be deposited from solution [4]. 

This means that they can be deposited over large areas quickly and at low cost but 

also that they can take advantage of technologies including ink jet, screen, 

flexographic and gravure printing for patterned deposition of optoelectronic devices. 

When combined with the fact their amorphous structure makes them flexible this 

opens up new areas of application. 

 

Progress in the field of organic semiconductors has resulted from improved device 

design but also from improvements in the materials used. Organic chemistry is very 

flexible and capable of producing an almost endless variety of molecules which can 
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be used to drive progress. Much of the work in this thesis would not have been 

possible without the efforts of synthetic chemists who provided many of the new 

materials for photophysical investigation and device fabrication.  

 

Given the large number of possible materials one clearly needs to adopt a systematic 

approach to material design. Dendrimers which consist of a core, dendrons and 

surface groups, are one example of such an approach [5]. These molecules are 

designed primarily for light emission and so they use a highly emissive central core. 

However, without isolation from neighbouring molecules, the emission from the core 

can be quenched. In addition the chosen cores are optimised for their emissive 

properties and so are often only sparingly soluble. These issues are addressed by using 

sterically bulky dendrimer arms with solubilising groups. As the core and dendrons 

can be changed independently of one another this allows us to optimise both parts of 

the molecule independently. 

 

The research in this thesis explores how organic semiconductors interact with light, in 

particular their luminescent properties. A major theme of the work (Chapters 6 and 7) 

is focused on the development of materials for organic light emitting diodes (OLEDs) 

for display and lighting applications. The photophysics of the molecules determine 

their maximum effectiveness these applications, as well as adding to our basic 

scientific understanding. It is thus important to understand them both as isolated 

molecules in solution and in solid thin films that can be used to make devices. 

 

In Chapter 2 I present an overview of organic semiconductors and many of their 

applications including transistors, solar cells, lasers and optical amplifers. Chapter 3 

then focuses in on organic light emitting diodes in more detail. Chapter 4 covers the 

experimental methods used to investigate the photophyics of the materials studied and 

the fabrication of OLED devices. 

 

I begin the experimental chapters in Chapter 5 with an investigation of the 

photophysical properties of a planar molecule triphenylene in comparison to a twisted 

counterpart, 1,4,5,8,9,12-hexamethyltriphenylene. Triphenylene naturally only has 

weak emission and absorption because its symmetry means that it does not couple 

strongly to light via the dipole transistion. Planar molecules also have a strong 
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tendency to stack on top of one another due to their shape. I show that a simple 

substitution to the molecule can dramatically enhanced its emissive properties by 

changing the symmetry of the molecule and by preventing planar π stacking in the 

solid state.  

 

Chapters 6 and 7 introduce phosphorescent polymer-dendrimers, which have been 

developed for ink-jet printed OLED applications. Phosphorescence is important for 

electroluminescent materials as it allows the emission from all excited states 

regardless of their spin state, whereas most organic materials are fluorescent and are 

limited to only harvesting a fraction of these states. This limits the efficiency of most 

OLEDs based on fluorescent conjugated polymers. These two chapters follow the 

development of a class of phosphorescent polymers which aim to take advantage of 

the higher viscosity of polymer solutions, which is required for ink-jet printing, while 

also increasing emission efficiency using phosphorescence. These materials take the 

form of a polymer backbone with pendant dendimers and so I also investigate the 

effects of the dendrimer structure on the photophysics of the materials.  

 

Chapter 6 focuses on homo-polymers, which all have the same emissive repeat unit, 

while Chapter 7 focuses on copolymers, where some higher energy spacer units have 

been introduced. These higher energy spacers help to separate the emissive cores, 

reducing concentration quenching, and can also be chosen to improve charge transport 

through devices. 

 

In Chapter 8 I apply luminescent polymers to the problem of enhancing the ultra-

violet response of silicon photodiodes. As the UV response of silicon photodetectors 

is very poor silicon photodiodes and charge-coupled devices (CCDs) are often coated 

with luminescent layers to down convert incident light to longer wavelengths. 

Normally these layers are deposited by high cost vacuum deposition techniques but in 

this chapter I show that good performance can be achieved through lower cost 

solution processing. By optimising a blended organic layer to provide even UV 

absorption, along with emission at a wavelength where the photodiode is more 

sensitive I take advantage of the well understood and efficient silicon technology 

combined with the adaptability and low cost processing of an organic semiconductor 
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blend. This is an example of a hybrid semiconductor device that exploits the 

complementary properties of organic and inorganic semiconductors [6, 7]. 

 

This thesis therefore explores the photophysical properties of solution processable 

luminescent materials and their use in devices. Much of this work puts an emphasis on 

controlling aggregation in order to produce efficient emission in the solid state. The 

other main themes are the systematic study of new families of materials and new 

applications were easily processed organic semiconductors could have a significant 

impact. 

 

1. Yan, H., et al., A high-mobility electron-transporting polymer for printed 

transistors. Nature, 2009. 457(7230): p. 679. 

2. Grimsdale, A.C., et al., Synthesis of Light-Emitting Conjugated Polymers for 

Applications in Electroluminescent Devices. Chemical Reviews, 2009. 109(3): p. 897-

1091. 

3. Spanggaard, H. and F.C. Krebs, A brief history of the development of organic 

and polymeric photovoltaics. Solar Energy Materials and Solar Cells, 2004. 83(2-3): 

p. 125-146. 

4. Forrest, S.R., The path to ubiquitous and low-cost organic electronic 

appliances on plastic. Nature, 2004. 428: p. 911. 

5. Burn, P.L., S.C. Lo, and I.D.W. Samuel, The development of light-emitting 

dendrimers for displays. Advanced Materials, 2007. 19(13): p. 1675-1688. 

6. Yang, Y., G.A. Turnbull, and I.D.W. Samuel, Hybrid optoelectronics: A 

polymer laser pumped by a nitride light-emitting diode. Applied Physics Letters, 

2008. 92(16): p. 163306. 

7. Currie, M.J., et al., High-efficiency organic solar concentrators for 

photovoltaics. Science, 2008. 321(5886): p. 226-228. 
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2. Organic Semiconductors 
 

2.1 Overview .................................................................................................................. 5�
2.2 Semiconductors ........................................................................................................ 5�
2.3 Organic Semiconductors .......................................................................................... 7�
2.4 Charge Transport ................................................................................................... 12�
2.5 Excited States: Excitons ......................................................................................... 14�
2.6 Organic Semiconductors for Devices .................................................................... 16�
2.7 Conclusion ............................................................................................................. 20�
2.1 Overview 
This chapter contains an overview of the importance of semiconductor technology and 

the development of organic semiconductors together with a discussion of the desired 

properties of these materials for applications in solution-processed light-emitting 

diodes. Section 2.2 outlines the applications of semiconductor technology and section 

2.3 introduces organic semiconductors, which are promising materials for low cost 

and high efficiency semiconductor devices. Charge transport organic semiconductors 

is discussed Section 2.4, which is critical for organic electronics, and emissive excited 

states or excitons are discussed in Section 2.5. Finally an overview of many possible 

types of organic devices is given in Section 2.6. 

2.2 Semiconductors 
Semiconductors are extremely useful materials that are named for their capacity to 

function as either conductors or insulators depending on the conditions they are 

placed under.  This property arises because they have a band gap, an energy gap 

where there are no allowed electronic states.  

 

Conductors, such as metals, have a continuous electronic density of states meaning 

that an electron can easily be promoted to an effectively infinitesimally higher energy 

state with a different momentum allowing conduction even at very small applied 

fields. For semiconductors to conduct, either sufficient energy must be put in (in the 

form of heat or light) to excite carriers across the energy gap, or the carrier density 
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must be changed by moving the Fermi level away from the centre of the band gap by 

doping or injecting carriers from the electrodes. These properties allow 

semiconductors to be used as temperature sensors, photodetectors or switches. Taken 

together with the fact that they can be formed into compact and reliable solid state 

devices they have created a revolutionary technology. By allowing the development 

of the transistor by John Bardeen and Walter Brattain in 1947 [1] and subsequently 

the development of the microchip these materials have changed the shape of the 

modern world. 

 

The majority of this thesis concerns the interactions of semiconductors with light. 

When a semiconductor absorbs a photon above the band gap energy, it promotes an 

electron to a state above the band gap and leaves behind an unfilled energy state. In 

semiconductor terminology this excited electron is simply called an “electron” and the 

empty state is called a “hole”. As the remainder of the electrons in the material, and 

the nuclei whose charges they screen, can be seen as a passive background we 

normally consider only these two entities and their properties. 

 

By separating the electron and hole and extracting them from different sides of the 

device (the cathode and anode respectively) a current and voltage can be produced 

allowing electrical power to be generated. Using heat to produce this electron-hole 

pair allows thermoelectric devices [2] via the Seebeck effect [3] and using light allows 

us to make solar cells [4]. These are extremely useful for addressing the world’s 

current energy needs as well as the demand for portable energy sources. Any device 

that produces electrical current in response to a stimulus can also be used as a sensor. 

In this way semiconductors can be used as compact temperature sensors or 

photodetectors. Combined with the ability of semiconductors to act as transistors and 

logic gates, this allows the manufacture of compact imaging devices such as the now 

ubiquitous charge-coupled device or CCD. 

 

Instead of separating charges produced by an incident photon we can instead make a 

device where electrons and holes are injected and light is emitted when the carriers of 

opposite polarity meet up and recombine. This allows us to produce a light source. 

Typically this takes the form of a light-emitting diode or LED [5] however light-

emitting transistors are also possible [6]. In photovoltaic devices it is important that 
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the charges are separated quickly before they have a chance to recombine and decay 

either radiatively or non-radiatively. In a light-emitting device the priority is instead 

that the charge carriers recombine efficiently and that radiative decay dominates over 

wasteful non-radiative decay processes. Due to these different requirements different 

materials and device structures are used for photovoltaic and light-emitting 

applications. For much of this thesis I will concentrate on light-emitting materials, and 

in particular how their radiative properties can be enhanced so they can be used in 

devices. 

 

In materials which are good emitters strong coupling to light via an electric dipole 

transition means that they are often also efficient absorbers of light. By using higher 

energy photons than the bandgap the material can be excited and then it can relax 

again by emitting a lower energy photon. This effect is called photoluminescence and 

is the basis of “day glow” and fluorescent paints which absorb ultra-violet or blue 

light and then emit it at longer wavelengths and so appearing to glow with their own 

light. Photoluminescent materials can be used for all optical devices because of 

stimulated emission. This is when the emissive electronic transition is induced by 

light of the same energy as the emitted light. If the emitted light is passed further 

through the material even more emission can be induced. This allows us to create 

medium in which there is optical gain allowing optical amplifiers or, if feedback is 

introduced to allow the light to pass through the material multiple times, lasers. 

2.3 Organic Semiconductors 
Organic chemistry refers to the chemistry of carbon based systems. Carbon is 

tetravalent meaning it requires four pairs of bonding electrons to complete its outmost 

shell. Carbon can therefore form single, double and triple bonds as well as forming 

conjugated systems. This makes carbon an excellent building block to form to form 

long polymer chains and macromolecules.  

 

Carbon also easily forms strong bonds with nitrogen and oxygen, due to similar 

atomic size and well matched energy levels. This allows for functionalistion of the 

bare carbon skeleton. The increased electro-negativity of these elements allows the 

creation of dipoles for hydrogen bonding which increases solubility in water as well 
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as intra-molecular bonds that are critical for biological molecules in aqueous 

environments such as proteins, enzymes and deoxyribonucleic acid (DNA). Finally 

carbon is a readily available material with a well understood chemistry. Carbon 

compounds can readily be made from oil and extensive investigations into it’s 

chemistry have been make in order to understand life and produce pharmaceuticals as 

well as making plastics for a wide variety of applications. 

 

The electrons in a carbon atom are organised into the orthogonal 1s, 2s, and 2p 

orbitals. The two electrons in the 1s orbital have the lowest energy and sit closest to 

the carbon’s nucleus meaning they have has no significant overlap with the orbitals of 

neighbouring atoms and so do not contribute to bonding. The second and outermost 

shell of orbitals contain the four electrons that allow carbon to bond to other atoms. 

For an isolated atom these electrons can be said to occupy the 2s zero orbital angular 

momentum and the three 2p orbitals (which have one unit of orbital angular 

momentum each in one of three orthogonal directions). The electrons are distributed 

with 2 in the 2s orbital and two spread among different p orbitals. When carbon is 

bonded to 4 atoms by σ single bonds, as in the case of diamond or methane, it forms a 

tetrahedral structure in which all the bonds are equivalent. In this state the orbitals are 

said to be hybridised into degenerate sp3 orbitals formed from linear combinations of 

the 2s and 2p orbitals. Each of these sp3 orbitals contains one electron and allows the 

correct symmetry for tetrahedral bonding. In a double bonded system the carbon 

atoms form three single bonds at 120 degrees in one plane and the double bonding  

occurs between the 2p orbital that lies out of the plane. The three single bonding 

orbitals are said to be sp2 hybridised as they are formed from combinations of the s 

orbital and 2 of the p orbitals leaving the remaining p orbital free to form π double 

bonds and contribute to a conjugated system. The tetrahedral arrangement of sp3 

carbon and the planar arrangement of sp2 carbon are illustrated by the 3D diagrams of 

ethane and ethene, respectively, in Figure 2.1. An illustration of how the p orbitals 

overlap in a π double bond system is shown below in Figure 2.2. When the p orbitals 

are in phase a π bond is formed that is filled by the 2 electrons left over from the 

single bonds. In ethane this is the highest occupied molecular orbital or HOMO. 

When the two p orbitals are out of phase they create a higher energy π* anti-bonding 
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orbital which is empty in ethene making it the lowest unoccupied molecular orbital or 

LUMO. 

 

Figure 2.1 The molecular structures of ethane and ethene illustrating tetrahedral 

and planar bonding for sp3 and sp2 hybridised carbon respectively. This 

graphic was created using Chem3D Pro 12.0. 

 

π*

HOMO LUMO

π

 

Figure 2.2 An illustration of the π bonding Highest Occupied Molecular Orbital 

(HOMO) and π* anti-bonding Lowest Occuptied Molecular Orbital (LUMO) 

in ethene. This graphic was created using Chem3D Pro 12.0. 

 

By adopting a configuration of alternating single and double bonds, carbon atoms can 

form conjugated chains (such as polyacetylene) or rings (such as benzene, or larger 

systems like perylene) which are shown below in Figure 2.3. Conjugated systems do 

not in fact actually consist of alternating fixed double bonds and single bonds, instead 
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the p orbitals from the double bonds are delocalised over the length of the conjugated 

system.  This is shown in Figure 2.4. This delocalisation means that if the molecule is 

charged by the addition or removal of an electron (known as reduction or oxidation) 

that charge is said to be stabilised. This is because there is a lower electrostatic energy 

associated with a charge if it is spread over a larger area in the same way that the 

capacitance of a metal plate increases with its size. 

 

Figure 2.3 The molecular structures of the conjugated molecules polyacetylene, 

benzene and perylene. 
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Figure 2.4 The phase relationship between p orbitals in ethene and in a short 

conjugated chain of 4 carbon atoms (1,3-butadiene). Each molecular orbital can 



Chapter 2 – Organic Semiconductors 

 11 

hold 2 electrons and each carbon contributes 1 electron meaning that half the π 

orbitals are filled. 

 

π bonds between adjacent atoms have are formed from atomic p orbitals, which have 

lower orbital overlap than the s orbitals that make up σ bonds. This means that when 

the energy levels of the p orbitals are split by the interaction between the 

neighbouring atoms the energy gap between in phase π and out of phase π* orbitals is 

smaller than for σ and σ* orbitals. As a result there is a lower energy cost associated 

with promoting a π electron to a π* orbital than there would be for σ and σ* electrons. 

It also lowers the energy cost of adding or removing an electron from the system 

meaning the molecule can be reduced or oxidised more easily. Crucially the fact that 

the π electrons sit above and below the line between the nuclei also means that the 

anti-bonding repulsive interaction is weaker in π* systems than σ* systems which 

means that electrons can be promoted into these anti-bonding orbitals without causing 

the molecule to break apart. In conjugated systems these advantages are increased as 

the phase between individual p orbitals can be varied more slowly than between two 

atoms as is the case in ethene. This is illustrated in Figure 2.4 above. 

 

The phase difference between the p orbitals of each individual carbon determine the 

energy level of the orbitals and whether there is an attractive (bonding) or a repulsive 

(anti-bonding) force between the atoms. From Schrödinger’s equation we know that 

the second derivative of the wave function is related to the kinetic energy of the 

orbital from Schrödinger’s equation. This is shown in Equation 2.1 where ψ  is the 

wavefuntion, E is the energy of the wavefunction, Ĥ is the Hamiltonian, � is the 

reduced Plank constant, m is the mass of the electron and V is the electrostatic 

potential at a position r.   

 

( ) ψψψ ⎟
⎠

⎞
⎜
⎝

⎛ +∇−== rV
m

HE 2

2
ˆ �

      [2.1] 

 

This means that the greater the phase difference between p atomic orbitals there is, in 

a given molecular orbital, the higher its kinetic energy is likely to be. This also means 

the more nodes there are in a conjugated system the higher the energy of the orbital. 
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As a node is a point where the wavefunction has opposite phase on either side, these 

imply a larger phase difference along the molecule. In addition the nodes in the 

wavefunction are regions where there is no electron density as the modulus of the 

wavefunction is zero here. With low electron density between the atomic nuclei there 

is reduced screening of the positive nuclear charges and less attraction of both nuclei 

towards the electron cloud between them. This reduces the attractive interaction 

between nuclei and can leave an overall repulsive force resulting in an anti-bonding 

orbital. 

 

In conjugated systems, like the one in Figure 2.4, as the length of the conjugated chain 

increases the difference in the phases of neighbouring atoms between the HOMO and 

the LUMO decreases. This means a smaller band-gap and less repulsive force 

between the atoms in the LUMO, making the excited or charged states more stable. In 

addition the extended conjugated system stabilises charged states by spreading out the 

net charge. Taken together this leads to organic conjugated molecules being able to 

act like semiconductors. This was first demonstrated in perylene in 1954 by Hideo 

Akamatu et al. [7] and later in polyacetylene in 1977 by Hideki Shirakawa et al. [8]. 

These researchers found that by doping these molecules with halogens they could 

introduce free charge carriers into the materials and increase the conductivity by 

several orders of magnitude. 

 

2.4 Charge Transport 
 

Charge transport in organic semiconductors occurs when a molecule in a charged state 

transfers its charge to one of its neighbours or when one part of a polymer chain 

transfers the charge to the next segment. This charged state is called a polaron after 

the distortion introduced in the lattice of a dielectric crystal in response to a charge, an 

idea developed by Landau [9]. This distortion occurs as like charged ions in the 

structure move away from the free charge and oppositely charge ions to move towards 

it. This has the effect of screening the free charge and also reducing the energy of the 

charged system. As the energy cost of this distortion must be paid again if the charge 

moves this creates a local potential well that must be overcome every time the charge 
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moves from site to site. The energy required to overcome this barrier comes from 

thermal vibrations of the molecules and the electric field across the organic device. 

This leads to temperature and electric field dependence of the mobility in organic 

materials. 

 

The ease with which charge carriers can move from site to site is determined partly by 

this polaron energy but also by the extent to which the polaron’s wave function 

overlaps with that of the site it is hopping to [10]. Although the quantum mechanics of 

calculating the overlap of the charged state and the uncharged site may be 

complicated, in general this means the shorter the distance between sites the higher 

the hopping rate [11]. It is also important where exactly the polaron sits on the 

molecule and that the molecules are correctly oriented [12]. This means that charge 

transport in polymers can be strongly dependent on the chain alignment [13] as a 

result of processing conditions and subsequent annealing. It also means that the 

mobility is likely to be anisotropic in polymers as the polymer chains tend to lie 

horizontally in the plane of the substrate. More broadly, as most organic systems are 

disordered, the orientation and distance dependence greatly complicates any attempt 

to model charge mobility although recent efforts have attempted to take it into account 

explicitly [14, 15]. 

 

In addition to the positional disorder, organic systems contains molecules in many 

different conformations and environments. This creates shifts in the HOMO and 

LUMO levels of the individual molecules and some energetic disorder from site to 

site. In addition some of the sites may be chemically different, for example due to the 

presence of oxidised polymer units or impurities. Together these broaden the density 

of states for electron and hole transport and add to the temperature dependence of the 

mobility. The presence of trap sites, that can potentially be filled at higher carrier 

concentrations, also leads to a charge carrier density dependent mobility [16]. 

 

All of these effects taken together mean that it is important to measure the charge 

transport of materials for organic devices under the conditions they are expected to 

operate as the mobilties for electrons or holes may vary markedly depending on 

whether a device is a transistor making use of low electric fields and high carrier 
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densities with charges flowing horizontally, parallel to the substrate, or an LED which 

has higher fields and lower charge densities flowing vertically [17]. 

 

Typical mobilities in amorphous semiconductor materials, such as those used in 

Chapters 6 and 7 in the range of 10-3 to 10-6 cm2/Vs. Highly ordered crystalline 

organic semiconductors can reach values of up to 50 cm2/Vs. This is still low 

compared to crystalline inorganic semiconductors which have mobilities of about 103 

cm2/Vs [18]. 

2.5 Excited States: Excitons 
 

As was described in Section 2.2, when light is absorbed by a semiconductor 

promoting an electron from the conduction to the valance band an electron and a hole 

are formed. These charged quasi-particles attract each other electrostatically and can 

form a bound state (called an exciton) in which they orbit one another [19, 20]. In 

typical inorganic semiconductors the dielectric constant of the material is high and so 

the binding energy of the electron hole pair is relatively low, meaning that the initial 

photon energy or thermal vibrations can easily dissociate the exciton and form free 

charges. Exciton formation in these materials can be seen when the material is excited 

below the bandgap energy at low temperatures. As the binding energy reduces the 

required photon energy for absorption, “excitonic” absorption bands can be seen in 

the region where the photon does not have quite enough energy to cross the bandgap. 

 

When these exictons are formed the high dielectric constant means that the electron 

and hole orbit each other at a large radius, several times the lattice spacing. This 

means the electrostatic force between the particles can be thought of as resulting from 

the averaged lattice and thus the bulk dielectric constant can be used. These excitons 

are said to be Mott – Wannier excitons and they have a binding energy simply given 

by the binding energy for charges in a dielectric medium. This is similar to the 

formula for the energy levels of the hydrogenic atom in free space and is given below 

in Equation 2.2. Where bindingE is the exciton binding energy, e  is the electronic 

charge, *m  is the reduced effective mass of the electron-hole system, h is Planck’s 



Chapter 2 – Organic Semiconductors 

 15 

constant, ε  is the dielectric constant and n is an integer which represents the various 

possible allowed exciton orbital states. 

 

222

4

2

*

nh
me

Ebinding ε
=         [2.2] 

 

In materials with lower dielectric constants the exciton radius is smaller due to the 

higher binding energy and so the crystal lattice cannot simply be averaged over and 

this simple model cannot be used. These are referred to as Poole - Frenkel excitons.  

 

Organic semiconductors have low dielectric constants and they are not extended 

systems with periodic lattices. This means that the emissive state is not free electron 

holes recombining but localised excitons. Their excitations are related to the 

molecular orbitals described more fully in Section 2.3. The exciton is not well 

described as an electron and hole orbiting each other but instead as an excited state of 

the entire molecule. A third intermediate type of excition exists in donor-acceptor 

molecular blends, like those used in organic photovoltaics, called a charge transfer 

(CT) exciton. CT excitons are delocalised across a pair of donor acceptor molecules. 

 

When the light is first absorbed it can be thought of as an instantaneous transition 

from the HOMO to the LUMO of the molecule. However once the molecule is 

excited, the nuclei will relax in a manner similar to a polaron described in Section 2.5 

to a new more energetically favourable conformation. This is illustrated using the 

Franck–Condon diagram shown below in Figure 2.5. Both the ground state and the 

excited state have vibronic energy levels, which are oscillations about their preferred 

geometry. As the LUMO of the molecule is calculated using the ground state 

positions for the nuclei it is not the preferred excited state geometry and it is coupled 

to it by movements of the nuclei or vibronic modes. Once the exciton has settled in 

this state it can decay back to the electronic ground state, however the nuclei are now 

out of position for the preferred ground state and the molecule once again ends up in a 

vibrationally excited state and the nuclei have to relax back. 
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Figure 2.5 The Frank-Condon diagram illustrating the vibronic modes of the 

ground and excited electronic states and the transitions between them. 

 

The result of these molecular relaxations is that the energy of the emitted light from 

an organic semiconductor will be lower than the excitation energy from absorbed 

photons. The difference between the optical absorption of a material and its emission 

is known as its Stokes shift. 

2.6 Organic Semiconductors for Devices 
 

Organic semiconductors have a band gap energy that naturally lies close to the visible 

part of the spectrum. For this reason organic molecules have long been used as dyes. 

An example of an organic dye is porphyrin which derives its name from the Greek 

word for purple and in the form of the iron complex haem is responsible for the colour 

of red blood cells. The black colour of coal and pencils comes from extended 

conjugated graphene type systems which have a small enough band gap that they 

efficiently absorb right across the visible spectrum. The favourable band gap energy 

of organic semiconductors combined with strong dipole moments, which allow 
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efficient coupling to light, make them attractive materials for applications involved in 

inter-converting light and electricity, also known as optoelectronics.  

 

Another key advantage of organic semiconductors is that they can be readily 

functionalised or modified using the wide range of techniques available from 

synthetic organic chemistry. This allows excellent control over light-emitting and 

physical properties by modifying the structure of the molecules to suit the needs of the 

application. Organic synthetic techniques can produce the desired materials in large 

quantities. In addition organic materials do not require carefully grown defect free 

crystals that are commonly used in inorganic semiconductors. Large quantities of the 

material can easily be produced and stored without the final substrate even being in 

sight allowing the construction of separate facilities for synthesis and device 

fabrication.  

 

Finally some organic molecules can be readily dissolved in organic solvents, which in 

addition to being a boon for organic chemists, allows easy processing of materials. 

The semiconductor can be dissolved in a volatile solution and coated by spin casting, 

doctor blading or even ink-jet printing [21] in a manner that is far lower cost than 

sophisticated chemical vapour deposition or molecular beam epitaxy techniques 

required for growing inorganic semiconductor crystals. The fabrication of entire 

arrays of light-emitting diodes to form a single display of usable size [22] become 

possible via ink-jet printing in a way that wouldn’t be economical for inorganic 

devices. Solution-processing also allows compatibility with a wider range of 

substrates, which together with the flexibility of organics allows fully flexible 

electronic devices [22]. 

 

Not all organic molecules are soluble in common solvents or suitable for solution 

processing. Today much work is done using organic molecules that are only sparingly 

soluble in most solvents and do not form good films when spin cast. These small 

molecules tend to be deposited by thermal evaporation in high vacuum which is a 

relatively high cost processing technique. Small molecules have also been used to 

form high purity single crystals however the slow growth of these crystals means that 

they are not really suited for solution-processing on a large scale. The majority of 

solution processable organic semiconductors take the form of much higher molecular 
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weight polymers and oligomers, however solution processible dendrimers have also 

been developed. These molecules use a small molecule core surrounded by dendron 

arms which help protect the core from quenching interactions with its neighbours and 

help solubilise it. They are discussed in detail in Chapter 3. 

 

Organic semiconductors have been successfully used in a wide range of 

semiconductor devices including transistors [23, 24], light-emitting diodes [25, 26], 

solar cells [27, 28] and lasers [29]. Organic transistors, LEDs and solar cells are now 

being produced commercially and organic lasers are now efficient and compact 

enough to be pumped by a single inorganic LED [30]. Organic light-emitting diodes 

are described in detail in chapter 3 but a basic overview of the other devices is given 

below.  

 

Organic field effect transistors work by using a gate electrode that is insulated by a 

dielectric to populate the organic layer with charge carriers. A typical device structure 

is shown in Figure 2.6. Once populated the material is conducting and charge carriers 

can easily flow between source and drain. Aside from the obvious use of this device 

as a switch or amplifier OFETs are also used to study charge transport in organic 

semiconductors. The charge density in the organic layer is known (as it is balanced by 

the charge on the gate electrode) and so by measuring the source to drain current the 

carrier mobility in the plane of the substrate can be measured. 

 

Substrate

- - - - - - - - Gate - - - - - - - -
Dielectric

Hole current

Source Drain

+ + + + + + + + + + + + + +

Organic
Layer

 

Figure 2.6 A typical p-type organic field effect transistor architecture. 

 

Organic solar cells make use of a pair of materials called a donor and an acceptor. The 

purpose of the donor and acceptor is to have a mismatched HOMO and LUMO level 
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to split the excitons resulting from the absorbed phonons. The excited electron will 

transfer to the material with the lower LUMO (the acceptor) and the resulting hole 

will transfer to the material with the higher HOMO level (the donor). This is shown in 

Figure 2.7(a). An advantage of solution-processed organic semiconductors is that they 

can interpenetrate one another creating a bulk hetrojunction with a larger surface area, 

where excitons can be split, compared to evaporated organic devices. A typical device 

structure is shown in Figure 2.7(b). 
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Figure 2.7 The band structure (a) and device structure (b) of a typical bulk 

hetrojunction organic solar cell 

 

The key requirement for lasing is a material that can produce optical gain. This is 

achieved in a laser through stimulated emission, when a photon passing through the 

medium increases the rate at which other photons of the same wavelength are emitted. 

In a two level system the molecules that are unexcited will also absorb light at this 

wavelength thereby attenuating the light. This means that unless more molecules are 

in the excited state and ready to emit than are in the final state and ready to absorb the 

light, the material will not provide gain. This required distribution of molecular states 

is called a population inversion and cannot be achieved in a two level system. 

Fortunately, as shown in Figure 2.5, the vibronic relaxations of the excited state and 

ground state after transistions create a four level system in organic semiconductors 

and thus gain is possible. This allows the creation of optical amplifiers [31] and, by 

using a light pulse to depopulate the emissive level for short periods of time, optical 

switches [32]. 
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If feedback can be provided so that the gain from each pass can be recycled then a 

laser can be produced. In organics we can take advantage of the fact that the organic 

layer typically has a refractive index of ~1.8, which is higher than a glass substrate, 

and allows waveguiding within the sample. Feedback can be introduced by etching a 

Bragg grating structure onto the substrate or by pressing the pattern into the lasing 

layer using a soft lithographic stamp this is shown in Figure 2.8. The Bragg grating is 

of a period choosen so that the first order scattering outcouples the laser beam and the 

second order scattering provides in plane feedback. This has allowed compact, 

solution processable lasers to be made in a range of colours [29]. 

 

In Plane Feedback

Out of Plane Out Coupling

Lower index substrate

Higher n organic

Optical Pumping  

Figure 2.8 A typical organic laser using an in plane Bragg grating to provide 

feedback. 

2.7 Conclusion 
 

In this chapter we have highlighted the versatility of existing inorganic semiconductor 

technology and its importance to the modern world. We have also introduced organic 

semiconductors as a new class of materials that offer much of the same functionality 

as conventional inorganic semiconductors, together with many advantages in terms of 

flexibility and low cost processing. 

 

Much of the reason for the success of organics is that modifications to the chemistry 

allows the development of new materials. Both solution-processing and thermal 
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evaporation allow emissive guests to be blended with charge transport hosts for 

greater OLED efficiency or acceptors to be blended with donors for efficient charge 

separation in solar cells. In polymers solar cells, for example, much attention is also 

paid to phase separation and ways to control it by varying solvent mixture and thermal 

annealing regimes. 

 

This flexibility, combined with ease of solution-processing means that organic 

electronics is an area that is likely to have many commercial applications. 
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3.1 Introduction 
 

In the previous chapter on organic electronics I discussed the basics of light emission 

and charge transport in organic materials. By placing a thin ~100 nm layer of an 

emissive, semiconducting material between two electrodes we can electrically excite 

its luminescence and create an Organic Light Emitting Diode (OLED) [1]. Like their 

inorganic LED counterparts, OLEDs have significant practical applications. At 

present OLEDs are being developed commercially and have been deployed to replace 
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liquid crystal displays in mobile phones, cameras and televisions. The first OLEDs for 

lighting products are available commercially and in the near future are likely to offer 

an alternative to fluorescent and halogen lights. 

 

In Section 3.2, I will discuss how to characterise an OLED and determine its fitness 

for display and lighting applications. In Section 3.3 I will introduce an overview of 

light emission in OLEDs and the parameters that result in good OLED efficiency. The 

development of materials for OLEDs is discussed in Section 3.4 and the design of 

OLED device structures is covered in Section 3.5. 

3.1.2 OLEDs vs. LCD Displays 

 

The main flat screen display technology in use at the moment is the liquid crystal 

display (LCD). Colour LCDs work by having a series of colour filters in front of a 

backlight and modulating the light transmission through each pixel. This is achieved 

by using electric fields to change the orientation of the molecules in the liquid crystal 

and their birefringence properties. This allows variable amounts of light to be 

transmitted through crossed polarising filters. This scheme is shown below in Figure 

3.1. Unfortunately this means that there are significant loses in the light from the back 

light: half of the light is lost at the first polariser, assuming the liquid crystal is 100% 

efficient and rotating the transmitted light there are no losses there or at the second 

polariser but a minimum of 2/3rds of the light must be lost at the colour filter. This 

means in optimal cases and when the screen is showing white only 1/6th of the light 

emitted by the backlight can reach the viewer.  

LCD Pixel OLED Pixel

Backlight

Polariser 1

Liquid Crystal

Polariser 2

Colour Filter  

Figure 3.1 A comparison of the structure of an LCD pixel to an OLED pixel. 
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In addition if a white (rather than narrow line width red, green and blue LED) 

backlight is used the narrower the colour filters, and greater the colour purity, the 

more light is lost. This makes LCD displays intrinsically less bright and more limited 

in their colour purity than OLED displays which control the brightness of the pixel 

directly.  

 

The LCD system is thick and this limits the possible viewing angle and takes up space 

in compact devices. By contrast the OLED device can be less than a micron thick and 

so has no viewing angle issues. Finally when showing blacks the LCD display is 

wasting the backlight power as it simply shutters off the backlight. This process is 

also imperfect allowing some light to leak through and limiting the contrast ratio. 

OLEDs are off when the pixels are not required, saving power and giving better 

contrast ratios. OLEDs can achieve ratios of 1,000,000:1 compared in the dark to only 

10,000:1 for LCDs and commercial LCD displays can have a ratio less than 1,000:1. 

Contrast ratios for OLED screens in practice are limited mostly by reflected light [2]. 

Performing well when showing black is a significant advantage when viewing movies 

as darkness and shadow are often used to provide drama in cinema releases. It is less 

important when viewing text, which tends to be black on white. 

 

Another advantage of OLEDs over LCDs is that the liquid crystal can take time to re-

orient in response to the applied field. This can lead to response times of 15-25 

milliseconds per frame. OLEDs can be turned on and off much faster than this and 

have been pulsed as quickly as ~100 ns [3]. In practice the fastest switching speed is 

determined by the capacitances in the pixel and the speed at which the pixels can be 

addressed. In any case this allows faster refresh rates with OLED displays for high 

performance applications where motion tracking is important, for example in 

computer games or watching sport. 

 

Finally OLEDs and organic transistors are compatible with flexible substrates 

allowing flexible displays. This might allow concepts such as flexible “e-paper” but 

also means that the devices are less vulnerable to sudden impacts than rigid LCD 

displays. These are both features that are attractive for portable applications. 
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3.1.3 OLEDs for Lighting 

 

White OLEDs have advantages over fluorescent lighting in power efficiency [4] and 

producing more aesthetically pleasing orange “warm” white colours [5, 6] (see section 

3.2 below). They also have the advantage that they are available in thin layers that 

provide an even light over a large area. This in particular reduces glare and so does 

not require luminaires or light fittings to provide uniform illumination. This means the 

light fittings require less space and avoid efficiency losses associated with luminaires. 

These panels could even be flexible conforming to curved surfaces allowing more 

choices to architects or making it easier to fit lighting to vehicle interiors. The large 

OLED lighting panels move in the opposite direction to inorganic LED lighting which 

uses expensive chips driven at very high brightnesses, due to their high cost of 

fabrication per unit area, increasing glare and the requirement for luminaires. 

3.2 Characterising OLEDs: Device Parameters 
 

An overview of the parameters on which OLEDs are assessed is given here, while the 

experimental details of the determination of the various device parameters are given 

in Chapter 4. 

3.2.1 Power Efficiency 

 

The simplest device parameter to understand is power efficiency. Clearly for any 

given application it is better if a given amount of light can be produced for the 

smallest possible amount of electrical power.  

 

When calculating the useful amount of light put out by a light source we cannot 

simply measure its output in Watts because the human eye is not equally sensitive to 

all wavelengths (as shown in Figure 3.2). We instead need a new unit that measures 

the amount of useful light based on the eye’s perceptions. This perceived brightness is 

measured in lumens or lm and so the power efficiency is measured in lumens per Watt 

or lm/W of electrical power. 
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Figure 3.2 The brightness response of the human eye to incident power at a given 

wavelength. 

 

Like their inorganic counterparts OLEDs are capable of high power efficiency. While 

“energy efficient” fluorescent lighting tubes typically have power efficiencies 60-70 

lm/W, white OLEDs have been demonstrated with over 90 lm/W [4]. OLEDs have an 

advantage because fluorescent lights work by producing blue or ultraviolet light and 

then use fluorescent coatings convert some of this light to longer wavelengths, 

producing overall white light. By contrast a white OLED works by producing white 

emission directly. This is often from multiple emissive materials working together in 

the same device. This means that narrower energy gap materials can be used in 

OLEDs lowering the voltage required to operate the devices and thus the power 

requirements. 

3.2.2 Brightness 

 

The brightness of a device being viewed directly is measured in the number of lumens 

they radiate per steradian in the viewing direction. One lumen per steradian is known 

as a candela. For a point light source viewed from a distance (like a navigation light) 

the brightness is best described in candela using all the light emitted for the device, 

however for extended objected viewed from nearby (like a display) the best measure 

of brightness is in cd/m2. This unit is also referred to as the “nit”. For displays a 
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brightness of 200-300 cd/m2 is a typical maximum brightness and 100 cd/m2 is typical 

of normal usage and so it is best to assess the performance of OLEDs for displays at 

this brightness. 

3.2.3 CIE Colour Co-ordinates 

 

For OLEDs for display applications it is important to describe what colour the display 

will appear to be to the viewer. This is normally expressed as the Commission 

internationale de l'éclairage (CIE) x and y coordinates which measure the relative 

amount of red and green between, 0 and 1, in the spectrum of a device respectively 

[7]. The amount of blue is whatever fraction remains, thus low x and y coordinates 

correspond to blue, low x and high y is green and high x and low y is red. The 

possible colours that can be produced using this coordinate system are plotted on the 

1931 CIE colour diagram below. 

 

 

Figure 3.3 The CIE 1931 colour diagram. The x-axis corresponds the fraction of 

red and the y axis corresponds to the fraction of green in a given colour. 

 

The CIE coordinates of a given light source are found by multiplying its power 

spectrum of the source by three functions, )(λx , )(λy  and )(λz , which correspond 

to the colours red, green and blue respectively. These functions are plotted below in 
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Figure 3.4. The green response )(λy  also happens to correspond the eye’s brightness 

response described above in Section 3.2.1. 
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Figure 3.4 The CIE 1931 colour matching functions )(λx (dashed blue line), 

)(λy (thick green line) and )(λz (thin red line). 

 

Using the )(λx , )(λy  and )(λz  functions the amounts of red (X), green (Y) and blue 

(Z) can be determined using the integrals 3.1, 3.2 and 3.3 below. Here ( )λβ  is the 

emission spectrum in units of photons per unit wavelength that has been converted 

into the power per unit wavelength by dividing by the wavelengthλ . 

 

∫= λ
λ

λβλ dxX )()(
       [3.1] 

∫= λ
λ

λβλ dyY )()(
        [3.2] 

∫= λ
λ

λβλ dzZ )()(
        [3.3] 

 

Ignoring the brightness of the source the fraction of green and red response gives the 

CIE x and y coordinates respectively using Equations [3.4] and [3.5] below. This 

allows the colour of the OLED to be plotted on the CIE colour diagram shown in 

Figure 3.3. 
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For colour displays pixels should have the most saturated possible colours possible so 

that they can be used in combination to show the widest possible array of colours. It 

has been a challenge to produce deep blue emitting devices because it can be difficult 

to find suitably high energy band gap materials [8, 9]. This means achieving pure blue 

emission, as well as high efficiency is a key requirement for OLEDs for displays. 

3.2.4 Colour Rendering Index 

 

The faithfulness with which colours are reproduced when illuminated by a light 

source is measured by a number called the colour rendering index or CRI. A value of 

100 is the best possible CRI and corresponds to a reference good quality white source. 

A light which does not have even light emission across the visible may appear white 

when looking directly at it while still being not be useful for trying to illuminate 

coloured objects because parts of the objects reflection spectrum can fall into gaps in 

the emission spectrum of the light source. For displays and signs the colour rendering 

index is not important as the devices will not be used to illuminate objects but are 

designed to be viewed directly. 

 

The phosphors for down conversion in fluorescent lights often give imperfect white 

emission and don’t evenly cover the spectrum. OLEDs typically use materials with 

relatively broad emission spectra giving a more even coverage. The phosphors can 

also let though a relatively large amount of blue light leading to “cold” white light 

which can be less aesthetically pleasing than the “warm” emission that is more 

weighted towards the red from black body emitters like older incandescent light bulbs 

or the sun. As OLEDs do not rely on these phosphors it is easier to modify their 

emission to give a more pleasing neutral or warm orange white. One way of 

quantifying this factor is to try to fit the spectrum to that of the nearest black body 

spectrum to give a “colour temperature” for the light source in Kelvin. Ironically this 
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means that “cool” bluish emission is assigned a high colour temperature (often over 

10,000 K) and “warm” reddish light is assigned a lower temperature (say 3,000 K)! 

3.2.5 External Quantum Efficiency and Luminous Efficiency 

 

For research applications another companion to power efficiency is external quantum 

efficiency, which is the number of photons that are emitted from the device per 

electron passed through it. As is noted later in Section 3.4.4 not all photons escape 

from the device and so if a calculation is performed to find how many photons were 

created within the device we can find the internal quantum efficiency.  

 

External quantum efficiency is a parameter that is useful in a research context but is 

not directly valuable in a finished device. While power efficiency can be improved by 

reducing drive voltage by optimising device thicknesses, cathode and anode materials 

and by choosing high mobility host materials (all of which are discussed further on in 

this chapter) external quantum efficiency provides a measure of how efficient a 

material can be in a device context before this optimisation has been done and so it is 

a measure of the material’s promise. Luminous efficiency per unit current (measured 

in cd/A) is a closely related parameter. For a given emission spectrum or colour of 

device these numbers are related by a simple ratio determined by the human eye’s 

sensitivity to that colour. This means that luminous efficiency values are highest for 

green devices and lower for red and blue devices for a given external quantum 

efficiency. 

3.2.6 Lifetime 

 

Another important parameter for practical devices is the lifetime. The time that a 

device can function at a given initial brightness before its brightness has dropped to 

80% or 50% without changing the drive conditions is the T80 or T50 lifetime. The 

lifetime of OLEDs is affected by the choice of materials used but as these are 

degraded by the leakage of oxygen or water into the device the technology used to 

encapsulate the devices is very important. In addition longer lifetimes can be achieved 

by avoiding the use of reactive metals in the devices as the cathodes. Currently 

lifetimes for OLED displays and lighting panels used commercially are rated to 
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exceed 10,000 hours of continuous use and some exceed 100,000 hours. In practice 

these tests are done using accelerated aging techniques to model performance. 

 

3.3 Light Emission In OLEDs 
 

In order to be a suitable choice of material for use in the emissive layer of an OLED a 

material must first be an efficient light emitter. This is measured by seeing what 

fraction of excitations of a molecule result in the emission of a photon and what 

fraction decay non-radiatively. If an optical excitation is used this number is called the 

photoluminescence quantum yield or PLQY (Φ ) [10, 11].  

 

Provided the electron and hole recombine to form a singlet exciton there is no 

difference between optically excited molecules and electrically excited molecules and 

so the PLQY is a relevant parameter for choosing which materials are suitable for use 

in OLEDs. Unfortunately ~75% of electrons and holes will instead recombine to form 

a triplet exciton, which is non-emissive in ordinary fluorescent emitters. Some 

materials, known as phosphorescent emitters, also allow emission from the triplet 

excitons. This effect is discussed in detail in Chapter 6, which concerns 

phosphorescent polymers. In this chapter the ratio of singlet to total excitons formed 

is expressed as spinη . 

 

For electrical current through an OLED to produce light, electrons and holes must 

recombine rather than simply passing all the way through the device from one side to 

the other. In the best organic devices careful device design means that close to 100% 

of charge carriers recombine effectively. This recombination or capture fraction 

is captureη . 

 

Finally any light emitted by the emissive material must find a way to leave the device. 

Unfortunately solids have higher refractive indexes than air and this leads to a 

situation where emitted light can be trapped in waveguided modes inside the device. 

Organic semiconductors typically have a refractive index of about 1.6-1.8 [12-14] 
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which is lower than most inorganic semiconductors but still poses problems for light 

extraction if no special steps are taken. 

 

In simple planar devices with no out-coupling enhancement the light is trapped in the 

device if it is totally internally reflected at the air interface. Using a ray optical model 

this will happen if the light is emitted outside the escape cone i.e. an angle to the 

normal greater than the critical angle cθ . The condition for internal reflection is shown 

in Equation 3.6. The lower refractive index of the intermediate layers (such as the 

glass substrate) does not allow more light to be extracted as any light passing out of 

the organic layer into the lower index layer will be refracted following Snell’s law 

which keeps the critical angle for light emission in the organic layer exactly the same 

even though the critical angle in the lower index layer gcθ is higher. Thus the formula 

for the critical angle cθ  is given by Equation 3.7 below.  

 

1sinsin == cgglasscorganic nn θθ      [3.6] 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= −

organic
c n

1
sin 1θ         [3.7] 

 

As the cathode is generally reflective in OLEDs any light emitted in this direction at 

less than the critical angle will also be reflected out of the device. This escape cone 

model is illustrated in Figure 3.12 and by integrating over all solid angles it leads to a 

fraction of light being coupled out of the device given by outη  in Equation 3.8. 
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Figure 3.5 The escape cone model of light extraction from an OLED. 
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Using a refractive index of 1.6-1.8 this gives a light extraction efficiency outη  of 22-

17%. Thus ~20 % can be used as a rule of thumb to estimated the extraction 

efficiency of an OLED device. Of course this model uses ray optics in a wavelength 

scale structure and neglects micro-cavity effects arising from reflection and 

absorption at the metal electrode and transparent electrode interfaces [15]. Together 

with refractive index changes with wavelength these effects can lead to significant 

changes in the emission spectrum of devices compared to the emission of isolated 

chromophores [9]. Finally this model has assumed that the emission from the 

molecules in the device is isotropic where-as polymers can be expected to lie in the 

plane of the device and so their emission dipoles cannot be assumed to give isotropic 

emission. 

 

Taking the fraction of charges that recombine captureη , the fraction singlet excitons 

formed (if the material is fluorescent) spinη , the PLQY Φ  and the light extraction 

efficiency outη  the external quantum efficiency of a device is given by Equation 3.9. 

Thus by maximising each of these parameters efficient OLEDs can be produced. 

 

outspincaptureEQE ηηη ×Φ××=Φ        [3.9] 
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3.4 Materials for OLED devices 
 

The very earliest work on organic electroluminescent devices was in 1953 in thin 

crystalline films of acridine orange [16] which was dissolved in cellulose. The first 

reported thermally evaporated organic light emitting diode or OLED was made in 

1987 using 8-hydroxyquinoline aluminium (Alq3) [17]. The first work on solution 

processable organic molecules came in the form of conjugated polymers, initially 

poly(vinylcarbazole) (PVCz, also known as PVK) which was patented in 1976 [18] 

and later published on in 1983 [19, 20] and later poly(p-phenylene vinylene) (PPV) in 

1990 [21]. The chemical structures of acridine orange, Alq3, PVK and PPV are shown 

below in Figure 3.6.  

Poly(p-phenylene vinylene)
(PPV)

Poly(vinylcarbazole)
(PVCz / PVK) 

8-hydroxyquinoline aluminium 
(Alq3)

Acridine orange 

 

Figure 3.6 The structures of materials used in the development of early OLEDs. 

 

As was discussed in Chapter 2, solution processing of OLEDs offers significant 

advantages over thermal evaporation as it is a lower cost fabrication method. 

Unfortunately the complexity of device structures that can be used with solution 

processed materials is limited by the fact that previously deposited layers can be 

washed away during the formation of other layers [22]. This problem can be avoided 
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by using orthogonal solvents for the next layer that will not dissolve the previous one. 

A good example of this is the adding a layer of the water soluble conducting polymer 

poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) or PEDOT:PSS [23]. This 

polymer is often used to improve electrical contact and hole injection at the anode and 

is insoluble in most organic solvents. Alternatively thermal [24, 25] or ultraviolet [26] 

cross-linking can be used to make previous layers insoluble but these add processing 

steps and put extra requirements on the materials used. As solution processing is 

lower cost but multilayer evaporated small molecule devices can have higher 

performance both approaches have been developed over the last two decades. 

3.4.1 Host-Guest Blending 

 

In a single material OLED the emissive material must also be optimised for its charge 

transport properties and it can be difficult to optimise both emissive and charge 

transport properties at the same time. An alternative is to use a second material to 

transport the charge carriers and doping this material with the emissive material. This 

strategy is called host-guest blending. The host can have a higher LUMO and lower 

HOMO energy than the emissive material so that both charges hop off the host and 

onto the emissive guest. This does not necessarily need to be the case however as 

provided the energy gap of the guest is narrower than that of the host the excitations 

will form on the host and lose energy transferring to the guest [27]. This can also 

work with larger energy gaps provided the energy gap difference is lower than the 

Boltzmann thermal energy [28]. If, however, the host has a lower energy gap than the 

emissive material excitations can transfer back and be lost [29]. This can be 

problematic for high energy blue emitters [30]. Preferably the host will also have a 

long lifetime for excited states so that excitations will have a long time to transfer 

from the host to the emissive guest. 

 

3.4.2 Phosphorescent Emitters 

 

In OLEDs most electrons and holes combine to form triplet excitons while only a 

minority form singlet excitons in which can emit light in fluorescent materials. This 

puts a significant limit on the efficiency of these materials. By incorporating heavy 
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metal complexes it is possible to make materials that can emit from the triplet state 

and thus dramatically improve the maximum efficiency of devices. These materials 

are said to be phosphorescent.  

 

Only phosphorescent materials allow emission from both singlet and triplet excitons 

[31, 32] that are formed within an electroluminescent device and thus allow 100% 

internal quantum efficiency [4, 33-35]. Recently phosphorescent emitters have 

allowed power efficiencies of 90 lm/W at 1,000 cd/m2 in white OLEDs that exceed 

the 60-70 lm/W typical for fluorescent tubes [4]. 

 

Small molecules used to have the advantage over conjugated polymers in that they 

could be heavy metal complexes, which allow phosphorescent emission where as 

solution processable conjugated polymers were typically only capable of fluorescent 

emission at room temperature. However, more recently phosphorescent polymers 

have been develop like those discussed in Chapters 6 and 7. 

 

An alternative approach is to make small molecules into solution processable 

dendrimers by surrounding small molecule cores with branched dendrons which make 

the cores soluble [36].  

 

Singlet excitons form when a material is excited by an electric dipole transition when 

absorbing a photon or under electrical excitation when an electron hole pair 

recombines in such a way that their net spin is zero. In fluorescent materials these can 

quickly relax to the ground state and emit light via a dipole transition without 

difficulty. For the triplet exciton the electron hole pair forms in such a way as to have 

a net spin of 1. These two types of excitons are illustrated in Figure 3.7. 
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Singlet: Spin 0 Triplet: Spin 1

Allowed Forbidden
Radiative
Decay

 

Figure 3.7 Spin configurations in singlet and triplet excitons (shown by solid 

arrows). The highest energy electrons which make up the excitions are shown in red 

and the vacant state left by the hole is shown in grey. Triplet excitons cannot decay by 

the electric dipole transition as this cannot flip the electron spin and the Pauli 

Exclusion Principle means that two electrons in the same energy level cannot have the 

same spin. 

 

As electron spin is not coupled via the electric dipole transition the triplet cannot 

radiatively decay back to the ground state (which has zero spin). Even if this was not 

the case the symmetry of the triplet and singlet orbital wavefunctions means that the 

dipole transition between them is zero. This problem is overcome in organic 

phosphorescent materials by including a heavy metal atom that can couple the spin 

and angular momentum of the orbiting electrons. This allows triplet excitons to decay 

radiatively but at the cost that the dipole transition is much weaker than in fluorescent 

materials, this means that the radiative lifetime is longer. In phosphorescent materials 

this can take seconds or minutes and it means these materials are often used for “glow 

in the dark” applications instead of nanoseconds which are typical of fluorescent 

materials like those seen in Chapter 5. As a result of the longer lifetimes in 

phosphorescent materials triplet-triplet annihilation can become a significant loss 

mechanism at high excitation densities and OLED brightnesses [37]. As a result the 



Chapter 3 – Organic Light Emitting Diodes 

 39 

phosphorescent materials used in OLEDs have lifetimes order of 1 or 2 microseconds 

in order to reduce triplet-triplet annihilation. 

 

The ratio of singlets to triplets in electroluminescent devices might be expected to be 

1 to 3 from the argument that there are 3 possible states making up the triplet (spin in 

the z direction of 1, 0 or -1) and only one possible singlet state. This is referred to as 

the spin – statistics argument. The exact ratio of singlets to triplets is difficult to 

measure but this 1 to 3 ratio has been disputed [15, 38, 39]. For example careful 

optical modelling could not explain the high efficiency of a poly(p-phenylene 

vinylene) based OLEDs without invoking a higher ratio of singlets to triplets [15]. In 

one case a phosphorescent polymer capable of giving emission from both singlets and 

triplets, and doing so at different wavelengths, was used to probe the singlet to triplet 

ratio [39]. In this case it was found that the individual monomers did indeed result in a 

22 ± 1 % singlet states however in the case of the platinum based polymer the fraction 

of triplet states was found to rise to 57 ± 4%. This result suggests that the ratio of 

singlets to triplets can vary. This is believed to be based on different capture cross 

sections for electron hole pairs dependent on their spin ratios. This effect seems to 

cause divergence from the 1:3 ratio in some materials. Nevertheless phosphorescence 

would still offer at least at least a factor 2 increase in the maximum quantum 

efficiency of devices made with these materials. 

 

Triplets have a lower energy than singlets in the same material because of the 

exchange interaction. This results from the fact that electrons are fermions and thus 

that they must have anti-symmetric wavefunctions under exchange (bosons are 

symmetric under exchange). Anti-symmetric under exchange means that if any two 

electrons are relabelled in the wavefunction for all the electrons in a system the sign 

of the overall wavefunction must change. If the spin parts of the wavefunction are 

symmetric under exchange (which is the case for a triplet) then the orbital parts of the 

wavefunction are anti-symmetric which puts a greater distance between the electrons 

minimising electrostatic repulsion. In the singlet, the spin parts of the wavefunction 

are anti-symmetric and thus the orbital parts of the wavefunction must be symmetric 

and so the electrostatic repulsion is higher.  This can be seen most easily in a two 

particle system. The two particle wavefunctions for the singlet and the three triplet 

states are given below in Equation 3.10 and Equation 3.11-3.13 respectively. The 
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multielectron wavefunctions, Ψ , are shown as a function of the special 

wavefunctions ψ  of the positions x  of electrons 1 and 2 (denoted by subscripts) and 

their spin wavefuctions s . The spin up and down states are shown by ↑ and ↓. 

 

( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( )( )↓↑−↓↑+∝Ψ 122121122211 ssssxxxxSinglet ψψψψ    [3.10] 

 

( ) ( ) ( ) ( )( ) ( ) ( )( )↑↑−∝Ψ + 21211222111 ssxxxxTriple ψψψψ      [3.11] 

( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( )( )↓↑+↓↑−∝Ψ 1221211222110 ssssxxxxTriplet ψψψψ    [3.12] 

( ) ( ) ( ) ( )( ) ( ) ( )( )↓↓−∝Ψ − 21211222111 ssxxxxTriplet ψψψψ      [3.13] 

 

In can be shown that it is a change in the inter-particle spacing that gives rise to these 

exchange forces in an infinite one dimensional potential well, illustrated below. To 

simplify the calculation I have used particles with no charge so that inter-particle 

interactions do not affect the wavefunctions. Here one particle is in the ground state 

and the other one is in the first excited state, as shown in Figure 3.8. Although, 

because in quantum mechanics these particles are indistinguishable, we cannot say 

which is in which energy level. The distance between the two particles in a single 

state and a triplet states for two electrons in an infinite potential well is shown below 

in Figure 3.9. As can the seen from the diagrams the particles have a higher 

probability of being further apart in the anti-symmetric triplet state and so electrostatic 

repulsion would be reduced if these particles were electrons, reducing the energy of 

the triplet state compared to the singlet. 
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Figure 3.8 Ground state and first excited state for particles in an infinite one 

dimensional potential well. These are used for the calculation of the probability 

densities of the positions of the particles below. 
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Figure 3.9 The probability density of one particle given the position of the other. 

For the case of the infinite potential well shown above. Shown for the spatially 

symmetric singlet and the spatially anti-symmetric triplet state. 

 

This difference in energy means that in photoluminescence light is normally absorbed 

into the stronger dipole moment singlet states and is then converted to the lower 

energy triplet state via intersystem crossing before being re-emitted. This is illustrated 

in the Jablonski diagram in Figure 3.10. In electroluminescence, singlet or triplet 

excitons can form directly on emissive material or that of fluorescent host molecules 

before transferring into the emissive material’s triplet state. This means that shorter 

excitation wavelengths or higher drive voltages are required in phosphorescent 
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materials than fluorescent materials and this has created problems with finding 

suitable deep blue emitters. 
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Figure 3.10 Jablonski diagram of the energy levels in a typical phosphorescent 

system. Arrows indicate the transitions undergone during absorption into the singlet 

state and subsequent emission from the triplet in photoluminescence. 

 

Many heavy metals have been used in phosphorescent materials for OLEDs, including 

platinum [40], terbium [41, 42] and europium [40]. However the most successful 

OLEDs materials are based on iridium complexes which have short radative lifetimes 

of only 1-2 microseconds. A good example is fac-tris(2-phenylpyridine) iridium(III) 

or Ir(ppy)3 which emits in the green [43, 44]. Ir(ppy)3 has also been used as the basis 

of highly efficient solution processed dendrimers for OLEDs [45]. The structures of 

both Ir(ppy)3 and the first generation Ir(ppy)3 based dendrimer are shown in Figure 

3.11.  
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fac-tris(2-phenylpyridine) iridium(III)
[Ir(ppy)3]

Iridium(III) Dendrimer
[IrppyD]

 

Figure 3.11 The molecular structures of green emitting Ir(ppy)3 and a first 

generation single dendron iridium dendrimer. 

 

Many other colours have been demonstrated by changing the iridium’s ligands, 

including blue [8] and red [46]. These colour changes can be made because the 

HOMO in iridium complexes is a metal to ligand charge transfer (MLCT) state, which 

provides the spin orbit coupling, mixed with a π-π* transition on the ligand, while the 

LUMO is entirely a π* orbital that sits entirely on the ligands [47]. The fact the 

HOMO and LUMO have ligand character means both can be altered by changing the 

ligand chemistry. 

 

3.4.3 Aggregated States: Dimers and Excimers 

 

In organic systems there can be significant problems with concentration quenching 

[48-50], that is to say placing the emissive molecules close to one another can result 

in reduced luminescence. This is a problem in solution [48, 49] but it poses a much 

more significant problem in the solid state [49-51] and so creates many problems for 

devices. 

 

As well as improved charge transfer another advantage of host-guest blending is that 

it separates the chromophores spatially which means that they do not interact with one 

another, thereby avoiding quenching or modification of their emission. Small 



Chapter 3 – Organic Light Emitting Diodes 

 44 

molecules are typically prone to π-stacking with one another and often quench each 

other’s emission without a host. This means that if they were deposited from solution 

they may phase separate and quench their luminescence, if used in high 

concentrations. In polymers long, sterically bulky side groups are often added to 

provide some protection against these concentration quenching effects [51, 52]. In 

dendrimers the highly branched dendrons separate their cores, reducing inter-

chormophore interactions [36, 45, 53]. 

 

If two molecules are close enough to each other that their wavefunctions overlap then 

they can form a system of coupled oscillators. This means the interaction potential 

between the two molecules leads to splitting of molecular energy levels into higher 

and lower states with oscillations on each molecule that are either in or out of phase. 

If there is a superposition of these two stationary states the exciton can be thought of 

as coherently moving back and forth between the two molecules. The dependence on 

the splitting for the energy levels on the phase difference is illustrated in Figure 3.12. 

Here the analogy of a pair of classical balls on springs interacting via a repulsive 

electrostatic interaction is used. If the repulsion acts in the same direction as the 

resulting force on the springs, the frequency of the oscillations is increased giving a 

higher energy state. If the electrostatic repulsion acts against the springs the balls will 

oscillate slower with lower energy. This means that for the head to tail configuration 

the energy is lower when the balls are in phase and for the parallel configuration the 

lower energy state has the balls oscillating out of phase. This is exactly what is found 

in quantum mechanical dipole oscillations in molecules [54]. The head to tail 

configuration where the lower energy state gives constructive inference is known as a 

J aggregate while the parallel dipole case where the lower energy state is out of phase 

is known as an H aggregate [55, 56]. 
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Figure 3.12 Diagram illustrating how the energy levels and overall dipole moments 

of dimers depend on the orientation of the dipoles of individual molecules. An 

analogous system of charged particles oscillating on springs is also shown to explain 

the relationship between dipole orientation and phase, and energy of the dimer states. 

 

Depending on the orientation of the two molecules in the dimer and the phase 

relationship between the molecular dipole moments can add constructively or 

destructively. The dipole moments in π-π* transitions lie in the plane of the 

conjugated system [57] and these systems tend to dimerise by π stacking with the 

molecules lying flat on top of one another. This means that for conjugated organic 

molecules dipole moments will tend to be parallel and not head to tail. As a result the 

net dipole moment will tend to be reduced as the individual dipoles interfere 

destructively in the lower energy state (this is the bottom right case in Figure 3.12).  

 

In general, in a dimer, the exciton will lose energy and end up in the lower of these 

two energy states. As the molecules used in OLEDs are chosen for their highly 

emissive properties as isolated choromphores the dimer state is in general a much less 

efficient emitter than the monomer, with a lower radiative rate. As the two molecule 

system has no covalent bonds between the molecules the system is less rigid and it is 
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likely to have a higher non-radiative de-excitation rate. As the properties of a dimer 

system depend on the position and orientation of the molecules involved this means 

that in a system containing dimers there is a collection of many different emissive 

species. This means aggregated systems tend to have broad, featureless, red-shifted 

and less efficient emission than the systems of isolated molecules. However in some 

unusual cases emission from organic molecules can be enhanced by dimerisation [49]. 

 

Like dimers, excimers are formed when two molecules or atoms come together to 

form an aggregate. However unlike dimers, excimers are atoms or molecules which 

only come together when one is in the excited state. Excimer lasers use gas atoms 

which bond together after one has been excited to form a single emissive species by 

collision with another atom. They are commonly used to produce high power ultra-

violet light for applications such as lithography for making semiconductor chips. 

Excimer emission has also been used to make highly efficient broad spectrum 

phosphorescent organic light emitting diodes [58-60]. This broad featureless spectrum 

has made them good candidate for white OLED devices using only a single emissive 

material [58]. Like normal dimers, excimers typically lead to a red-shifting of the 

emission spectrum compared to the monomer and (despite the above examples) are 

often less emissive than the isolated monomers and so usually undesirable. 

3.4 Design of OLEDs 

3.4.1 Charge Injection 

Before electroluminescence can happen charges must be injected into the device. 

With inorganic materials this means electrons must be injected into the conduction 

band and holes into the valance band. In organic materials this means electrons must 

move to occupy the lowest unoccupied molecular orbital (LUMO) and holes are 

injected by removing a charge from the highest occupied molecular orbital (HOMO).  

This is shown in Figure 3.13. In both cases if there is an energy gap between the work 

function of the contact and the energy level being injected into then there can be a 

barrier to charge injection [61]. The work function is the energy required to remove an 

electron from the material and allow it to escape into vacuum, such as via the 

photoelectric effect. 
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The two main mechanisms for injection are thermionic emission [62] and Fowler-

Nordheim tunnelling [63]. The former involves the carriers having enough thermal 

energy to overcome the injection batter, with a field dependant factor due to image-

force barrier lowering. The latter involves quantum mechanical tunnelling into the 

semiconductor transport states pulled downwards in energy by the applied field. In 

addition, due to the low mobility of disordered organic semiconductors, injected 

carriers build up at the interface resulting in a strong backflow recombination current. 

This reduces the injected current from that predicted by the original thermionic 

emission and Fowler-Nordheim tunnelling theories by many orders of magnitude [63]. 

In the negligible barrier regime it is also possible to achieve an ohmic contact, where 

the current becomes space-charge limited [62] and is no longer dependent on injection 

processes but is controlled by the charge transport properties. 
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Figure 3.13 Charge injection in OLEDs. Electrons are injected via the cathode and 

holes are injected via the anode. 

 

As charge injection occurs by applying a bias to the device that overcomes the energy 

barriers. The higher these barriers the higher the required drive voltage and so the less 

power efficient the device will be. In addition if the energy barriers are significantly 

different only one charge carrier will flow through the device at low voltages, giving 

no light emission. When the voltage is increased one charge carrier may still dominate 

over the other once the light emission switches on. This will result in low quantum 
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efficiency as a current is flowing but not all the charges will recombine, reducing 

captureη  in Equation 3.4. In OLEDs it is often harder to inject electrons than holes and 

this means that low workfunction, and thus reactive metals, such as calcium, 

magnesium or barium are often needed as the cathode material 

 

3.4.2 Electrode Quenching 

 

Once the charges have been injected they must move through the device to recombine 

and form excitons which can emit light. This charge transport typically has a field and 

temperature dependent mobility due to the disordered energy levels in amorphous 

organic materials (as discussed in Chapter 2). Significantly for OLEDs the electron 

mobility in organic materials is often orders of magnitude lower than the hole 

mobility [64]. This means that in situations where the charge injection is perfectly 

balanced the charge carriers often recombine very close to the cathode. 

 

As the cathode is very often a metal, or is at the very least conductive, it produces 

image charges and dipoles in response to the charges and excitons in the organic 

layer. If a molecule is trying to emit too close to the contact (say one tenth of a 

wavelength in the medium) then the dipole and the image dipole will interfere out of 

phase with one another and luminescence will be significantly reduced [15]. In 

addition the metal dielectric interface can support surface plasmon modes which can 

be excited by nearby emissive molecules [65]. These modes are trapped within the 

device and so do not contribute to light emission. 

3.4.3 Charge Transport Layers 

 

In order to improve charge injection, achieve charge balance and keep recombining 

charges away from the electrodes hole-transport and electron-transport layers can be 

used [66]. These materials can perform these roles by having suitable HOMO and 

LUMO levels as shown in Figure 3.14. Charge injection at the electrodes can be 

improved by having a lower energy barrier at the electrodes. This necessitates another 

small energy step inside the device when the charge carriers reach the emissive layer 

but these small energy barriers are easier to overcome by mechanisms such as 
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thermionic emission. Charge balance can be enforced by choosing a large HOMO 

barrier that prevents holes entering the electron-transport layer or a LUMO barrier 

that prevents electrons entering the hole-transport layer. The blocked charges build up 

at these internal interfaces creating a strong attraction for the opposite sign of charge 

carrier increasing their flow into the emissive layer.  
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Figure 3.14 The energy levels in a multilayer OLED structure showing the use of 

hole transport and electron transport layers. In this diagram these layers reduce the 

charge injection barriers at the electrode and block charge carriers moving all the 

way through a device using energy barriers. 

 

Additionally the hole and electron transport layer materials can be chosen so that the 

mobility of the particular charge carrier is much higher. This slows charge carriers of 

the wrong type and moves the recombination zone and light emission away from the 

electrodes. However, when using mobilities without internal energy barriers to block 

charges the transport layer(s) could contain excitons and may have to be doped with 

the emissive material to allow light emission. 

 

Not all electron and hole transport layers have all of these properties at once 

depending on the needs of the device. In addition the favourable injection properties 

and the transport/blocking properties can be separated into two materials using an 

injection layer and a separate transport layer. Charge injection layers can also be 

doped to include extrinsic charges to lower the injection barrier by producing a thin 
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depletion region, which helps align the electrodes workfunction with the organic 

semiconductor’s HOMO or LUMO [67, 68]. This can lead to devices with 5 or more 

layers. This can be achieved using thermal evaporation but it is increasingly difficult 

to add multiple layers to solution processed devices. Therefore in solution processed 

devices it is better if materials properties allow efficient devices with only one or two 

layers [22]. 

3.4.4 Light Extraction 

 

As only ~20% of light leaves conventional OLED structures, improved light 

extraction efficiency offers a way to make large gains in performance. Unfortunately 

the cost is often increased device complexity if the light extraction enhancement is 

within the device or blurring of pixels with their neighbours if the enhancement is 

applied to the substrate.  

 

Strategies that have been tried for enhancing emission from the layer itself include 

incorporating photonic crystals [69-72], inserting a low refractive index grid to scatter 

light [73], patterning the organic layer into a Bragg grating by imprinting [74], 

buckling the reflective electrode [75] or using a semi-transparent electrode to create a 

micro-cavity [76]. These approaches can give ~100% improvement in quantum 

efficiency [75]. Unfortunately the strategies that use periodic gratings or microcavities 

also lead to angle dependent emission and colour, which is not ideal unless another 

layer is added to scatter the light and restore even lambertian emission [9].  

 

Adding a diffuser [9], microlens array [73] or luminaire [77] to the top of the device is 

generally an easier way to enhance emission but is only suitable for large area single 

colour lighting or signage applications. Again the outcoupling efficiency can be 

approximately doubled using these approaches [77]. Since it offers such large 

improvements in device performance, it is using out-coupling enhancement in 

addition to the optimisation of all the other device and material parameters discussed 

above that has allowed the most efficient white OLEDs with over 100 lm/W power 

efficiency [4]. 
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4.1 Overview 
 

This chapter contains an overview of many of the experimental methods used 

throughout this work. The importance of and methods for keeping samples oxygen 

free is discussed in Section 4.2. Absorption and photoluminescence spectroscopy is 

essential to most of the methods and is described in Section 4.3. Section 4.4 is 

concerned with the measurement of the photoluminescence quantum yield (PLQY) of 

materials. Section 4.5 covers the Time-Correlated Single Photon Counting (TCSPC) 

method for determining the luminescence lifetime of materials. Section 4.6 contains a 

description of the methods for making OLED devices and Section 4.7 cover OLED 

characterisation. 

 

The PLQY of a material is the efficiency with which incident photons are re-emitted 

as luminescence, and as was explained in chapter 3 this is an important parameter for 

luminescent devices in its own right. However the PLQY also offers greater insight 
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into the photophysics of materials and their local environment when combined with 

luminescence lifetime measurements. As an excited molecule can decay either 

radiatively or non-radiatively, the PLQY (Φ) of the material is given by the ratio of 

the radiative rate (krad) to the total de-excitation rate (ktot)  as shown in equation 4.1 

below. The total de-excitation rate (ktot) is what is measured experimentally but can 

also be expressed as the sum of the radiated and non-radiative rates (krad and knon-rad) 

[1]. 
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kk
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4.2 Phosphorescence Quenching by Oxygen 
 

As discussed in chapter 3, phosphorescent materials have the significant advantage 

over fluorescent materials that in electroluminescence they can harvest both singlet 

and triplet excitons while fluorescent materials can harvest only singlets [2]. 

Phosphorescent materials convert the higher energy singlets to triplets by a process of 

inter system crossing and the triplet state then emits light. As the triplet state cannot 

radiatively decay via an allowed transition its dipole moment is small and it has a long 

radiative lifetime (of the order of microseconds for the iridium complexes used in this 

work). Unfortunately during this time triplet states can be quenched by oxygen 

molecules reducing the lifetime of iridium complexes to tens of nanoseconds and 

dramatically reducing photoluminescence quantum yield. 

 

To avoid this problem when measuring their emissive properties film samples are 

measured under a nitrogen purge or in vacuum and solution samples are freeze-pump-

thaw degassed to remove dissolved oxygen. In freeze-pump-thaw degassing the 

sample is frozen in a degassing cuvette to prevent the solvent from evaporating, the 

atmosphere in the cuvette is then removed by a vacuum pump and once the pressure is 

reduced to 6×10-2 mb the cuvette is sealed and the sample is allowed to thaw by 

placing the cuvette bulb in water. This allows the dissolved gasses to escape from the 

solvent. The cycle is then repeated until three pump cycles have been completed. 



Chapter 4 – Experimental Methods 

 58 

4.3 Absorption and Photoluminescence Spectra 
 

Absorption measurements in either film or solution were made using a Varian Cary 

300 spectrophotometer. This instrument uses a differential measurement between the 

monochromated light transmitted through a reference and the sample. In the case of a 

film measurement the reference used is a clean substrate, and for solution 

measurments it is a cuvette containing the same solvent. The reference allows the 

instrument to account for any loses due to reflections, scattering or absorption by the 

substrate, cuvette or solvent. The bandpass of the monochromator was set to 2 nm. 

 

The absorbance or optical density (α(λ)) of the sample at a given wavelength (λ) is 

calculated using formula 4.2 below where (T(λ)) is the transmitted light through the 

sample and (T0(λ)) is the transmitted light through the reference.  
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Photoluminescence measurements were made using a Jobin Yvon Fluoromax 2 

fluorimeter. The instrument used monochromated light to excite the sample and then 

another monochromator was used to collect the emitted light. The excitation and 

emission bandpass were 1 nm. The spectral response of the instrument was corrected 

by multiplying the spectra by a known calibration curve and all spectra were 

measured in terms of number of photons detected per unit wavelength. 

4.4 Photoluminescence Quantum Yield (PLQY) 

4.4.1 Solution PLQY 

 

Solution PLQY measurements were made using the method from Demas and Crosby 

[3] which involves comparing the luminescence of the sample to a reference in a fixed 

measurement geometry and with the same excitation wavelength. Here we use the 

Jobin Yvon Flouromax 2 flourimeter. Unless noted otherwise a solution of quinine 
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sulphate in 0.5 molar sulphuric acid excited at 360 nm wavelength was used as the 

standard and it was taken to have a PLQY of 55% [4]. 

 

The sample and reference were made up to have an optical density in the range of 

0.09-0.11 in order to ensure that the light emission in both curvettes in the same plane 

with respect to the collecting optics. As the absorbance is low (~16 % across the 1 cm 

thickness of the cuvette) the emission can be assumed to be approximately uniform 

and so corrections for small deviations in the absorption can be made using a first 

order approximation. This is done by dividing the intensity of the emitted light is by 

the absorption, as we would expect the amount of emitted light to be proportional to 

the absorption at a fixed PLQY. Sample were freeze pump thaw degassed to prevent 

oxygen quenching as described in section 4.2. 

 

Another factor that is important is that the refraction of the light on leaving the cuvette 

affects how much light is collected into a given solid angle by the collecting optics. 

As the reference and the sample are often different solvents a correction needs to be 

made for the refractive index of the solvents. Finally a correction for the intensity of 

the excitation source needs to be taken into account. This is measured by an internal 

photodiode within the fluorimeter. 

 

The resulting expression for determining the photoluminescence quantum yield is 

given below in equation 4.3 where subscript X denotes the sample and subscript R 

denotes the reference, D is the integrated corrected emission spectrum, α(λex) is the 

absorbance at the excitation wavelength, n is the refractive index and I is the 

excitation intensity [3]. 
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4.4.2 Film PLQY 

 

For most of this work film PLQY measurements were made using the Greenham 

method [1] which uses a laser as an excitation source and makes use of an integrating 

sphere to collect the light emitted in all directions. The reason for this is that film 

samples often show angle-dependent emission because the films have thicknesses 

comparable to the wavelength of the emitted light and so a measurement at just one 

angle, such as in the solution PLQY method discussed above, would give misleading 

results. The fact polymers tend to lie in the place of the substrate, but small molecules 

or dendrimers might not, also means all emission angles need to be integrated over. 

 

The intensity of the re-emitted light compared to the excitation intensity is determined 

by an NPL calibrated photodiode supplied by Bentham attached to a Labsphere 

integrating sphere. The 325 nm line of a Kimmon Electric 1K He:Cd laser was used 

as the excitation source. The photodiode signal from the laser beam in the sphere with 

no sample present (Xlaser) is measured to determine amount of excitation light. To 

determine the quantity of luminescence produced by the sample a long pass filter is 

placed in front of the photodiode and the sample is placed in the beam and the 

photodiode signal is recorded (Xsample) while the sphere was purged with nitrogen to 

prevent oxygen quenching. A diagram showing these measurements is given in Figure 

4.1. 

 

As not all the excitation light is absorbed by the film corrections have to be made for 

secondary fluorescence generated by laser light which is reflected on the first strike 

and absorbed later by the sample. Firstly a measurement of the fraction of laser light 

reflected (R) and transmitted (T) by the sample has to be made outside the integrating 

sphere. Then the amount of signal produced by the secondary luminescence must be 

quantified. This is done by placing the sample in the sphere but out of the path of the 

laser beam and measuring the photodiode signal through the long pass filter (Xsphere). 

This is shown in Figure 4.1. The secondary fluorescence because of the reflected and 

transmitted light is then subtracted from signal on the photodiode when the sample is 

in the beam. 
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Figure 4.1 Illustration of the integrating sphere during Xlaser, Xsample and Xsphere 

measurements. 

 

Taking this value of the luminescence due to the first pass of the laser through the 

sample and dividing it by the fraction of excitation light absorbed in the first pass 

allows us to recover the signal we would expect if all the excitation light was 

absorbed. Dividing this value by Xlaser gives us the Greenham x value (equation 4.4), 

which is a measure of the PLQY neglecting the spectral response of the system. 
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The x value must be corrected for the different spectral response of the sphere S(λ), 

filter F(λ) and photodiode G(λ) at the excitation wavelength compared to the 

emission spectrum D(λ). This is done using the Greenham y value (equation 4.5) 

given below. The spectral response of the sphere is calculated by measuring the light 

out of the photodiode port when collimated light of a given wavelength is shined in 

through the excitation laser port and taking the ratio of output/input. 
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The PLQY (Φ) can then be found using Equation 4.6. 
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4.4.3 Powder PLQY 

 

PLQY measurements from powders were performed using a method similar to the 

Greenham [1] method, however an Andor Model DV420-BV CCD spectrometer was 

used to determine the amount of scattered light from the sample as a simple 

measurement of transmitted and reflected does not account for all the scattered light 

[5]. 

 

A method for using just a CCD spectrometer to measure PLQY has been developed 

by de Mello [6] however it relies on the spectrometer being calibrated over a wide 

range of wavelengths from the excitation to the longest emission wavelengths and 

also requires a large dynamic range. Due to difficulties in finding a suitable 

calibration light source over this wide wavelength range a method based on adapting 

the Greenham and de Mello approaches so that an uncalibrated CCD spectrometer 

could be used to measure the scattered light [5]. 

 

The CCD spectrometer was attached to the integrating sphere for the measurements 

along with the photodiode described in Section 4.5. The intensity of the scattered light 

was determined by integrating the laser line in the spectrum of the CCD when the 

sample is in the beam (Csample). 

 

In order to determine the fraction of scattered laser light it is also necessary to 

determine the intensity of the light exciting the sample. However a spectrometer 

measurement of the laser intensity with no sample in the sphere (Claser) would not be 

sufficient as the spectral response of the sphere is significantly altered by the presence 

of a sample that absorbs at the excitation wavelengths. 

 

The change in the spectral response can be determined from the ratio of the 

spectrometer signal with the sample in the sphere but out of the beam (Csphere) to the 

Claser measurement. This causes the Claser measurement to cancel out. Thus the 

fraction of scattered light is given by equation 4.7. 
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This scattered light can then be used to correct for the secondary fluorescence using 

equation 4.4 using S in the place of R+T and the PLQY can be determined using 

equation 4.6. 

4.4.4 CCD and Integrating Sphere Method 

 

Some PLQY measurements were made using a commercial Hamamatsu C9920-02 

measurement system using the method published by Suzuki [7]. Here the excitation is 

provided by a monochromated Xenon lamp coupled into an integrating sphere via an 

optical fibre. The method works by using a CCD spectrometer attached to the sphere 

via another fibre optic cable to measure the spectrum of the light in the integrating 

sphere. Two spectra are taken: one with a blank reference and then another with the 

sample in place. In each case the excitation and emission parts of the spectrum (in 

photons per wavelength) are integrated, after a spectral correction for the detectors, 

optics and sphere response has been applied. This yields ( )referenceE λ  and ( )sampleE λ  (the 

excitation spectra with the reference and then the sample in place) and ( )referenceD λ  and 

( )sampleD λ  (the emission spectra). The PLQY can then be calculated using Equation 

[4.8]. 
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This simple equation can be used because the integrating sphere used has >99% 

reflectivity over the entire spectral range so a change path length of the average 

photons before reaching the detector due to the presence of an absorbing sample is not 

large. Therefore the calculations involving scattered light, discussed above in Section 

4.4.3, are not needed. This method can be used for films, solution and powder and is 

relatively fast as it requires only two measurements using the CCD spectrometer. 
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However it requires a high quality integrating sphere that is kept very clean to 

maintain its high reflectivity across all wavelengths. 

4.5 Time-Correlated Single Photon Counting 
Time-correlated single photon counting is a technique that determines the time delay 

between an excitation pulse and the detection of an emitted photon from a sample to 

build up statistics about its time dependent emission. The time between the excitation 

pulse and the arrival of the first photon at the detector is determined using a time to 

amplitude converter (TAC) which converts it to an electrical signal that can be 

recorded by a computer. The detected signal intensity is kept low enough so that the 

count rate of photons is less than 5% of the excitation repetition frequency so that the 

probability of multiple photons arriving at the detector as the result of a single pulse is 

low. This is important because the TAC cannot detect multiple photons from a single 

pulse and thus multiple photons would lead to skewed statistics. 

 

In these experiments a Picoquant LDH C400 393 nm GaN laser diode and a twice 

frequency doubled Alphalas Pulselas-532-30-P Nd:YAG microchip laser at 266 nm 

were used as excitation sources. The GaN laser diode resulted in an instrument 

response function of <300 ps full width half maximum and the Nd:YAG laser gave a 

response of ~500 ps full width half maximum. The detector used was a Hamamatsu 

RU-3809 U-50 micro-channel plate photomultiplier tube behind a monochromator to 

select the emission wavelength and a filter for the excitation light. Solution samples 

were freeze pump thaw degassed as described in Section 4.2 and film samples were 

measured in vacuum to prevent oxygen quenching or sample degradation. 

 

For short lifetime fluorescent the data was analysed using an iterative reconvolution 

method to take account of the response function. The goodness of fit was calculated 

using a chi-squared parameter using Poissonian errors and this value was minimised 

over multiple iterations. 
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4.6 OLED Device Fabrication 
 

Organic light emitting diodes (OLEDs) were made by sandwiching a spin-coated 

layer of organic semiconductor material between a transparent indium tin oxide (ITO) 

anode on a glass substrate and an evaporated cathode topped with a reflective 

aluminium layer. The ITO was 120 nm thick with a conductivity of 15ohm/Sq 

supplied on a 12x12x0.7 mm glass substrate by Merck Germany, Liquid Crystals 

Division. The area of the anode is controlled by etching the ITO to remove it from the 

glass and the cathode is deposited though a shadow mask to control the evaporation 

area. The active area is described by the region in which the anode and cathode 

overlap, as shown in Figure 4.2. The light is emitted through the ITO and the glass 

substrate and so the device is said to be bottom emitting. 

 

Etched ITO anode

Evaporated Cathode

OLED Active Area

1
2
 m

m

4 mm

1.5 mm

 

Figure 4.2 Diagram showing a top down view of an OLED device. 

 

The ITO was etched by masking the anode area with a strip of electrical tape 4 mm 

wide. The substrate is then dusted with zinc powder catalyst and then etched with 

drops of 37% HCl from a pipette. The substrate was rinsed with isopropyl alcohol 

(IPA) within a few seconds to remove excess acid and then dried with dry nitrogen. 

The tape mask is then removed and the substrate was rinsed in IPA and dried once 

more.  

 

The properties of the interface of the anode with the organic layer are very important 

to achieve efficient devices. First the interfaces must be clean as dust particles can 
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puncture the emissive layer causing short circuits and holes through which 

contaminants can enter the device. Grease and other residue can act as an insulator 

and increase the operating voltages and reduce the active area. Secondly the organic 

layer must properly wet the sample which is dependent on the surface energy. Finally 

the work function of the anode must be high enough that holes can be injected into the 

HOMO of the organic layer. It has been found that cleaning by oxygen plasma ashing 

following degreasing in organic solvents can increase the work function of ITO [8-

10], as well as producing an easily wet high energy surface and removing 

contaminants. Therefore the substrates where cleaned by sonication in 

dichloromethane (DCM), then acetone and finally in IPA for 15 minutes each. The 

substrates where then dried with dry nitrogen and oxygen plasma ashed in an Emitech 

K-1050X for 5 minutes at 100 W. 

 

Many workers employ the conducting polymer poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) [11] on top of the ITO layer as the anode because 

of its ability to smooth roughness of the ITO, its lower work function for better hole 

injection and to improve electrical contact with the organic layers. These factors can 

reduce drive voltage, improve device reliability and improve charge balance in devices 

that are lacking in hole injection. In this work PEDOT was not used as in the 

phosphorescent polymers reported in Chapters 6 & 7 it was not observed to give any 

improvement and in some cases it actually reduced performance. This may be because 

these materials already allowed good hole injection. 

 

The emissive layer was then spin coated from solution on the substrate as soon as the 

samples had been removed from the asher. Typically dichloromethane (DCM) was 

used as the solvent. The material was often blended with 4,4’-N,N’-dicarbazolyl-

biphenyl (CBP) (Figure 4.3) as an ambipolar charge transport host typically with 20 

wt% of the emissive material in 80 wt% host as this ratio has given good results in 

solution processable iridium dendrimers before [12]. This fraction was chosen 

originally to correspond to the same molar ratio as the best values for Ir(ppy)3 doping 

in evaporated devices (~6 wt%) [13]. The advantages of host guest blending are 

discussed in Chapter 3. 
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Figure 4.3 The chemical structures of charge transport host 4,4’-N,N’-

dicarbazolyl-biphenyl (CBP) and electron transport/hole blocking material 1,3,5,-

tris(2-N-phenylbenzimidazolyl)benzene (TPBI). 

 

After spin-coating the samples were placed on a shadow mask for the deposition of 

1.5 mm stripes of the subsequent layers shown in Figure 4.2 and placed in an Edwards 

FL 400 evaporator operating at a pressure of 10-6 mb. The area of shadow mask and 

ITO overlap defines the active area of the OLED devices. This transfer was made as 

quickly as possible to avoid sample contamination or degradation. 

 

The evaporated layers deposited were different for single layer and bi-layer devices. A 

diagram showing both structures can be found in Figure 4.4. Single layer devices used 

a 20 nm low work function calcium layer for electron injection and were then topped 

with >100 nm of aluminium to protect the calcium from oxygen and to increase the 

cathode conductivity. Bi-layer devices used a second evaporated organic layer of 60 

nm of 1,3,5,-tris(2-N-phenylbenzimidazolyl)benzene (TPBI) as an electron transport / 

hole blocking layer (structure in Figure 4.3). This ensures that the electron and hole 

currents in the device are well balanced as discussed in chapter 3. 
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Figure 4.4 Single layer and bi-layer OLED structures. 

 

The cathode is then evaporated on top of the TPBI layer. This consisted of a thin 0.7 

nm layer of LiF and topped with >100 nm of aluminium. LiF has been shown to 

improve electron injection into some organic materials when used with aluminium 

[14] or calcium [15] cathodes. An advantage of Al/LiF cathodes over low work 

function metals is that it has increased chemical stability as an electrode. 

Unfortunately LiF’s effectiveness seems to depend on the organic material deposited 

beneath it and so it cannot be used in all cases. Here we use it because of its known 

effectiveness on TPBI with an aluminium capping layer. 

 

LiF must be deposited as a thin layer as bulk LiF is an insulator and so it can only be 

effective by modifying the properties at the interface. Proposed mechanisms have 

been the formation of a LiF dipole monolayer that reduces the work function of the 

aluminium, liberation of lithium metal to function as a low work function contact or 

doping of the organic layer with Li+ ions [15]. Similar effects could be the reason that 

thin layers of MgO, CsF and Li3PO4 are also found to be effective [14-16]. 

 

More generally it is thought possible that any hot evaporated material can react 

chemically with the organic layer, the metal deposited above it or both to induce inter-

band defect states into the organic which permit easier charge injection. These inter-

band states are believed to exist and make electron injection easier even when less 

reactive materials like ITO are evaporated onto organic layers [17]. In this case ITO 

was used as the substrate and was also evaporated onto the top of the organic layer 

meaning that both cathode and anode should have similar work functions and thus 
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charge injection properties. However it was found that only the evaporated ITO 

contact could inject electrons and function as the cathode. This shows that the 

evaporation of the ITO caused an improvement in electron injection. 

 

4.7 OLED Characterisation 
 

The OLEDs were characterised in vacuum to avoid oxygen quenching or sample 

degradation during the measurement. The current / voltage characteristics were 

recorded using a Keithley 2400 Sourcemeter and the emission intensity was measured 

using a calibrated photodiode with a surface area of 1 cm2 at a distance of 4 cm from 

the sample. The photodiode current was put through a transimpedance amplifier and 

the resulting voltage measured by a Keithley 2000 Multimeter. The emission 

spectrum of the OLED was measured using an Andor DV420-BV CCD spectrometer. 

This emission spectrum was also used to correct for the spectral response of the 

photodiode in order to determine the external quantum efficiency and match it to the 

eye’s brightness response to allow measurement in photometric units. 

 

In order to calculate the fraction of emitted light collected by the photodiode the 

emission of the OLED is assumed to be Lambertian meaning that the intensity of the 

emitted light goes as the cosine of the viewing angle from the normal. To simplify the 

calculation the square photodiode is taken to be a circle with the same active area (1 

cm2). The OLED is 4 cm from the detector and this is assumed to be sufficiently 

distant from the detector compared to the OLED’s size (1.5 mm × 4 mm) that it can 

be taken as a point source and it is assumed to be aligned with the centre of the 

detector. The photodiode is taken to be the base of a cone of angle α with the point at 

the OLED as shown in Figure 4.5.  
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Figure 4.5 The geometry of the OLED and photodiode in the OLED 

characterisation setup. 

 

The fraction of light emitted into the cone described by the angle α compared to the 

forward hemisphere by a Lambertian emitter (emission )cos(θ∝ ) is given by 

Equation 4.9. 
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4.7.1 External Quantum Efficiency Calculation 

 

The external quantum efficiency of an OLED is a measure of the number of photons 

emitted by the device for each electron worth of charge that crosses the device. As 

discussed in chapter 3, this parameter gives insight into how close to the theoretical 

maximum efficiency can be achieved by a given material but is not in itself an 

important parameter in a useful device. 

 

As this quantity depends on the number of photons emitted if the spectral responsivity 

of the photodetector R(λ) expressed in current per unit incident power then this 

number needs to be converted into a quantum efficiency E(λ)  in order to determine 

the number of photons N collected from the detected current I. For a single 

wavelength λ this is done by multiplying R(λ) by the photon energy and dividing by 
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the charge on an electron e. This is shown in Equation 4.10 where h is plank’s 

constant and c is the speed of light in vacuum. 
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The average quantum efficiency of the detector for the emission spectrum of the 

sample B(λ) should thus be calculated by Equation 4.11. 
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The voltage measured by the Keithley 2000 Multimeter (Vdet) as a result of the 

photocurrent (Idet) depends on the value of the transimpedance amplifier (Zdet) as 

shown in Equation 4.12. 

 

detdetdet ZIV =          [4.12] 

 

Taking both the fraction of light collected by the photodiode (Equation 4.9) and the 

photodiode’s quantum efficiency (Equation 4.11) it is possible to calculate the number 

of emitted photons. By dividing this by the OLED current IOLED the external quantum 

efficiency (ηex) can be calculated using Equation 4.13. 
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4.7.2 Luminous Efficiency Calculation 

 

The brightness of a device as observed by the human eye is a useful parameter for 

both display and lighting applications. The human eye’s relative brightness response 

to a given incident power given by )(λy  is not the same over all wavelengths and 

peaks in the green as shown in Figure 4.6 [18]. This means that blue and red light 

sources of a given power appear dimmer than the equivalent green light. In order to 

account for this the emission spectrum of the OLED needs to be taken into account to 

determine the perceived brightness. 
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Figure 4.6 The brightness response of the human eye to incident power at a given 

wavelength )(λy . 

 

The perceived brightness of light sources is measured in photometric units (as 

opposed to radiometric units for measurements of power). Photometric units are 

lumens (lm) which measure the total light output of a device and is most suitable for 

lighting applications. How bright a point light source appears at a distance is 

measured in candela (cd), which is a lumen per steradian. Brightness of displays or 

other extended light sources that are viewed directly is measured in candela per metre 

squared. 
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In order to determine the brightness of an OLED it is necessary to correct for the 

difference in the responsivity R(λ) of the photodiode to that of the human eye )(λy  to 

the emitted power spectrum of the OLED. The relative value is scaled by the peak 

response Km of 683 lm/W to given an absolute response in lumens per watt. The 

power spectrum can be calculated by simply taking the emission spectrum, B(λ) in 

photons per unit wavelength, and dividing by the emission wavelength λ. This can be 

compared to the equivalent integral for the photodiode to give the measured 

photocurrent per lumen incident on the detector (the photopic response RPhotopic). This 

is given by Equation 4.14. 
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Using the fraction of light emitted collected by the detector from Equation 4.9 and the 

gain of the transimpedance amplifier the number of lumens of light emitted by the 

OLED, F, can be calculated using Equation [4.15]. 
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The assuming Lambertion emission the number of lumens per steradian or candelas in 

the forward direction, L, is calculated by determining emission in the forward 

direction divided by the total emission into the forward hemisphere as given in 

Equation [4.16]. 
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Thus the brightness of the device in candelas, L, can be determined using Equation 

[4.17]. 
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5.1 Introduction 
Aggregation effects, described in Chapter 3, often result in quenching of 

luminescence in organic light emitting materials. This problem is also referred to as 

concentration quenching as the light emission is quenched by two or more of the 

emissive chromophores interfering with one another [1, 2]. These interactions appear 

in solution but result in greater problems in the solid state as the molecules are much 

closer together so excitations can diffuse to lower energy quenching sites [3, 4]. 

 

Various strategies are used to control aggregation in light emitting materials. Bulky 

side groups can be attached to conjugated polymers [4, 5], branching dendrimer arms 

can be attached to emissive cores [6-8] or higher energy host molecules can be used to 

physically separate the cores. Another approach is to twist the geometry of the 

molecules out of a single plane so that stacking is not possible, for example in the case 

of spiro-fluorenes [9]. In this chapter I explore an exampole of this last type of 

aggregation. 

 

Triphenylene is an example of a planar molecule which is prone to aggregation by π 

stacking. In fact it is commonly used to make columnar structures for liquid crystals 

[10-13]. In this work, I have investigated the improvement in the fluorescence 

efficiency of triphenylene when additional methyl groups are added to the 1,4,5,8,9 

and 12 positions which forces the molecule out of the plane [14]. This modified 
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material was synthesised and characterised chemically by Yi Wang and Trent Galow 

at the University of Edinburgh. The structure of these materials is shown in Figure 5.1 

and an illustration of the 3D structure of both these molecules is shown in Figure 5.2. 

While 1,4,5,8,9,12-hexamethyltriphenylene (HMTP) could be expected to form a 

propeller shaped molecule that is identical if rotated by 120 degrees on an axis 

vertically through the central ring (said to have D3 symmetry). However, data from 

NMR and X-ray crystallography shows that the molecule prefers instead to adopt a C2 

symmetry arrangement [14]. In this conformation it has 2 fold rotational symmetry 

along an axis lying in the plane of diagram below. Minor distortions with this C2 

symmetry are actually observed in triphenylene using X-ray diffraction but these 

deviations from planarity are very small, being of the order 0.1 Å [15]. 

Triphenylene HMTP

 

Figure 5.1 The materials structures of tripheneylene and 1,4,5,8,9,12-

hexamethyltriphenylene (HMTP). 

Triphenylene HMTP

 

Figure 5.2 An illustration of the 3 dimensional structures of triphenylene and 

HMTP. 
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Triphenylene has an unusually low radiative rate for a fluorescent material (27 µs-1), 

because its symmetry forbids transitions between the first excited singlet (S1) and 

ground state (S0) [10, 16, 17]. As a result of the twisting HMTP should break this 

symmetry which should result in a change in the emissive properties. 

5.2 Measuring Oscillator Strength 
In this work I have used the absorption strength and the radiative lifetime of the 

triphenylene and HMTP to calculate and compare the transition dipole moments of 

these two molecules. This dipole moment determines the efficiency of light emission 

from the molecules and thus crucial to light emitting applications. This measurement 

was done following the work of Strickler-Berg [18] and Förster [19] by looking at the 

molecules’ radiative lifetime and molar extinction coefficient. 

 

In 1917 Einstein argued using the thermodynamics of the black body spectrum that, 

for a two level system, the rates of spontaneous emission (A coefficient) and 

absorption and stimulated emission (B coefficient) must be related [20]. This situation 

is shown in Figure 5.3.  The black body photons with an energy equal to the energy 

difference ( E∆ ) between the two states can be absorbed (Equation 5.1) or induce 

stimulated emission (Equation 5.2). However, spontaneous emission is only 

determined by the population of the upper state (Equation 5.3).  

2

1

Population n2

Degeneracy g2

Population n1

Degeneracy g1

E∆ A21 B21 B12

 

Figure 5.3 A two level system showing Einstein’s A and B coefficients for 

spontaneous emission, absorption and stimulated emission. 

)(121 EIBnAbsorption ∆=Γ         [5.1] 

)(212 EIBnStimulated ∆=Γ         [5.2] 

212 AnusSpontainio =Γ          [5.3] 
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Where the rate of absorption is AbsorptionΓ , StimulatedΓ is the rate of stimulated emission, 

usSpontainioΓ  is the rate of spontaneous emission and )( EI ∆ is the spectral radiance of the 

black body radiation at the transition energy. At equilibrium the population of states 

in the two levels must be described by a Boltzmann distribution (Equation 5.4) which 

must have the same temperature as the black body radiation field it is bathed in.  
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1 ∆=         [5.4] 

 

The black body spectrum is given by Plank’s law in Equation 5.5. Here kB is 

Boltzmann’s constant, T is the temperature, c is the speed of light in vacuum and h is 

Plank’s constant. 
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The only way to achieve equilibrium at all possible temperatures is if the total rates of 

transistions up and down cancel. This is the case if Equations 5.6 and 5.7 hold, where 

g1  and g2  are the degeneracies of levels 1 and 2. 
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This observation that absorption and spontaneous emission rates were linked was 

extended to molecular systems by Strickler and Berg in 1962 [18]. Molecules have 

multiple vibrational states in their absorption and emission bands, rather than single 

lines, which requires an integral over all the energy states in a band. Förster’s work 

allows the absorption dipoles for molecules to be calculated [19], while Stickler and 

Berg related the rate of spontaneous emission to the emission dipole moment 

associated with the transition [18]. The absoption and emission dipole moments, ad  
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and ed respectively, are calculated below following Equations 5.8 and 5.9. The dipole 

moments are expressed in units of Debye (D). One Debye is 3.33564 × 10-30 Cm. The 

absorption dipole moment is calculated using the integrated molar extinction 

coefficient spectrum )~(νε  in M-1cm-1  integrated over photon energy in units of 

wavenumber in cm-1 (ν~ ) and the local refractive index n. 

 

∫−×= ν
ν
νε ~
~

)~(
10186.9 32 dnda       [5.8] 

 

The emission dipole moment ed  is calculated using the radiative lifetime Rτ  in 

seconds and the emission spectrum versus energy in photons per joule )(EI . Here 0ε  

is the electric permittivity of free space in Fm-1, c is the speed of light in ms-1 and �  is 

the reduced Planck’s constant in J s. 
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     [5.9] 

 

Stickler and Berg note that their formula can only be expected to provide the same 

dipole moment in absorption and emission in cases where the molecule does not 

significantly change shape in the excited state, as this would obviously affect the 

dipole moments. They also note that their calculations make use of an assumption that 

the transitions are strongly allowed, unlike those in triphenylene. However as I am 

only aiming to compare the relative strengths of dipole moments of HMTP and 

triphenylene rather than provide exact values, these equations should be sufficient. 

The measured photoluminescence quantum yield and transient luminescence are 

direct measures of the emissive properties of the molecule and can still be used to 

compare molecules’ emissive properties in the weakly allowed or forbidden regime. 
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5.3 Results and Discussion 

5.3.1 Absorption Properties 

The HMTP and triphenylene were dissolved in tetrahydrofuran (THF) at a known 

concentration of 0.01 mg/ml so that their absolute molar absorption spectra could be 

calculated. The resulting absorption spectra are shown in Figure 5.4. 
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Figure 5.4 Molar extinction coefficients of triphenylene and HMTP solutions in THF 

at 0.01 mg/ml concentration. The thick black line shows a 100 times scale up of the 

longer wavelength absorption of triphenylene. 

 

The triphenylene absorption spectrum is more structured than that of HMTP. Much of 

this extra structure is likely to be due to vibronic peaks that occur due to splitting of 

the excited and ground states into different vibrational levels. As the features of 

triphenylene spectrum between 300-350 nm are much smaller than the absorption at 

shorter wavelength I have magnified them by 100 times. The HMTP structure, by 

contrast, only contains 5 broader peaks and shoulders at 320 nm, 285 nm, 260 nm, 

210 nm and 204 nm. The triphenylene has much weaker long wavelength absorption 

than the HMTP. Comparing the longer wavelength, lower energy, extinction 

coefficients it is clear that the triphenylene has a weaker absorption dipole moment 

than HMTP. 
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In order to calculate the absorption dipole moments the spectra need to be re-plotted 

in terms of energy or wavenumbers, instead of wavelength, and the absorption 

transistions assigned to the S0→S1 transition and its vibronic sublevels. This has been 

done for Triphenylene in Figure 5.5 and HMTP in Figure 5.6 below. Both graphs use 

the same vertical scale for clarity. From the literature we would expect to find the 

absorption of the triphenylene S0→S1 at around 30,500 wavenumbers (328 nm). 

These values were calculated using quantum chemical calculations on triphenylene 

[16, 17] and a hexaalkoxy-substituted triphenylene derivative [13]. There is indeed a 

series of peaks at this energy in the triphenylene spectrum, however it is difficult to 

see compared to the higher energy absorption and so in Figure 5.5 the relevant part of 

the curve has been magnified 100 times. The S0→S1 transition in HMTP is assigned 

to the lowest energy absorption peak at 31450 wavenumbers (318 nm). 
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Figure 5.5 The molar extinction coefficient of triphenylene versus wavenumber. 

The lower energy part of the spectrum has been magnified by 100 times and is shown 

by the thick line. The peak corresponding to the S0→S1 transition fit is shown by the 

thin red line. 
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Figure 5.6 The molar extinction coefficient of HMTP versus wavenumber. The 

S0→S1 transition fit is shown by the thin red line. 

 

All the transitions were fitted using Gaussian curves using SpectraSolve software. The 

triphenylene curve had vibronic structure and so was fitted with multiple Gaussians 

with approximately even energy spacing. The peak wave numbers of the curves 

assigned to the S0→S1 transitions are shown in Table 5.1, along with the calculated 

absorption dipole moments. These results confirm that the absorption dipole strength 

of the HMTP is much stronger than that of triphenylene. 

 

Transition: 

S0 S1 

Absorption Peak 
Positions  

/cm-1 

Average Peak 
Spacing 

/cm-1 

Absorption 
Transition 

Dipole 

/D 

Triphenylene  

29090, 29820, 

30490, 31160, 

31770 

670 0.7 

HMTP 31450 - 3.6 

Table 5.1 The absorption peaks and dipole moments associated with the S0→S1 

transition in triphenylene and HMTP. 
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5.3.2 Emission Properties 

The concentration dependent emission properties of triphenylene and HMTP were 

investigated in THF solutions and in neat films. The films were spin coated at 2000 

rpm from 20 mg/ml THF solutions onto quartz discs. The films were found have 

thicknesses of ~150 nm using a Vecco DekTak 3 surface profiler. Unfortunately, the 

absorption spectrum of triphenylene overlaps with its emission spectrum, so changes 

in the emission spectra may result from the inner filter effect. This effect occurs at 

high concentrations, where short wavelength emission can be reabsorbed by the 

solution itself. This is a problem in the normal fluorescence measurement geometry 

shown below in Figure 5.7. Instead the samples were measured using a “front face” 

geometry to minimise the effects of self absorption, which is also shown in Figure 

5.7. The standard geometry also encounters problems at high concentration because 

the majority of excitation light is absorbed close to the front face of the cuvette. This 

means that the bulk of the emission may be outside the viewing area of the detector’s 

optics, so the signal can be very low even though the sample contains a high 

concentration of efficient emitters. For triphenylene it was calculated from the 

absorption spectrum that at the 350 nm blue shoulder in the solution emission of the 

most concentrated 0.23 mg/ml solution would absorb less than 10% of the light across 

the entire 1 cm cuvette. As a result of these precautions the inner filter effect should 

be negligible. 

Region for 
Self 
Absorption

Standard Geometry Front Face Geometry

Excitation

Detection

Sample Cuvette

Fluorescence

 

Figure 5.7 The standard right angle fluorescence measurement geometry and the 

front face measurement geometry. 
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The concentration dependent emission spectrum for triphenylene is shown in Figure 

5.8 and the concentration dependent emission spectrum of HMTP is in Figure 5.9. 

The triphenylene spectra are structured with clearly defined peaks and shoulders. The 

triphenylene shows a clear red-shifting and broadening of the emission spectrum with 

increasing solution concentration, with the greatest change occurring between 0.04 

mg/ml and 0.23 mg/ml where the emission peak moves from 369 nm to 390 nm. 

There is also a significant change between the solution spectra and the film which is 

also red-shifted and broadened with its emission peak at 404 nm. This red-shifting of 

the emission spectrum is consistent with aggregation effects on triphenylene based 

emission in organogels [12].  
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Figure 5.8 A comparison of the emission spectra of triphenylene solutions in THF 

at various concentrations and a thin film. All samples excited at 300 nm using 

front face geometry. 

 

In contrast, the HMTP emission spectrum is relatively featureless and does not show 

any large change in emission peak position with concentration with the peak 

consistently about 423-424 nm. Using a simple model of conjugated molecules one 

would expect a twisted structure to shorten the conjugation length and thus blue shift 

the emission spectrum, however, the HMTP has longer wavelength emission than the 

triphenylene in dilute solution. This increase in emission wavelength is similar to the 

red-shifting of emission of oligo(phenylenevinylene) single molecules when they 
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were in a bent conformation [21]. The bent molecules were also observed to give 

broader and featureless emission, just like the HMTP.  
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Figure 5.9 A comparison of the emission spectra of triphenylene solutions in THF 

at various concentrations and a thin film. All samples excited at 300 nm using 

front face geometry. 

 

HMTP has longer wavelength emission but the S0→S1 absorption wavelength of 

both HMTP and triphenylene is at a similar wavelength of about 325 nm. This results 

in a larger Stoke’s shift for HMTP which suggests there is more reorganisation of the 

excited state than for triphenylene. This might result from increased molecular 

flexibility because of the strained nature of HMTP’s structure. Evidence from this 

comes from conformational inter-conversions observed at room temperature in NMR 

data where the methyl groups exchange positions from in to out of the page and vice 

versa [14].  

 

Time-resolved luminescence measurements were made using time-correlated single 

photon counting (TCSPC) on 3 times freeze-pump-thaw degassed solutions in THF. 

These solutions were dilute as they had been chosen to have 0.1 abs at 285 nm in a 1 

cm path length cuvette. This optical density was chosen so that solution 

photoluminescence quantum yield (PLQY) measurements could be performed on the 

same samples using a comparison to a 2-aminopyridine standard in 0.05 M sulphuric 

acid following the method described in Chapter 4. This standard has a PLQY of 60% 
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when excited at 285 nm [22]. Using the molar extinction coefficients this results in a 

concentration of 0.0014 mg/ml for triphenylene and 0.00065 mg/ml for HMTP. These 

concentrations are much lower than the point at which concentration dependent 

effects were observed in the triphenylene emission spectrum.  

 

These samples were also compared to neat films spin coated under the same 

conditions as above. These samples were measured in vacuum. The samples were 

excited at 266 nm using twice frequency doubled Nd:YAG laser giving an instrument 

response function of ~500 ps full width half maximum. The results from the 

triphenylene solution and film are shown in Figure 5.10 and the results from the 

HMTP solution and film were shown in Figure 5.11. 
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Figure 5.10 Triphenylene Time-resolved luminescence in solution (red open 

circles, black fit line) and film (black filled squares, red fit line). Samples were excited 

at 266 nm and the emission detected at 390 nm. 

 

The triphenylene fluorescence decays are not straight lines on the log plot and so are 

not well fitted by a single exponential decay. This indicates that the samples contain 

multiple emissive environments, even in the dilute solution. By contrast HMTP shows 

single exponential decays in solution, film and powder indicating only one emissive 

state is present in both solution and solid samples.  
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Figure 5.11 HMTP Time-resolved luminescence in solution (red open squares, 

black fit line) and film (black filled circles, red fit line). These samples were excited at 

266 nm and the emission detected at 425 nm. HMTP powder is also shown excited at 

355 nm with detection at 425 nm (black diagonal crosses, red fit line). 

 

The PLQY values for all of the samples and the fitting parameters for the Time-

resolved luminescence are shown in Table 2. These values have been used to calculate 

the emissive dipole moments. In the solid samples a refractive index of 1.8 has been 

assumed as this is a typical value for organic semiconductor films [23-25]. As the 

dipole moment only varies as the square root of the refractive index this should give 

adequate level of accuracy. For the samples with multiple lifetimes accurate dipole 

strength calculations cannot be made. This is because the PLQY values are an average 

measurement and the contribution of the individual states cannot be unpicked. In this 

case an estimate is calculated using a simple weighted average of all the lifetime 

components.  
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Sample 

PLQY 

(λλ  Excitation) 

Lifetime 

/ns 

(λλ  Excitation) 

Radiative 
Rate 

/µµs-1 

Emission 
Transition 

Dipole 
Moment 

/ D 

Triphenylene: 
Solution 

6 % (285 nm) 

10%, 2.3; 

35%, 12.7; 

55%, 38.6 

Average = 25.8 
(266 nm) 

1.7* 0.5* 

Triphenylene: 
Film 

13 % (325 nm) 

85%, 2.1; 

11%, 11.1; 

4%, 47.0 

Average = 4.9 
(266 nm) 

27*† 1.9*† 

Triphenylene: 
Powder 

12 % (325 nm)    

HMTP: Solution 
5 %  (285 nm), 

5 % (360 nm) 

5.4 (266 

nm) 
9.2 1.3 

HMTP: Film 31 % (325 nm) 
6.7 (266 

nm) 
46 

2.1 

 

HMTP: Powder 
31 %  (325 

nm) 
6.2 (355 nm) 50 2.1 

Table 5.2 The PLQY values, fluorescence lifetimes and emission dipole moments of 

triphenylene and HMTP in solution, film and powder. For multiple exponential fits 

the percentage figures refer to the initial amplitudes associated with each component 

(the pre-exponential factors). 

* Calculated based on average lifetime. 

† Triphenylene film emission is dominated by aggregates and so cannot be used to 

calculate the molecular dipole moment. 
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The concentration dependence of triphenylene emission and the multiple emissive 

states that appear in Time-resolved luminescence both suggest that the triphenylene is 

π stacking, even in dilute solution, and forming aggregates. X-ray diffraction data 

shows that HMTP does not π stack in the solid state [14] and this is consistent with 

the fact that HMTP does not show concentration dependence in solution, and even in 

the solid state only one emissive state is present. 

 

In dilute solution, where aggregation should not play a significant role, the PLQYs of 

HMTP (5%) and triphenylene (6%) are comparable but the HMTP has a much shorter 

lifetime (5.4 ns compared to an average lifetime of 25.8 ns). This shows that the 

HMTP has a higher radiative rate, and because the emission energies are not too 

different, this indicates a higher emission dipole moment than triphenylene. This 

confirms the results that the absorption dipole is higher in HMTP than triphenylene. 

 

Both the HMTP and triphenylene films show increased PLQY compared to the 

solutions. This is unusual, as normally concentration quenching reduces luminescence 

in the solid state. In triphenylene the PLQY increases from 6% to 13% in film and this 

is accompanied by a decrease in the emission lifetime indicating that there is an 

increase in the radiative rate. As we would expect the solid state to contain π stacked 

aggregates this appears to be a case of aggregate enhanced emission [2]. This could be 

due to the fact that the isolated triphenylene molecule’s symmetry is what prevents 

light emission. Aggregates offer a way in which this symmetry could be broken 

resulting in greater light emission efficiency. 

 

When calculating the solution dipole moment for the triphenylene an average lifetime 

has been used, however, lifetime data from the literature gives a fluorescence lifetime 

of about 40 ns [17, 26]. This is a close match to the 55% 38.6 ns component present in 

dilute solution and so this component is likely to correspond to the monomer. If this 

~40 ns lifetime is used to calculate the emission dipole moment then it decreases 

slightly from 0.5 D to 0.4 D. Both values are consistent with the solution absorption 

dipole moment of 0.7 D. 
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HMTP’s enhancement in PLQY is more dramatic as it increases from 5% to 31% in 

film. In HMTP there is only one exponential component in both solution and film 

indicating that there is only one emissive state, and making aggregation induced 

changes to the emissive properties unlikely. The lifetime of the HMTP in solution is 

5.4 ns, which is shorter than in film (6.7 ns) or powder (6.2 ns). This could imply that 

the increased PLQY in film is due to a reduced non-radiative de-excitation rate. This 

could happen if the HMTP molecule could de-excite through molecular vibrations 

which are prevented in the solid state [27]. An example of the kinds of vibrations that 

are possible are the conformational inter-conversion that HMTP undergoes [14].  This 

could offer an increased non-radiative pathway in the solution state for excitations to 

decay that would be blocked in the solid state by the rigid framework provided by the 

neighbouring molecules. Unfortunately an increased non-radiative rate does not 

suffice as an explanation, as the change in lifetime is too small to account for the 

change in PLQY by itself. This can be seen in the fact that HMTP solutions and films 

have significantly different calculated radiative rates in Table 5.2.  

 

It is possible that in solution some of the HMTP molecules adopt different 

conformations or transition states that are capable of absorption but do not emit light. 

This would cause a lowering of the measured PLQY as photons would be absorbed by 

these conformers without emitting light, apparently increasing the number of absorbed 

photons for each one emitted. This hypothesis would also explain that while the 

absorption and emission dipole moments for triphenylene are similar (0.7 D and 0.5 

D) in dilute solution they are significantly different in HMTP (3.6 D and 1.3 D). The 

lower emission dipole moment could be explained if I were including non-emissive 

conformers in my calculation. This is because the reduced PLQY reduces the radative 

rate, which is used in the calculation of the emission dipole. The film emission dipole 

moment of HMTP is 2.1 D, closer to the absorption value and so perhaps offers a 

better model for the isolated HMTP molecule in the C2 conformation shown in Figure 

5.1. This suggests that dark conformers are a likely explanation for the anomalously 

low solution PLQY in HMTP. 
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5.4 OLED Measurements 
 

OLED measurements of neat HMTP films ~100 nm were attempted using a single 

layer structure however the material was found to be insulating. The films also 

crystalised within a short time after being spin cast resulting in significant film 

roughness that would be deleterious to device performance. OLEDs were also 

attempted using 20 wt% of HMTP in a host of 4,4’-N,N’-dicarbazolyl-biphenyl (CBP) 

to try and improve charge transport and prevent crystalisation however the performance 

of these devices was extremely low and the electroluminescence spectrum did not 

correspond to HMTP’s photoluminescence spectrum. By comparing the emission 

spectrum of these devices to devices made with neat CBP it was determined that the 

HMTP was resulting in significant changes in the emission spectrum and so the emission 

in the blended device could not be ascribed to CBP alone. 

5.5 Conclusion 
By comparing the triphenylene dilute solution measurement (which contains the 

fewest aggregates) and the HMTP film measurement (which is not affected by non-

emissive conformers) we conclude that breaking the triphenylene symmetry has 

meant the S1→S0 transition is no longer forbidden. This means the twisted HMTP 

molecule has a dipole moment by ~4 times greater and radiative rate ~20 times faster 

than triphenylene. 

 

The twisted structure of HMTP also prevents π stacking and thus aggregation in the 

solid state. This can be seen from the fact that the concentration dependence of 

triphenylene’s emission spectrum has been eliminated in HMTP, and single lifetime 

fluorescence decay from HMTP solution and films show a single emissive state. 

Together, with the increased oscillator strength this resulted in efficient luminescence 

from HMTP films with a photoluminescence quantum yield of 31%.  

 

The PLQY of HMTP in films and powder is 6 times as high as in the solution. This 

difference is explained partially by an increased non-radiative rate in solution, but the 

main part of this difference is assigned to the presence of dark conformers within the 

solution, which contribute to the absorption but do not emit light. 



Chapter 5 – Fluorescent Enhancement Using a Twisted Tripheneylene Derivative 

 93 

 

Overall the results show that twisting molecules out of one plane is an effective 

strategy for eliminating intermolecular interactions, and producing efficient emissive 

materials. 
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6.1 Introduction 
 

In this chapter I overview the work that was done on iridum polymers for solution 

processable phosphorescent organic light emitting diodes. An introduction to 

phosphorescent polymers is given in Section 6.2 and experimental results are given in 

Sections 6.3, 6.4 and 6.5. Section 6.3 contains early work using Ir(ppy)2(acac) based 

polymers with and without dendrons to control aggregation in thin films. Section 6.4 

covers work using the higher luminescent efficiency Ir(ppy)2(ptz) based 

polymer(dendrimer) and Section 6.5 discusses a poly(dendrimer) that uses double 

dendrons to better protect the cores from aggregation in the solid state and achieve 

higher efficiencies. A summary of all the materials used in this chapter is given in 

Section 6.6. Finally the conclusions are presented in Section 6.7. 
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6.2 Introduction to Phosphorescent Polymers 
 

Much work has been done on the small molecule iridium complexes like fac-tris(2-

phenylpyridine) iridium(III) or Ir(ppy)3 which emits in the green [1, 2] for 

phosphorescent OLEDs. Typically these materials are deposited by thermal 

evaporation. Unfortunately, this technique is relatively costly and slow as it requires 

high vacuum but these small molecules are only slightly soluble in organic solvents 

and so are difficult to process via solution. In addition, solution processing can lead to 

aggregate formation in these materials as the molecules have more chance to order 

than if they are deposited into a glassy phase via thermal deposition. 

 

Conjugated polymers, on the other hand, are readily solution processable. However 

they are not generally phosphorescent and so have limited maximum efficiencies in 

devices. This failing lead to the development of dendrimers, discussed in Chapter 3, 

with phosphorescent cores to provide a route to low cost highly efficient OLEDs. 

These devices have achieved 16% external quantum efficiency or ~80% internal 

quantum efficiency [3]. Unfortunately, unlike a polymer, dendrimers do not 

significantly modify the viscosity of their solvent when dissolved [4, 5]. These higher 

viscosities are required for ink-jet printing [6-8], which in turn allows patterned 

deposition of OLED materials that is required to produce a colour display. To 

overcome this limitation the idea of this project was to investigate phosphorescent 

poly(dendrimers) for use in OLEDs. The materials for this project were synthesised 

and chemically characterised by Wen-Yong Lai, Shih-Chun Lo and Paul Burn at the 

University of Queensland. 

 

Phosphorescent polymers consist of two main components: the polymer backbone and 

the pendant iridium complexes. In much previous work conjugated polymers like 

poly(fluorene) have been used to provide the backbone [9-14]. Although the chosen 

polymers may be blue emitters this colour comes from the singlet state of the 

polymer. As the triplet state is lower lying this means that for green and blue emitting 

pendant iridium complexes back transfer to the polymer backbone often occurs, 

limiting the efficiency of devices [13-15]. These effects are illustrated in Figure 6.1. 

Though this problem is particularly pronounced in Poly(fluorene) due to the large 
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singlet-triplet energy splitting, this problem may also occur with other conjugated 

backbones for example poly(para-phenylene) [16] or poly(phenylacetylene) [17].  

T1

S1

S0

Fluorene
Polymer Backbone

Blue/Green
Iridium Complex

T1

S1

S0
 

Figure 6.1 Diagram showing back transfer to the polymer backbone in conjugated 

poly(iridium) complexes. 

 

A better approach is to use a non-conjugated polymer backbone as this does not have 

energy states that can quench triplet emission [18-26]. In Sections 6.3, 6.4 and 6.5 

below and in Chapter 7 a non-conjugated poly-styrene backbone has been used to 

prevent quenching. 

6.3 Ir(ppy)2(acac) Based Polymers 
 

The decision was taken to use an Ir(ppy)2(acac) core, where ppy is 2-phenylpyridine 

and acac is acetoylacetonate, for the polymers initially. This was because 

Ir(ppy)2(acac) has been successfully used to produce 90% internal quantum efficiency 

OLEDs in the past [27]. The electronic properties of this complex are otherwise rather 

similar to Ir(ppy)3 as the acac ligand has rather large π-π* energy gap, compared to 

ppy due to its short conjugation and so does not contribute very much to the excited 

state properties [28]. 

 

The hetroleptic structure (where the ligands are different from one another) makes it 

easier to differentiate the ligand connected to the backbone from the other two during 

synthesis. This ensures one and only one linker ligand is attached to each core. The 

structure of the polymer 1 is shown in Figure 6.2 along with its unpolymerised 
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monomer 2 (referred to hereafter as the precursor) and a model compound designed to 

mimic the behavior of the individual monomers 3 (the monomer). Though this 

structure has no dendrons, the polymer nature of the material helps with solubility and 

all the materials are soluble enough in dichloromethane (DCM) and 1,2-

dichloroethane that photophysical measurements could be made. 

 

1 2 3
 

Figure 6.2 The molecular structures of the Ir(ppy)2(acac) polymer 1, its precursor 

2 and its monomer 3. 

 

The synthesis of these materials is detailed in ref. [29]. The linker from the acac 

ligand to the polymer backbone contains a non-conjugated linkage and so the phenyl 

unit and the backbone should not extend their conjugation onto the complex. 

Nevertheless it was felt that the phenyl unit and its neighboring double bond in the 

precursor 2 would form a separated conjugated unit that might quench luminescence 

from the core. As a result the saturated monomer 3 is believed to better model the 

photophysics of the polymer’s individual pendant groups. 

6.3.1 Ir(ppy)2(acac) Solution Properties 

 

The solution absorption and photoluminescence spectra of materials 1-3 in degassed 

dichloromethane (DCM) are shown below in Figure 6.3. The emission spectra were 

excited at 360 nm. The strong absorption at less that 320 nm is due to the π-π* 

transitions on the ligands. The longer wavelength weaker absorption from 320 nm to 

450 nm is due to the lower oscillator strength metal-to-ligand charge transfer singlet 

states. Finally the peak at 470 nm and longer wavelength absorption is assigned to the 
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metal to ligand charge transfer triplet state [28]. These peak positions are typical of 

green emitting iridium complexes. The absorption spectra of the materials are similar 

to each other which suggests no substantial change in the photophysical properties. 

 

Figure 6.3 Normalised solution absorption and photoluminescence spectra of 

compounds 1, 2 and 3 in degassed DCM. The excitation wavelength was 360 nm. 

 

The emission spectrum of the polymer 1 peaks at 528 nm and the emission spectra of 

the precursor 2 and monomer 3 peak at 526 nm. The emission spectra are otherwise 

rather similar and all result in a yellow colour. This similarity implies that strong 

aggregation effects are not resulting in a significant red-shift of the material’s 

emission on moving from the monomers to the polymer. Interestingly, the peak of the 

emission for Ir(ppy)2(acac) has been reported to be 516 nm in the literature. This 

suggests that the presence of the phenyl unit on the linker ligand has caused a red-shift 

in the emission despite the fact it is not part of the same conjugated system as the acac 

ligand. 

 

The same degassed DCM solutions were used for time-resolved luminescence 

measurements via Time Correlated Single Photon Counting (discussed in Chapter 4). 

The resulting luminescence decays are shown in Figure 6.4. In each case the samples 

were excited at 355 nm and the detection monochromator was centred on 530 nm. 
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Figure 6.4 Time-resolved luminescence of solutions of polymer 1 (black squares 

and red fit line), precursor 2 (red circles and black fit line) and monomer 3 (grey 

crosses and black fit line). Excitation was at 355 nm and detection centred at 530 nm. 

 

The precursor 2 and monomer 3 both had mono-exponential decay lifetimes of 670 ns 

and 1.3 µs respectively while polymer 1 had bi-exponetial lifetime with a short 260 ns 

component with 0.48 of the initial amplitude and longer 1.4 µs decay with 0.52 

amplitude. The solution photoluminescence quantum yields of these materials are  

42% for 2, 52% for 3 and 34% for 1.  The mono-exponential decay of compound 2 

and 3 indicate that they have only one emissive state while polymer 1 has a multi-

exponential decay and so has more than one. The shorter initial lifetime of the 

polymer and the fact it has the lowest PLQY indicate that its luminescence is being 

quenched and that these extra states correspond to less emissive aggregates. These 

aggregates must be formed within the polymer chain as the solutions are of low 

concentration and so we would expect the individual molecules to be isolated from 

one another. This sort of multi-exponential lifetime has been observed before in 

iridium polymers in solution [10]. Polymer 1’s longer decay component of 1.4 µs is 

close to that of the model monomer 3’s 1.3 µs decay and so this appears to correspond 

to emission from non-aggregated cores in the polymer. The more rapid decay of 

precursor 2 and its lower PLQY than the model monomer 3 are attributed to 
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quenching by the phenyl and double bond conjugated system attached to the acac 

ligand. 

6.3.2 Ir(ppy)2(acac) Film Properties 

 

Neat films of materials 1, 2 and 3, and 6 wt% and 19 wt% of polymer 1 blended with 

4,4’-N,N’-dicarbazolyl-biphenyl (CBP) were spin-coated from solutions of 1,2-

dicholorethane onto quartz discs. 20 mg/ml concentrations were used, and spin-coated 

at 1200 rpm. CBP is a charge transport material that is often used in OLEDs to boost 

performance both by improving electron transport and reducing solid state 

aggregation by separating the emissive cores. The emission spectra of the films were 

recorded when excited at 325 nm and the spectra of the polymer 3 samples are shown 

in Figure 6.5. The PLQYs of the samples were also calculated using the Greenham 

method [30] described in Chapter 4. 
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Figure 6.5 The photoluminescence spectra of polymer 1 in neat film (grey line), 

19 wt % in a CBP blend (thick red line) and 6 wt% in a CBP blend (dashed black 

line). 

 

The emission spectrum of the neat film of polymer 1 has a peak at 550-560 nm, the 19 

wt% blend has an emission peak at 546 nm and the 6 wt% blend as two peaks at 375 

nm and 552 nm. All of the green/yellow peaks are significantly red-shifted from the 

polymer 1’s solution peak at 528 nm. The appearance of the peak at 375 nm in the 6 
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wt% blend corresponds to the emission of CBP and indicates the energy transfer from 

the host is incomplete. In the 19 wt% blend this peak has been greatly reduced 

indicating that the concentration of 1 in the 6 wt% is simply too low for efficient 

energy transfer. 

 

The film PLQY values of neat films of 1, 2 and 3 are similar and below 1%. This 

explains the poor signal to noise seen in the neat polymer’s emission spectrum. The 

PLQY value of the 19 wt% blended film of polymer 1 is 7%, while the 6 wt% value 

cannot be used for comparison because of emission from the CBP. These results 

support the conclusion that there is very strong aggregation in the solid state for these 

materials which quenches luminescence. Although this quenching can be reduced by 

blending with CBP the 7% PLQY remains much lower than the solution value of 34% 

and so these materials are not suitable for making efficient OLEDs. This result is not 

entirely unexpected as non-dendronised iridium complexes often show strong 

quenching and low efficiency in neat films. For example non-dendronised Ir(ppy)3 has 

a PLQY of only 12% in neat films compared to 22% for the comparible first 

generation dendrimer shown in Error! Reference source not found. [31]. 

 

6.3.3 Dendronised Ir(ppy)2(acac) Polymer Properties 

 

In order to try and improve the film properties of these materials dendronised versions 

1, 2 and 3 where prepared and their structures are shown below as materials 4, 5 and 6 

respectively in Figure 6.6.  
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4 5 6
 

Figure 6.6 The molecular structures of the dendronised Ir(ppy)2(acac) polymer 4, 

its precursor 5 and its monomer 6. 

 

Solution and film photoluminescence measurements were made on these materials in 

the same way as for materials 1-3, above. The solution absorption and emission 

spectra are shown in Figure 6.7. The absorption peak at 270 nm is assigned to π-π* 

transitions in the dendrons and ligands. The other absorption peaks are assigned as 

above for Figure 6.3. The emission peaks of these materials are at 536 nm for the 

polymer 4 and 534 nm for the precursor 5 and monomer 6. These peaks are all red 

shifted by 6 nm compared to the undendronised counterparts. This difference results 

from the increased conjugation length on the dendrimers due to the meta-linked 

dendrons attached to the ppy ligands.  
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Figure 6.7 Normalised solution absorption and photoluminescence spectra of 

compounds 1, 2 and 3 in degassed DCM. The excitation wavelength was 360 nm. 

 

The film spectra of polymer 4 and a 20 wt% blend of polymer 4 in CBP are shown in 

Figure 6.8. A concentration of 20 mg/ml in 1,2-dichloromethane was used to spin-coat 

films at 1200 rpm. The emission peak for the neat polymer film is 554 nm and for the 

blended film it is 548 nm. The CBP still shows some residual blue emission in the 20 

wt% blended film, however it is small enough that this sample can be used to assess 

the photoluminescence quantum yield. 
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Figure 6.8 The photoluminescence spectra of polymer 4 in neat film (grey line) 

and 20 wt % in a CBP blend (thick red line). 

 

A comparison of the solution and film PLQYs of the dendronised and undendronised 

materials is shown in Table 6.1. As can be seen the solution PLQYs are similar 

despite the addition of the dendrons however there is an approximate factor 2 

improvement in the film PLQY in the dendronised materials. 

 

Material Type 

Solution 

PLQY  

(360 nm) 

Film 

PLQY  

(325 nm) 

~20 wt% CBP 

Blended Film PLQY 

1 Core Polymer 34% 0.9% 7.0% 

2 Core Precusor 42% 0.7%  

3 Core Monomer 52% 0.6%  

4 Dendrimer Polymer 30% 1.9% 18% 

5 Dendrimer Precusor 37% 1.1%  

6 Dendrimer Monomer 53% -  

 

Table 6.1 PLQY values for the Ir(ppy)2(acac) polymers in solution (excited at 360 

nm) and film (excited at 325 nm). 
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6.4 Ir(ppy)2(ptz) Based Poly(Dendrimers) 
 

Intra and inter-chain aggregation means that the solution PLQY of the pendant 

iridium monomers sets the upper limit on the efficiency of any iridium polymer. The 

unexpectedly low solution PLQY of the Ir(ppy)2(acac) based materials led to a search 

for a higher efficiency heteroleptic core. The next core tried kept the 2-phenylpydridyl 

(ppy) ligands but used a phenyltriazolyl (ptz) linker ligand to replace the 

acetoylacetonate (acac) ligand. Like acetoylacetonate, phenyltriazolyl is a higher band 

gap ligand than 2-phenylpydridyl, for example Ir(ptz)3 cores have been used as a 

blue/green emitting material in solution processible dendrimers [32, 33]. This higher 

energy means it should not interfere very much with the excited state properties of the 

core. The structure of this core, 7, is shown in Figure 6.9 along with the 

poly(dendrimer) 8 based on it. The structure of the dendrimer monomer 9 is also 

shown. The synthesis of these materials is described in ref. [5]. 

 

7

8 9
 

Figure 6.9 The molecular structures of the Ir(ppy)2(ptz) based materials. The core 

7, the polymer dendrimer 8 and its monomer 9. 

6.4.1 Ir(ppy)2(ptz) Solution Properties 

 

The solution absorption and photoluminecscene of these materials is shown in Figure 

6.10. As in Figure 6.3 the absorption below 320 nm in core 7 is assigned to π-π* 
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transistions in the ligands. The absorption peaks at 270 nm to 280 nm in the polymer 

8 and monomer 9 stronger because of absorption due to π-π* transistions in the 

dendrimers. The longer wavelength absorption peaks are assigned as before. The 

photoluminescence peak of 7 and 9 is at 510 nm where as the peak of the polymer 8 is 

at 518 nm. We would expect some red-shifting of the emission due to the addition of 

the dendrons in 8 and 9 as well as possible intra-molecular aggregation in 8. In 

monomer 9 however some blue shifting is expected due to the inductive effect of the 

bromine atom. Therefore we cannot know if the red-shifting of polymer 8 is due to 

aggregation or simply because it lacks the bromine atom. 

 

 

Figure 6.10 Normalised solution absorption and photoluminescence spectra of the 

core 7, the polymer 8 and the monomer 9 in degassed DCM excited at 360 nm. The 

absorption spectra were normalised at 360 nm. 

 

The solution PLQY values of these materials were determined when excited at 360 

nm. The core 7 has a PLQY of 82% where as monomer 9 has a PLQY of 92%. The 

polymer has a reduced PLQY of 61%. This reduced PLQY is assigned to aggregation 

along the polymer chain. However this solution PLQY is approximately a factor 2 

better than the 34% and 30% values for the Ir(ppy)2(acac) polymer and 

poly(dendrimer) in Section 6.3. 
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Figure 6.11 shows the time-resolved luminescence data for these materials in 

degassed DCM solutions. Monomer 9’s decay is fit well by a mono-exponential decay 

of 1.6 µs while polymer 8’s decay is multi-exponential with 0.58 initial intensity 1.0 

µs component and 0.42 1.95 µs component. As before this is attributed to a single 

emissive state for the monomer and multiple aggregated and non-aggregated states in 

the polymer. The faster decay of the polymer is consistent with its lower PLQY and 

both are consistent with quenching by aggregates. 
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Figure 6.11 TCSPC measurements of solutions of polymer 8 (black squares and red 

fit line) and monomer 9 (red circles and black fit line). Excitation was a 393 nm and 

detection centred at 530 nm. 

6.4.2 Ir(ppy)2(ptz) Film Properties 

Film PL measurements were made on polymer 8 in neat and 20 wt% blend in CBP 

films. The films were spun at 1200 rpm from 20 mg/ml concentration solutions in 

DCM. This was in order to determine its PLQY in the solid state in order to see if it 

was a suitable OLED material. The film photoluminescence spectra (excited at 325 

nm) are shown in Figure 6.12. The neat film has an emission peak at 523 nm which is 

slightly longer than the 518 nm peak in solution. The CBP blended film has a slightly 

shorter wavelength peak than the neat film at 521 nm. 
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Figure 6.12 The photoluminescence spectra of polymer 8 (excited at 325 nm) in 

neat film (thick dashed grey line) and 20 wt % in a CBP blend (thick red line). 

Polymer 8’s solution spectrum excited at 360 nm (thin black line) is shown for 

comparison. 

 

The film PLQY value of the neat film is 13% by the Greenham method [30] or 16% 

by the Suzuki method [34] (both discussed in Chapter 4). The blended film PLQYs 

are 42% and 40% respectively. The reduction of PLQY and red-shifting in the neat 

film compared to the solution is consistent with aggregation. However the 

Ir(ppy)2(ptz) poly(dendrimer) 8 has considerably higher film PLQY than either the 

Ir(ppy)2(acac) undendronisied material 1 or the poly(dendrimer) 4 in Section 6.3. This 

higher PLQY results from using both a more emissive core and the dendron’s ability 

to reduce concentration quenching.  

6.4.3 Ir(ppy)2(ptz) OLED Devices 

As a result of the high film PLQY of 20 wt% of polymer 8 blended with CBP it was 

decided to use this film as the basis of an OLED device. Bi-layer devices, as described 

in Chapter 3, use a 1,3,5-tris(2-N-phenylbenzimidazolyl)benzene (TPBI) hole-

blocking layer to achieve charge balance between electrons and holes without 

requiring extensive optimisation. This makes it easier to see what the achievable 

efficiency of an emissive material is quickly. Therefore it was decided to make a bi-
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layer OLED device following the protocol described in Chapter 4 with a blended 

emissive layer spun at 2000 rpm from a 20 mg/ml DCM solution. 

 

The electroluminescence spectrum is shown in Figure 6.13, the current/voltage and 

brightness/current curves are shown in Figure 6.14, the external quantum 

efficiency/voltage and power efficiency/voltage curves are shown in Figure 6.15 

below. 
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Figure 6.13 Emission spectrum of bi-layer OLED containing 20 wt% of polymer 8 

in a CBP blend. Drive voltage 20 V. 

 

Figure 6.13 shows the EL peak is at 523 nm. The CIE coordinates are (0.34, 0.62), 

which correspond to yellow/green emission. The emission peak is the same as the neat 

film and 2 nm red-shifted from that of the blended film. The EL spectrum can be 

particularly sensitive to aggregation effects as the charge carriers have a chance to 

become stuck in trap states before excitons form meaning the system has longer to 

find the lowest available energy states than in PL. The fact that there is not significant 

red-shifting of the EL spectrum compared to the PL spectrum is a good sign that 

deleterious aggregation effects are not too strong. 
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Figure 6.14 Brightness (black) and current (red) of the OLED containing 20 wt% 

of polymer 8 in CBP. 
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Figure 6.15 External quantum efficiency (black) and power efficiency (red) of 

OLEDs with 20 wt% of polymer 8 in CBP as emissive layer. 

 

The brightness curve and the current density curve shown in Figure 6.14 almost 

overlap indicating that the current efficiency of the devices is approximately constant 

with increasing drive voltage. This is confirmed by the mostly flat external quantum 

efficiency curve in Figure 6.15 which drops from 6.2% (21.8 cd/A) at 13.2 V at 100 

cd/m2, to 5.5% (19.3 cd/A) at 19.0V, which corresponds to 1,000 cd/m2. 100 cd/m2 is 
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normally taken as the benchmark brightness for a display application. Unfortunately 

the drive voltage of 13.2 V for this brightness and the turn on voltage (brightness 1 

cd/m2) of 6.2 V are a little too high for device applications and negatively impact the 

power efficiency. These values could be reduced by reduction and optimisation of the 

layer thicknesses and improved charge injection at the cathode for applications in 

actual devices. 

 

The external quantum efficiency of 6.2% is ~80% of the theoretical maximum 

efficiency of 8% arrived at by assuming 20% out-coupling efficiency, perfect charge 

recombination and using the 40% PLQY value of the blended film. This suggests that 

the bi-layer structure has done a good job of balancing the electron and hole currents 

but that some further optimisation is possible. 

6.5 Doubly Dendronised Ir(ppy)2(ptz) Polymer 
The dendrimer concept uses the dendrimer arms to protect the emissive core from 

aggregating with its neighbours via steric interactions. Nevertheless the most efficient 

dendrimer OLEDs still make use of a charge transporting host like CBP or 4,4’,4’’-

tris(N-carbazoyl)triphenylamine (TCTA) to increase the film PLQY and device 

efficiency by helping to separate the cores [3]. These blended devices achieved 16% 

EQE. Another solution that has been used is to add a second set of dendrons to each 

ligand, thereby better encapsulating each core and protecting it from its neighbours 

[35]. This has allowed 13.6% EQE to be achieved in neat film devices. 

 

As the Ir(ppy)2(ptz) poly(dendimer) in Section 6.4 was already achieving close to its 

theoretical maximum OLED efficiency it was decided to try and improve the film 

luminescence quantum yields and thus the device efficiencies of the poly(dendrimers) 

by adopting a double-dendron structure. The structures of the polymer and its 

corresponding polymer are shown as materials 10 and 11 in Figure 6.16 below. 
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10 11

 

Figure 6.16 The molecular structures of the Ir(ppy)2(ptz) double dendron 

materials: poly(dendrimer) 10 and its monomer 11. 

6.6.1 Double Dendron Solution Properties 

 

The solution absorption and emission spectra in degassed DCM of double dendron 

materials 10 and 11 are compared against the single dendron polymer 8 in Figure 6.17 

below. The absorption spectra are assigned as before. The absorption below 370 nm is 

stronger in the double dendron materials 10 and 11 because this corresponds to the π-

π* transitions in the ligands and dendrons and so the increased absorption is the result 

of the extra dendrons.  
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Figure 6.17 Normalised solution absorption and photoluminescence spectra of 

single dendron polymer 8 and double dendron polymer 10 and the double dendron 

monomer 11 in degassed DCM excited at 360 nm. The absorption spectra were 

normalised at 360 nm. 

 

The photoluminescence peaks in the double dendron materials are at 545 nm for 

monomer 11 and 551 nm for polymer 10. This is a significant red-shift from the single 

dendron polymer 8’s peak at 518 nm, which is due to the increased conjugation due to 

adding the second dendrons at the para positions to the phenyl pyridine ligands. The 

conjugation is extended by a greater extent than the addition of the first set of 

dendrons to the meta positions that was observed in the Ir(ppy)2(acac) ligands in 

Section 6.3.3. This red-shift is consistent with earlier observations in double 

dendrimers [35].  

 

The solution PLQY of monomer 11 is 94% which is comparable with monomer 9’s 

value of 92%. Polymer 10’s PLQY is 67% which is slightly higher than the 61% 

value for polymer 8 but still within the experimental error of ~10% of the total. 

Therefore there is no strong evidence that the double dendron structure has reduced 

aggregation in the solution phase. 

 

Time-resolved measurements on these solutions are shown in Figure 6.18. The 

monomer 11 has a mono-exponenital decay of 2.1 µs while both polymers have bi-
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exponential decays. This is slower than the single dendron monomer 9 decay time of 

1.6 µs. 8 has a faster decay with 0.58 1.0 µs component and 0.42 1.95 µs component 

and 10 has a slower decay than 8 with 0.23 1.1 µs and 0.77 1.8 µs components. It is 

clear from these measurements and the photoluminescence measurements that the 

addition of the second dendrons has changed the photophysics of the cores resulting in 

red-shifted emission and a longer decay time in double dendron monomer 11 than in 

monomer 9. This means that while polymer 10’s photoluminescence lifetime appears 

to have more mono-exponential character than polymer 8 is difficult to compare the 

polymers as we would expect the double dendron materials to have a longer lifetime 

in any case and fitting the decay curves assuming only two emissive environments is 

probably only an approximation to the true decay profile. 
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Figure 6.18 TCSPC measurements of solutions of polymer 8 (black squares and red 

fit line), double dendron polymer 10 (grey crosses and black fit line) and monomer 11 

(red circles and black fit line). Excitation was at 393 nm and detection centred at 530 

nm. 

 

6.5.2 Double Dendron Film Properties 

Figure 6.19 below shows how the neat and blend film photoluminescence spectra 

compare to the solution spectra for polymer 10. These films were spun from 20 mg/ml 

DCM solutions at 1200 rpm. The peak in solution is at 551 nm and this is red-shifted 
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slightly to 555 nm in the neat film. In the 20 wt% CBP film the red-shifting is reduced 

to 553 nm. 
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Figure 6.19 The photoluminescence spectra of polymer 10 (excited at 325 nm) in 

neat film (thick dashed grey line) and 20 wt % in a CBP blend (thick red line). 

Polymer 10’s solution spectrum excited at 360 nm (thin black line) is shown for 

comparison. 

 

The film PLQY values of these materials were measured using the Suzuki method 

[34]. The film PLQY value do show evidence for aggregation effects in the neat film 

where the PLQY of polymer 10 drops from 67% in solution to 47%. However in 20 

wt% CBP blended films the aggregation does not appear to be strong enough to cause 

any quenching of the emission and the film PLQY remains 67%. These results show 

much less quenching than for the single dendron polymer 8 where the solution PLQY 

of 61% drops to 16% and is still only 40% in the 20 wt% CBP blended film. 

6.5.3 Double Dendron OLED Devices 

As the film PLQY value of double dendron poly(dendrimer) 10 are significantly 

higher than for the single dendron poly(denrimer) 8 it was decided to try both neat 

film and 20 wt% CBP layers in bi-layer OLEDs similar to those described in Section 

6.4.3. However due to the high turn on voltage of the polymer 8 devices the solution 

concentration was reduced to 10 mg/ml in DCM spun at 2000 rpm. 

 



Chapter 6 – Poly(dendrimer) Iridium Complexes 

 117 

The electroluminescence spectra of the neat and blended devices are shown in Figure 

6.20. The peak emission of the neat film occurs at 555 nm and the blended film 

emission peaks at 554 nm which are both very close to the film photoluminescence 

and not significantly red-shifted from the solution peak at 551 nm. The CIE 

coordinates of the neat device are (0.48, 0.51) and the blended device has (0.46, 0.53), 

which both correspond to yellow emission. 
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Figure 6.20 Emission spectrum of bi-layer OLEDs with polymer 10 in neat and 20 

wt% CBP blended emissive layers. Drive voltage 12 V. 

 

The brightness and current vs. voltage curves of the OLEDs are shown in Figure 6.21 

and the external quantum efficiency and power efficiency curves are shown in Figure 

6.22. The current and brightness curves of the blended film almost overlay however 

for both devices the current rises more steeply than voltage resulting in decreasing 

external quantum efficiency with increasing voltage. At 100 cd/m2 the blended device 

achieves 12.1% EQE (39.3 cd/A) at 7.4 V which results in a power efficiency of 16.7 

lm/W. The neat devices have lower efficiency and achieve 9.3% EQE (28.1 cd/A) at 6 

V giving 14.7 lm/W at the same brightness. Both these results are superior to the 

single dendron blended OLEDs presented above in Section 6.4.3. In addition the 

blended device achieves a higher EQE at 100 cd/m2 than the highest value that has 

previously been reported in a phosphorescent polymer OLED at any brightness 

(11.8%) [20] or 35 cd/A [25] 
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Figure 6.21 Brightness (black) and current (red) of OLED containing neat films of 

polymer 10 (thin lines) and 20 wt% of polymer 10 in CBP(thick lines). 
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Figure 6.22 External quantum efficiency (black) and power efficiency (red) of 

OLEDs with neat films of polymer 10 (thin lines) and 20 wt% of polymer 10 blended 

with CBP (thick lines). 

Figure 6.23  
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6.6 Summary of Materials 

Material 

No. Description 

Solution Neat Film 

20 wt% CBP 

Blended Film 

PLQY 

TRL 

/µµs PLQY 

OLED 

@100 

cd/m2 PLQY 

OLED 

@100 

cd/m2 

1 
Ir(ppy)2(acac) 

polymer 
34% 

48% 0.26, 

52 % 1.4 
0.9%  7.0%  

2 Precursor 42% 0.67 0.7%    

3 Monomer 52% 1.3 0.6%    

4 

Ir(ppy)2(acac) 

single dendron 

polymer 

30% 
40% 0.30, 

60% 1.8 
1.9%  18%  

5 Precursor 37% 1.5 1.1%    

6 Monomer 53% 1.9     

7 
Ir(ppy)2(ptz) 

core 
82%      

8 
Single dendron 

polymer 
61% 

58% 1.0, 

42% 1.95 
16%  40% 

6.2%, 

21.8 cd/A 

at 13.2 V 

9 Monomer 92% 1.6   56%  

10 

Doubly 

dendronised 

Ir(ppy)2(ptz) 

polymer 

67% 
58% 1.0, 

42% 1.95 
47% 

9.3%, 

28.1 cd/A 

at 6.0 V 

67% 

12.1%, 

39.3 cd/A 

at 7.4 V 

11 Monomer 94% 2.1 41%  73%  

Table 6.2 An overview of the properties of all the materials discussed in this chapter. 

TRL stands for time resolved luminescence and the percentage figures quoted for 

OLEDs correspond to their external quantum efficiencies. 

6.7 Conclusions 
 

Phosphorescent materials are desirable for OLED applications because they allow the 

harvesting of singlet and triplet excitons and thus 100% internal quantum efficiency to 

be achieved and using a dendrimer architecture, to solubilise phosphorescent small 

molecules and protect their cores from aggregation in the solid state, others have 

achieved highly efficient solution processable dendrimer OLEDs. However, unlike 
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fluorescent polymers, these molecules do not give their solutions the viscosity 

necessary for ink-jet printing. This requires us to develop phosphorescent polymers 

that can be used to produce highly efficient ink-jet printable devices. 

 

Using a non-conjugated polymer backbone to prevent quenching of the 

phosphorescence, the properties of these materials have been explored over the course 

of this chapter. The materials have been developed starting with a Ir(ppy)2(acac) core 

and no dendrons. The resulting polymer was found to produce high enough viscosity 

solutions to allow inkjet printing [29]. It was then demonstrated that adding dendrons 

to the core reduced aggregation quenching in the solid state resulting in a factor 2 

increase in solid state performance. Unfortunately these materials still suffered from 

low photoluminescence quantum yields and unexpectedly long wavelength emission, 

possibly due to problems with the acac ligand. 

 

By switching to a Ir(ppy)2(ptz) core the solution photoluminescence quantum yield 

was increased by a factor of 2 while retaining the required viscosity for inkjet printing 

[5]. The dendrimer structure allowed a blended film quantum yield of 40% which was 

high enough to allow OLED devices with 6.2% EQE at 100 cd/m2 to be made. The 

aggregation in the solid state was further reduced by adding extra dendrons to make 

double dendron materials and, while these showed only a modest improvement in 

solution they had, greatly improved film PLQY to 67%.  As film PLQY is a very 

important parameter for OLED devices this resulted in greatly improved OLEDs with 

12.1% EQE (39.3 cd/A) at 100 cd/m2. These doubly dendronised polymer OLEDs 

showed a higher efficiency than the 11.8% EQE [20] or 35.1 cd/A [25] of the best 

previously reported phosphorescent polymer devices. 

 

Throughout this chapter the solution quantum yield of the monomer materials has 

been higher than the polymers and the time-resolved luminescence data has showed 

the polymers contain multiple emissive environments. This is because the polymers 

have closely spaced pendant iridium complexes that can concentration quench. This 

intrachain aggregation does not seem to be significantly affected by using no-

dendrons, single dendrons or double dendrons and so an alternative strategy, of 

separating the iridium cores on the polymers using spacer groups and creating a co-

polymer, will be discussed in the next chapter. 
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7.1 Introduction 
 

In this chapter I will discuss a continuation to the work on phosphorescent polymers 

for ink jet printable OLEDs that was started in Chapter 6. In this chapter a copolymer 

approach was used to control intra-chain aggregation that was observed in the homo-

polymers in Chapter 6, which reduced their efficiency as light emitters. These 

interactions manifested themselves as decreases in photoluminescence efficiency of 

the polymers compared to their monomers and multiple lifetime components 

appearing in time resolved luminescence measurements. 

 

In order to reduce these interactions higher energy spacer units are inserted between 

the phosphorescent cores. The higher band gap energy of these spacers means they 

should not suffer from back transfer of triplet states from the iridium complexes [1, 2] 

and any excited states formed on the spacer units will be transferred to the emissive 

cores. Previous work on iridium based phosphorescent copolymers has been done by 
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others [1, 3-11] however these authors only made use of pendant iridum complexes 

which were susceptible to aggregation, limiting device efficiency. 

 

As many of the materials in this chapter are related to those in the previous chapter on 

phosphorescent polymers the material numbers will continue on from those in the 

previous chapter. Once again the materials were made and chemically characterised 

by Wen-Yong Lai, Shih-Chun Lo and Paul Burn at the University of Queensland. The 

spacer unit that was used initially was poly(styrene) and single dendron copolymers 

use it as a spacer unit are discussed in Section 7.2, including solution, film and OLED 

device results. As poly(styrene)’s high HOMO-LUMO gap required additional charge 

transporting CBP to be added to make OLED devices it was decided to use charge 

transporting PVK spacer units to make copolymers based on dendronless cores, single 

dendron emissive units and doubly dendronised units. These materials are detailed in 

Section 7.3. Finally the conclusions from this work are summarised in Section 7.4. 

7.2 Poly(styrene) copolymers 
The polymers described in Chapter 6 are all based on a non-conjugated poly(styrene) 

backbone. This material is regularly used as an inert host for organic materials due to 

the fact it does not quench photoluminescence and is readily available. Therefore it 

was a logical choice as a spacer unit for separating the iridium cores and preventing 

intra-chain aggregation and quenching. 

 

The poly(styrene)/poly(dendrimer) copolymer was synthesised using 99 poly(styrene) 

spacer units to every 1 dendrimer unit using the single dendron Ir(ppy)2(ptz) polymer 

8 described in Chapter 6 Section 6.4 as a basis. The structure of this copolymer (12) is 

shown in Figure 7.1 along with polymer 8 and monomer 9 for comparison. 
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Figure 7.1 Molecular structure of Ir(ppy)2(ptz) single dendron based copolymer 

12. 

7.2.1 Solution Properties - Poly(styrene) co-polymer 

 

The dichloromethane (DCM) solution absorption and photoluminescence spectra of 

12 were measured and are compared to the homo-polymer 8 and the dendrimer 

monomer 9 in Figure 7.2. The absorption peaks above 320 nm are assigned to the 

metal to ligand charge transfer states of the iridium complexes and the peaks below 

320 nm are assigned to π-π* type transistions in the ligands, dendrons and the 

poly(styrene) backbone [12]. The sharp peak in the copolymer’s absorption at 269 nm 

coincides with one of the longer wavelength peaks in the absorption of poly(styrene) 

in solution [13] and the extra poly(styrene) in the copolymer is the reason why this 

peak is unusually sharp compared to the absorption of the homo-polymer and 

monomer. 
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Figure 7.2 Normalised solution absorption and photoluminescence spectra of 

polymer 8, monomer 9 and copolymer 12 in degassed DCM. Absorption spectra were 

normalised at 360 nm. The excitation wavelength was 360 nm. 

 

The emission spectra show that the monomer 9, with its peak at 510 nm, is blue 

shifted compared to the peaks of polymers 8 and 12. This is likely to be due to the 

inductive effect of its bromine substituent. The copolymer 12 has a very slightly bluer 

peak at 517 nm compared to the peak of polymer 8 at 518 nm. This indicates that 

aggregation effects in polymer 8 are not responsible for significant red-shifting of the 

polymer compared to copolymer 12 with its spacer units. 

 

The solution photoluminescence quantum yield of 12 was 94%, which is comparable 

to monomer 9 (92%) and a significant improvement on polymer 8 (61%). This 

suggests that intra-molecular interaction in polymer 8 have been eliminated in 12 

leading to a PLQY that is comparable to the isolated molecule.  

 

In order to better understand the intra-chain interactions in polymers 8 and 12 time 

correlated single photon counting was performed on these solutions. Monomer 9 is 

also shown for comparison. The results are shown below in Figure 7.3. The 

copolymer 12 has a mono-exponential decay of 1.5 µs which is close to the 1.6 µs for 

monomer 9. Polymer 8 has a multi-exponential decay with 0.58 pre-exponential factor 
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1.0 µs componemt and 0.42 1.95 µs components. This multi-exponential decay occurs 

because aggregates have created multiple emissive species in 8 which have been 

eliminated by the poly(styrene) spacer groups in copolymer 9 giving mono-

exponential decay. 
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Figure 7.3 Time resolved luminescence of solutions of polymer 8 (black filled 

squares, red fit line), monomer 9 (red circles, black fit line) and copolymer 12 (black 

open squares, red fit line). Excitation was at 393 nm and detection centred at 530 nm. 

7.2.2 Film Properties - Poly(styrene) co-polymer 

In order to investigate the usefulness of copolymer 12 in OLEDs, photophysical 

measurements were made on films. Neat and 20 wt% blends of the copolymer in a 

4,4’-N,N’-dicarbazolyl-biphenyl host were spin-coated at 1200 rpm from 20 mg/ml 

solutions in dichloromethane (DCM). The emission spectra of the neat and blended 

films are shown in Figure 7.4. The solution spectrum is shown for comparison and so 

is the neat film spectrum of polymer 8.  
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Figure 7.4 Neat and 20 wt% in CBP blended film emission spectra of copolymer 

12 (red solid line and black dashed line) and a comparison with a neat film of homo-

polymer 8 (solid black line). All films were excited at 325 nm. Also shown for 

comparison is the copolymer 12 solution spectrum excited at 360 nm (dashed thick 

grey line). 

 

As can be seen from Figure 7.4 the emission spectra of copolymer 12 are very similar 

whether it is in solution or in neat or blended films. The emission peak is at 517 nm in 

dilute solution and 516 nm in neat film but it slightly blue-shifted to 514 nm in 

blended films. 

 

Film PLQY for the neat film of polymer 8 is only 13% by the Greenham method [14], 

compared to 51% for copolymer 12. In addition the blended film PLQY of polymer 8 

was 42% compared to 62% for copolymer 12. The additional spacer units have 

improved both the solution and film PLQY values by preventing aggregation. 

 

7.2.3 OLED Device Properties - Poly(styrene) co-polymer 

 

Due to the increased film photoluminescence quantum yield it was hoped that OLEDs 

made with copolymer 12 would show an improvement on those made with 

homopolymer 8. As in Chapter 6, bilayer devices with a 1,3,5-tris(2-N-
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phenylbenzimidazolyl)benzene (TPBI) hole blocking layer were made following the 

protocol in Chapter 4.  The 20 wt% of the copolymer was blended with CBP and 

dissolved in DCM at a concentration of 10 mg/ml. The CBP host was used both to 

increase the film PLQY but also because the polystyrene spacer groups will not 

contribute to charge transport due to their high HOMO – LUMO energy gap. 

 

The electroluminescence spectrum of the blended OLED at 15 V is shown below in 

Figure 7.5. The emission peaks at 516 nm which is close to the solution peak at 516 

nm and the blended film photoluminescence peak at 514 nm.  
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Figure 7.5 Emission spectrum of bilayer OLED containing 20 wt% of copolymer 

12 in a CBP blend. Drive voltage 15 V. 

 

The brightness and current vs. voltage plots for this OLED are shown in Figure 7.6 

and the external quantum efficiency and power efficiency curves are shown in Figure 

7.7. The efficiency seems to increase following turn on as the brightness rises faster 

than the current up to about 10-11 V where the EQE peaks. This increasing efficiency 

may indicate that the charge carrier’s are not balanced at low drive voltages due to a 

barrier to injection. 
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Figure 7.6 Brightness (black) and current (red) of OLED containing 20 wt% of 

polymer 12 in CBP. 
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Figure 7.7 External quantum efficiency (black) and power efficiency (red) of 

OLEDs with 20 wt% of polymer 12 in CBP as emissive layer. 

 

The efficiency of the device at 100 cd/m2 is 6.6% external quantum efficiency (23.8 

cd/A), 6.8 lm/W at 11.0 V. Assuming at 20% out coupling efficiency the estimated 

maximum efficiency from the blended film PLQY is 12.4% EQE. Using this figure 
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these devices are operating about 50% of optimal efficiency. It is likely that this is 

because charge balance has not been achieved, perhaps because the poly(styrene) 

units are reducing hole transport through the emissive layer. These results are, 

however, an improvement on homopolymer 8 blended film devices which achieved 

100 cd/m2 at 6.2% EQE (21.8 cd/A) and 13.2 V. This is because the copolymer has 

achieved an increased blended film PLQY due to its spacer units which reduce inter-

molecular and intra-molecular aggregation effects. 

7.3 Poly(carbazole) copolymers 
In order to try and produce better copolymer materials for devices it was decided to 

try and use charge transporting spacer units to separate the emissive units. As many 

charge transport materials used in OLEDs contain the carbazol moiety [15] the 

decision was taken to use 9-vinylcarbazole as the spacer unit. When used to form a 

homo-polymer, poly(9-vinylcarbazole), this material is often known as PVK or PVCz 

and is commonly used as a hole transport material [15, 16]. It was decided to try these 

materials without dendrons, with single dendrons and with double dendrons to see 

what effect this had on aggregation. 
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Figure 7.8 Molecular structure of Ir(ppy)2(ptz) poly(9-vinylcarbazole) based 

copolymers 13, 14 and 15 featuring core, single and double dendron structures 

respectively. 

7.3.1 Solution Properties - Poly(carbazole) co-polymers 

The emission spectra of the copolymers in dilute DCM solutions is shown in Figure 

7.9. These spectra were normalised at 330 nm so that the absorption due to the PVK 

type units would be clearly shown. As before absorption due to the metal-to-ligand 

charge transfer states of the cores are responsible for the absorption at longer than 320 

nm, however below 350 nm the absorption is dominated by π-π* transitions in the 

PVK units of the polymers. This can be seen in the fact that double dendrimer 

copolymer 15 has lower long wavelength absorption as it contains approximately half 

as many iridium cores as the other two copolymers. 
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Figure 7.9 Normalised solution absorption spectra in DCM. All spectra were 

normalised at 330 nm.  

 

The absorption of PVK is reported in the literature to have peaks at 330 nm and 343 

nm [16] which correspond to the features seen at 329-330 nm and 343-344 nm in the 

three copolymers. The π-π* transition from the dendrons and the iridium ligands are 

expected to appear below 320 nm and have been observed in Ir(ppy)3 and Ir(ppy)3 

based dendrimers to give a peak around 290 nm in solution [17]. However this is also 

the location of a peak in PVK’s absorption. Therefore the peak at 294 nm in the 

copolymer materials is attributed to both. As there is not much difference between the 

spectra of the co-polymers most of the absorption is attributed to the more numerous 

PVK units. 

 

The photoluminescense spectra of the same solutions of the copolymers in degassed 

DCM is shown below in Figure 7.10. The peaks in the emission spectrum are at 512 

nm for the core copolymer 13, 516 nm for the dendrimer copolymer 14 and 551 nm 

for the double dendron copolymer 15. The core copolymer 13’s emission spectrum is 

very slightly red-shifted from 510 nm for the isolated core 7 in solution. This is likely 

to be due to extra conjugation from the addition of the extra phenyl unit at the meta 

postion to the phenyltriazolyl linker ligand. The single-dendron copolymer 14’s peak 

at 516 nm is close to the 518 nm emission peak for the single dendron homopolymer 8 
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and the 517 nm for the poly(styrene) copolymer 9. We would expect the core 

copolymer’s peak to be slightly blue shifted due to reduced conjugation as it lacks the 

meta linked phenylene dendrons. Copolymer 15’s peak is significantly redshifted 

thanks to the extra conjugation length due to the para linked second pair of dendrons 

[18]. Its emission peak at 551 nm is at the same wavelength of the emission peak of 

the double dendron homopolymer 10 at 551 nm.  
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Figure 7.10 Normalised photoluminescence spectra of copolymers 13, 14 and 15 in 

degassed DCM. The solutions were excited at 360 nm. 

 

When excited at 360 nm the solution PLQY values for these samples were 69%, 64% 

and 64% for materials 13, 14 and 15 respectively. These values are comparable to 

single dendron homopolymer 8 (61%) and double dendron homopolymer 10 (67%). 

This is significantly lower than the PLQYs of the core and the single dendron and 

double dendron monomers (materials 7, 9 and 11, PLQY values 82%, 92% and 94% 

respectively). As with the emission spectra there does not appear to be any evidence 

that the copolymer structure has reduced intra-chain aggregation unlike in case of the 

single dendron poly(styrene) copolymer 12, which has a solution PLQY of 94%. 

 

In order to investigate this further, solution TCSPC measurements were performed on 

the samples. The results of these measurements together with mono-exponential fit 

lines are shown in Figure 7.11. All the copolymers were well fit by mono-exponential 
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decays. Core copolymer 13 had a decay time of 1.5 µs. The single dendron copolymer 

14 had a decay time of 1.1 µs, which is shorter than corresponding monomer 9 and 

polystyrene copolymer 12’s decay times of 1.6 µs and 1.5 µs respectively. The double 

dendron copolymer 15 also had a decay time of 1.8 µs shorter than its monomer 11’s 

2.1 µs decay. 
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Figure 7.11 Time resolved luminescence of solutions of core copolymer 13 (black 

filled squares, red fit line), single dendron copolymer 14 (red circles, black fit line) 

and double dendron copolymer 15 (black open squares, red fit line). Excitation was a 

393 nm and detection centred at 530 nm. 

 

The fact that emission spectra are redshifted, PLQY values are reduced and lifetimes 

are shorter in the copolymer are consistent with each other. However, it is surprising 

that multi-exponential decays due to aggregated species have not appeared. This does 

however suggest that there is reduced oscillator strength or an increased non-radiative 

rate in the copolymers. The radiative and non-radiative lifetimes are calculated in 

Table 7.1 below.  
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Material Description 

Total 
decay 
rate /µs PLQY 

Radiative 
Lifetime 
/µs 

Non-
Radiative 
Lifetime /µs 

7 Core - 82% - - 

13 Core PVK copolymer 1.5 69% 2.2 4.8 

9 Single Dendron Monomer 1.6 92% 1.7 20.0 

12 
Single Dendron 

poly(sytrene) copolymer 
1.5 94% 1.6 25.0 

14 
Single Dendron PVK 

copolymer 
1.1 64% 1.7 3.1 

11 Double Dendron Monomer 2.1 94% 2.2 35.0 

15 
Double Dendron PVK 

copolymer 
1.8 64% 2.8 5.0 

Table 7.1 The radiative and non-radiative lifetimes of the PVK based copolymers and 

their monomers in degassed DCM solutions. Poly(styrene) copolymer 12 is also 

included for comparison. 

 

It is clear from the table that the radiative rates are similar for the monomers and their 

corresponding copolymers, however, the non-radiative lifetime has shortened 

dramatically in the PVK based materials. We would not expect change in the radiative 

lifetimes of the materials as nothing in the material structure would suggest a change 

in the emissive properties of the core. The increased non-radiative rate seems unlikely 

to be from non-emissive aggregates because of the mono-exponential decays of these 

materials in solution. Vibration of the molecules can also cause an increase in the non-

radiative rate however the copolymerisation should not have an effect on the core 

rigidity.  

 

It is possible that the increased non-radiative rate could result form triplet back 

transfer to the 9-vinylcarbazole units. While the 9-vinylcarbazole carbazole monomer 

has a triplet energy of 3.02 eV (corresponding to 415 nm) measured by cyclic 

voltammetry [15], poly(9-vinylcarbazole) has a triplet energy of ~2.5 eV 

(corresponding to ~500 nm) measured by phosphorescence at 77K [19, 20]. This may 

be the results of aggregation of the PVK units. As a result some higher energy 

excitations on the iridium cores could back transfer onto the PVK units where they 

would not emit light. This would reduce the PLQY while still leaving mono-

exponential decay. Similar behaviour has been observed in blue emitting dendrimers 
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where the dendrons have comparable triplet energy to the phosphorescent core [21]. 

In dilute solution the triplets could not escape from the molecule and so the result was 

and increased lifetime as the triplet could not decay radiatively while on the dendrons. 

In the solid state however the PLQY was significantly reduced as the triplet could 

now escape and find lower energy trap states. It seems likely that the many repeating 

PVK units would allow a fraction of the excitations to escape and find a lower energy 

aggregated part of the PVK chain. 

 

However, we would expect these effects to be strongly reduced in the lower energy 

double dendron copolymer 15 as the lower triplet energy should reduce back transfer 

to the PVK. Instead the reduction in PLQY is similar to higher energy polymers 13 

and 14 and the PLQY and emission wavelength remain comparable to double dendron 

homopolymer 10. This indicates that the effect is the same strength in the double 

dendron copolymer as the others and suggests back transfer to the PVK spacer units 

may not be the cause of the reduced luminescence. 

 

Finally it may be the case that the neighbouring PVK units on the polymer are π-

stacking with the linker ligand of the emissive cores and reducing the luminescence. 

However in order to avoid this creating multiple emissive environments in the time 

resolved luminescence this structure must either be non-emissive or must be formed 

in a uniform fashion along the polymer chain. 

7.3.2 Film Properties - Poly(carbazole) co-polymers 

It was hoped the presence of charge transfer spacer units, to control aggregation and 

allow hole-transport, would allow highly efficient neat film OLED devices to be 

fabricated. To check that the copolymers had efficient emission in neat films 

photoluminescence measurements were made on films spun at 1200 rpm from 20 

mg/ml solutions in DCM. The emission spectra of the copolymers is shown in Figure 

7.12.  
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Figure 7.12 Neat film emission spectra of copolymers 13 (black line), 14 (red line) 

and 15 (dotted line).  All films were excited at 325 nm. 

 

The emission peak of copolymer 13 is at 516 nm, slightly red-shifted from the 

solution emission at 512 nm. Copolymer 14 is similarly red-shifted from 516 nm to 

520 nm. However double dendron polymer 15 has maintained its emission peak at 

551 nm on going from solution to film. The emission peak of single dendron 

copolymer 14 is still on the blue side of neat films of corresponding homopolymer 8 

which has its peak at 523 nm in neat film and 521 nm in 20wt% blended films with 

CBP. Similarly copolymer 15 has bluer emission than neat films of homopolymer 10 

(555 nm) and 20 wt% blended films in CBP (553 nm).  

 

The neat film PLQY values of these materials were measured using the Suzuki 

method [22] with 325 nm excitation. Copolymer 13 was found to have a PLQY of 

46%, copolymer 14 49% and copolymer 15 57%. This is a significant improvement 

on the single dendron homo-polymer 8’s PLQY of 16% and copolymer 15 shows and 

improvement on double dendron homopolymer 10’s value of 47%. For comparison 

blended films of homopolymers 8 and 10 have PLQYs of 40% and 67% which are 

similar to the copolymers. The copolymers appear to show a trend of increasing 

PLQY with the addition of single and then double dendrons, which we might expect 

from increased steric protection of the cores. 
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7.3.3 Neat OLED Device Properties - Poly(carbazole) co-polymers 

The copolymers were then tried in bilayer OLEDs with TPBI as the hole blocking 

layer and a neat film of the copolymer, spin-cast at 2000 rpm from a 10 mg/ml DCM 

solution, was used as the emissive layer. The hole transporting PVK units were 

expected to allow good hole transport to the TBPI interface while electrons would be 

slowed before they reached the anode allowing for a high quantum efficiency. 

 

The emission spectra of the devices are shown in Figure 7.13, the current-voltage 

plots are shown in Figure 7.14, the brightness-voltage curves are shown in Figure 7.15 

and the external quantum efficiency-voltage curves are shown in Figure 7.16 below. 
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Figure 7.13 Emission spectra of neat bilayer OLEDs of copolymers 13, 14 and 15. 

The drive voltage was 12 V for all devices. 

 

The peak of the electroluminescence was at 517 nm for core copolymer 13 and it had 

CIE coordinates of (0.35, 0.60) which correspond to yellow/green emission. This is 

only 1 nm longer wavelength than its neat film spectrum and close to its 512 nm 

solution peak. However the emission spectrum was unusually broad compared to its 

solution and film spectra and showed a significant red-tail which can indicate lower 

energy aggregated states. Copolymer 14 has its emission peak at 522 nm and has CIE 

coordinates of (0.35, 0.61) which is yellow/green. This is again comparable to the neat 

film photoluminescence peak at 520 nm and here the emission is narrower in shape 
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than copolymer 13. Copolymer 15 has an emission peak at 554 nm which is again 

only slightly red-shifted from its neat film peak at 551 nm. Its CIE coordinates are 

(0.48, 0.52) which are significantly more yellow than the other two materials. 

4 6 8 10 12 14 16
0.01

0.1

1

10

100

C
u
rr

e
n
t 
D

e
n
s
it
y
 /
m

A
c
m

-2

Voltage /V

 

Figure 7.14 Current vs. voltage plots for neat bilayer layer OLEDs of copolymers 

13 (black line), 14 (red line) and 15 (dotted line). 
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Figure 7.15 Brightness vs. voltage plots for neat bilayer layer OLEDs of 

copolymers 13 (black line), 14 (red line) and 15 (dotted line). 
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The both the current/voltage and brightness/voltage curves show that these devices 

have only moderate turn-on voltages, achieving 1 cd/m2 at 4.8 V for 13 and 14, and 5 

V for 15. 
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Figure 7.16 EQE vs. voltage plots for neat bilayer layer OLEDs of copolymers 13 

(black line), 14 (red line) and 15 (dotted line). 

 

The performances of the devices at 100 cd/m2 brightness were: 13 EQE 11.0% (37.3 

cd/A), 14.1 lm/W at 8.3V; 14 EQE 10.0% (34.8 cd/A), 12.9 lm/W at 8.5 V; 15 EQE 

10.4% (31.0 cd/A), 10.7 lm/W at 9.1 V. The device’s EQEs are rather similar and 

meet or exceed the theoretical maximum given by the material’s neat film PLQYs of 

9.2% for polymer 13, 9.8% for 14 and 11.4% for 15 assuming 20% out coupling. This 

indicates that the devices are achieving excellent charge balance. 

7.3.4 Blended Film Properties - Poly(carbazole) co-polymers 

Despite the presence of a large number of spacer units in the copolymers it was 

decided that the film PLQY was limiting device performance and this might be 

improved by blending them with CBP. As the polymers already contained many 

carbazole units it was decided that a 50 wt% blend would be sufficient dilution of the 

emissive cores to eliminate aggregation effects. The emission spectra of these films 

were measured using a Hammastu C9920-02 PLQY measurement system during the 

determination of their PLQY via the Suzuki method [22] with excitation at 325 nm. 

The photoluminescence spectra are shown in Figure 7.17. 
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Figure 7.17 Film emission spectra of copolymers 13 (black line), 14 (red line) and 

15 (dotted line) 50wt% blended into CBP.  All films were excited at 325 nm. 

 

For the core copolymer 13 the spectrum has a peak at 522 nm which is unusually 

broad compared to the neat film photoluminescence in Figure 7.12 and is similar to 

the broad spectrum the neat film devices shown under electroluminescence in Figure 

7.13. The emission peak is red-shifted compared to neat films and neat film OLEDs 

which peak at 516 nm and 517 nm respectively. However the red-tail of the emission 

is less pronounced in the blended film than in the neat film OLED spectrum. The 

dendronised copolymer 14 has its emission peak at 518 nm, which is slightly blue 

shifted from the emission peak in neat films at 520 nm. Similarly double-dendron 

copolymer 15 has an emission peak at 550 nm in the blended film and 551 nm. 

 

The PLQY values for these blended films of copolymers 13, 14 and 15 are 64%, 61% 

and 73% respectively, which are significant increases on the neat film PLQYs of 46%, 

49% and 57%. These values have no decrease in the PLQY despite the increased 

broadening and red-shifting in the emission spectrum in the copolymer 13 blended 

films and instead show blending with CBP has increased luminescence efficiency in 

all the materials probably through reduced aggregation. 
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7.3.5 Blended OLED Device Properties - Poly(carbazole) co-
polymers 

 

Blended OLED devices with 50 wt% of CBP as the emissive layer and a TPBI 

electron transporting layer were fabricated using copolymers 13, 14 and 15. However 

only copolymer 15 based devices gave satisfactory light emission (>100 cd/m2 

brightness) and so these are the devices detailed below.  The emission spectrum is 

shown in Figure 7.18, the brightness and current vs. voltage curves are shown in 

Figure 7.19 and the external quantum efficiency and luminous efficiency are shown in 

Figure 7.20. 
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Figure 7.18 The black line shows the emission spectrum of bilayer OLEDs with 50 

wt% of copolymer 15 blended with CBP as the emissive layer at a drive voltage of 12 

V. The red line shows the solution photoluminescence spectrum of 15 for comparison. 

 

The OLEDs emission peak at 546 nm and the device has CIE coordinates of (0.44, 

0.54), which is yellow/green. The emission peak is bluer than the neat film device for 

15, which has more yellow CIE coordinates of (0.48, 0.52) and a peak at 554 nm. This 

shows that there was some aggregation in the neat film OLED that has been reduced 

by blending. The peak emission of the blended device is close to the 

photoluminescence peak in the blended film at 550 nm and is comparable to the 

solution emission spectrum of copolymer 15 at 551 nm. The slight blue shifting of the 
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spectral peak is attributed to noise in the measurement as the emission spectrum 

otherwise corresponds closely to the solution emission spectrum of 15.  
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Figure 7.19 Current and brightness vs. voltage plots for bilayer OLEDs with 50 

wt% of copolymer 15 blended with CBP as the emissive layer. 
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Figure 7.20 EQE and power efficiency curves for bilayer OLEDs with 50wt% of 

copolymer 15 blended with CBP as the emissive layer. 

 

The brightness and current curves in Figure 7.19 show that the current increases more 

rapidly than brightness at voltages over 10 V indicating a decrease in current 

efficiency with voltage. This is confirmed by the external quantum efficiency plot in 
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Figure 7.20. The efficiency at 100 cd/m2 brightness is 14.7% EQE (48.3 cd/A) and 

16.3 lm/W power efficiency at 9.3 V. At 1000 cd/m2 the efficiency has reduced to 

11.6% EQE (38 cd/A) with 9.3 lm/W power efficiency at 12.8 V. 

 

The efficiency of 14.7% is close to the 14.6% estimated value that would be achieved 

with 20% light extraction with the blended film PLQY of 73% assuming perfect 

charge balance. This indicates that the balance of electrons and holes in the devices is 

close to optimal. This efficiency is a significant increase on the neat copolymer 

devices which achieved 11.0% EQE using of copolymer 13 and 10.3% EQE using 

copolymer 15 at 100 cd/m2. This increase is largely because of the increased 

photoluminescence quantum yield from 57% to 73% on blending the films of 15 with 

50 wt% CBP because of reduced aggregation. 

 

Unfortunately the devices have a relatively high drive voltage for 100 cd/m2 of 9.3V 

which is significantly higher than the 5 V drive voltage for the double dendron 

homopolymer 10 in blended devices. This means the copolymer blend’s power 

efficiency of 16.3 lm/W at 100 cd/m2 is actually lower than the 16.7 lm/W power 

efficiency of the blended homopolymer 10 devices despite the fact that the EQE of the 

homopolymer blend is only 12.1%. This higher drive voltage can simply be attributed 

to the increased thickness of the 15 blended film which is 120 nm thick, compared to 

the 70 nm emissive layer thickness for blends of polymer 10. By reducing the layer 

thickness and further optimising the device the higher quantum efficiency of the 15 

blended film devices should result in a significant increase in power efficiency in 

optimised devices. 
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7.4 Summary of Materials 

Material 

No. Description 

Solution Neat Film 

20 wt% CBP 

Blended Film 

PLQY 

TRL 

/µµs PLQY 

OLED 

@100 

cd/m2 PLQY 

OLED 

@100 

cd/m2 

8* 
Single dendron 

polymer 
61% 

58% 1.0, 

42% 1.95 
16%  40% 

6.2%, 

21.8 cd/A 

at 13.2 V 

9* Monomer 92% 1.6   56%  

12 

Single dendron 

poly(styrene) 

copolymer 

94% 1.5 51%  67% 

6.6% 23.8 

cd/A, 11.0 

V 

10* 

Doubly 

dendronised 

polymer 

67% 
58% 1.0, 

42% 1.95 
47% 

9.3%, 

28.1 cd/A 

at 6.0 V 

67% 

12.1%, 

39.3 cd/A 

at 7.4 V 

11* Monomer 94% 2.1 41%  73%  

13 

Core 

poly(carbazole) 

copolymer 

69% 1.5 46% 

11.0% 

37.3 cd/A 

 at 8.3V 

64%  

14 

Single Dendron 

poly(carbazole) 

copolymer 

64% 1.1 49% 

10.0% 

34.8 cd/A 

 at 8.5 V 

61%  

15 

Doubly 

dendronised 

poly(carbazole) 

copolymer 

64% 1.8 57% 

10.4% 

31.0 cd/A 

at 9.1 V 

73% 

14.7% 

48.3 cd/A 

9.3 V 

Table 7.2 An overview of the properties of all the materials discussed in this chapter. 

Starred materials were discussed in detail in Chapter 6. TRL stands for time resolved 

luminescence and the percentage figures quoted for OLEDs correspond to their 

external quantum efficiencies. 

 

7.5 Conclusions 
In solution the copolymer structures have resulted in phosphorescent polymers with 

increased photo luminescent quantum yields compared to the homopolymers in 

Chapter 6 and as a result these materials are more suitable for applications in light 
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emitting diodes. This has been demonstrated by the fabrication of devices with higher 

external quantum efficiencies than in comparable homo-polymers, achieving a 

maximum efficiency of 14.7% at 100 cd/m2. This result is significantly higher than 

the previous best reported quantum efficiency for a phosphorescent polymer of 11.8% 

[5]. 

 

The improvement in solution quantum yields can be seen most clearly in copolymer 

12, with its poly(styrene) spacer units and single dendron emissive core. In this 

material the addition of the spacer groups have increased the PLQY from 61% for, 

comparable homopolymer 8, to 94% which is comparable to the monomer’s PLQY of 

92%. This lack of intra-chain interactions is confirmed by the mono-exponential 

photoluminescence lifetime. 

 

Copolymer 12 remained impressive in films, showing significant improvements over 

polymer 8, giving 51% PLQY in neat film and 67% in blended films of 12 compared 

to only 16% and 40% for 8. However the polystyrene spacer units were effectively 

insulating and appear to have impeded hole transport in blended bilayer OLED 

devices resulting in a EQE of 6.6% at 100 cd/m2, approximately 50% of the estimated 

maximum given the blended film PLQY. While this was better than 6.2% EQE for 

polymer 8 it suggested that copolymers with hole transporting units might be better 

for devices. 

 

Using poly(carbazole) as the spacer units met the requirement of high energy hole 

transporting spacer units. However the photoluminescence quantum yields of these 

materials in film were less promising at only 61%-69%, compared to >90% for the 

monomers and the poly(styrene) spacer copolymer. Time resolved luminescence 

showed that the materials did have mono-exponential decays, indicating only one 

emissive state was present, but that they had increased non-radiative decay rates 

without changing the radiative rates. This suggests that the poly(carbazole) units have 

in some way provided a non-radiative de-excitation pathway in these materials. 

 

Fortunately the poly(carbazole) materials did not suffer a significant decrease in 

photoluminescence quantum yield in neat or blended films, which set the upper limit 

on OLED efficiency. By controlling intra-core interactions through the use of the 
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carbazole units and dendrons these materials gave 11.0% EQE in neat films and 

14.7% EQE (48.3 cd/A) in blended films at 100 cd/m2. This is a significant 

improvement on using double dendrons to control interactions in a homopolymer 

alone which only gave 9.0% and 12.1% EQE respectively. This makes means this 

device has a significantly higher current efficiency than the 11.8% EQE [5] or 35.1 

cd/A [10] of the best literature reports for a phosphorescent polymer. 

 

It is unclear that the dendon’s have made a significant improvement to the 

performance of these materials as the neat and blended film PLQYs of the core only, 

single dendron and double dendron materials are similar. There is however a slight 

upward trend with increasing number of dendrons from 46%, 49% to 57% in neat film 

and 64%, 61%, 73% in blended film. Critically it appears that the double dendron 

structure has allowed the creation of high brightness OLEDs when blended with CBP, 

which was not the case for the other two materials. The combination of double 

dendrons and the poly(carbazole) spacer units in copolymer 15 has resulted in the 

highest blended film PLQY of any of any of the materials presented in Chapter 6 or 7 

and this has lead to its very high OLED external quantum efficiency which 

corresponds to an estimated internal quantum efficiency of ~75% in a solution 

processable device. 
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8.1 Introduction 
 

Chapters 5 to 7 have focused on light emitting materials and devices, however in this 

chapter I will focus on using organic semiconductors in devices for detecting light. A 

commonly used technology for light detection in the visible uses silicon p-n junctions. 

This has high sensitivity in the visible at relatively low cost while being directly 

compatible with silicon CMOS processing technologies. This has allowed a 

proliferation of low cost multi-pixel visible imaging technologies like CCDs which 

can be used in applications from taking pictures to compact multi-channel 

spectrometers. 

 

Unfortunately, silicon detectors work best in the visible and near infra-red and do not 

have sensitivity in the ultraviolet (UV). These wavelengths are useful for applications 

in spectroscopy [1], astronomy [2] and nuclear physics [3]. Silicon’s low UV response 

is due to its of the high refractive index and the strong absorption of silicon at these 

wavelengths. This means that much incident light is reflected and the rest absorbed in 

the first few nanometers away from the p-n junction, where electron and holes can be 

separated and converted into photocurrent. The refractive index and absorption 

coefficient of intrinsic silicon are shown in Figure 8.1 (taken from the publication by 

Green and Keevers [4]).  
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Figure 8.1 The absorption and refractive index of intrinsic silicon. Ref. [4]. 

 

Alternatives to silicon for 200-400 nm UV detection exist in the form of wider band 

gap semiconductor inorganic materials such as SiC and GaP [5]. These have been 

joined by evaporated organic UV detectors [6-8]. Unfortunately all these devices are 

difficult to make into multi-pixel imaging devices and the devices tend to have a 

rather narrow spectral sensitivity. In addition the inorganic devices can be 

significantly more expensive than their silicon counterparts. 

 

As a result of these shortcomings silicon is often coated with a downconversion layer 

that absorbs the incident UV light and re-emits it at a longer wavelength where the 

silicon detector has sensitivity. Using a sufficiently thin layer, to avoid pixel cross-

talk, this approach can be used in multi-pixel devices such as CCD spectrometers. In 

order to qualify as a successful enhancement layer a material must thus have strong 

absorption over a range of UV wavelengths, high photoluminescence quantum yield 

(PLQY), and a long emission wavelength, so that the sensitivity of the photodiode to 

the emission is maximised. In addition it would be desirable if this layer was 

transparent at visible wavelengths where silicon devices already have high sensitivity. 

 

Many of these properties are fulfilled by organic semiconductors, and some of these 

materials also have the advantage that they can be solution processed allowing for low 

cost techniques for applying an enhancement layer [9]. This would result in creating a 
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“hybrid” device, which uses both organic and inorganic materials [10]. Organic 

enhancement layers that have been tried in the past, but have mostly been deposited 

by the relatively high cost method of thermal evaporation. Materials that have been 

reported included aluminum tris-8-hydroxyquinoline (Alq3), N,N’-diphenyl-N,N’-bis-

(3-methylphenl)-1,1’-biphenyl-4,4’-diamine, and bis-(8-hydroxyquinaldine)-

chlorogallium (Gaq2’Cl) [11], lumogen and coronene [12-14]. Evaporated lumogen 

(which is commonly used in sensitising commercial CCDs) achieves 20-30% 

quantum efficiency across the UV, and coronene has achieved 30-40% efficiency. 

Though some patent literature has reported the idea of using the solution processable 

organic semiconducting polymer poly[2,7-(9,9-dioctylfluorene)] (PFO) [15] the 

responsivity of this device was still observed to fall by a factor of 100 from 500 nm to 

250 nm indicating that this early effort was not very successful. Therefore I decided to 

see if it was possible to improve on these results. 

 

In Section 8.2 I will discuss the experimental methods used in this chapter. In Section 

8.3 I will discuss the absorption and luminescence properties of the enhancement 

layers used and their effect on the performance of photodiodes. Section 8.4 will focus 

on a simple model that can be used to explain the response of UV photodiodes given 

the optical and photophysical properties of the enhancement layer. Finally the 

conclusions are presented in Section 8.5. 

8.2 Photodiode Fabrication and Testing 
The photodiodes used for enhancement in this experiment were Silonex SLSD-71N5 

photodiodes. These were chosen because they were not encapsulated and so the 

enhancement layer could be directly spin coated on top of the transparent silicon 

oxide layer on top of the devices. This layer was found to be 68 nm thick using a J.A. 

Woolam Co. Inc. M-2000DI spectrosoptic ellipsometer. It provided good wetting 

properties and did not interfere with light coupling into the device. The enhancement 

layers were spin coated from toluene or dicholoromethane solutions directly on top of 

the photodiodes for device performance and reflectivity measurements and onto 

quartz discs for absorption and photoluminescence measurements. Film thickness 

measurements were made using a Veeco DekTak 150 surface profilometer. 

 



Chapter 8 – UV Enhanced Hybrid Photodiodes 

 153 

The devices were characterised using two chopped beams from a Varian Cary 300 

spectrophotometer which alternated at 30 Hz. This arrangement is shown in Figure 

8.2. Initially a photodiode of known responsivity was placed in each arm of the 

instrument and these were connected to a pair of Stanford Research Systems (USA) 

SR830 DSP lock-in amplifiers. The lock-ins were triggered by the photodiode in the 

reference channel (a Newport 818-UV photodetector), using an Agilent 54624A 

oscilloscope to produce a trigger pulse so that both lock-in amplifiers were 

synchronised to the reference channel of the Cary 300’s chopper wheel. By using this 

synchronous technique I was able to measure small signals and thus use a low power 

source, and remove any background from stray light. The amplitude of the current at 

zero bias was recorded for the photodiodes in both channels. The Newport 818-UV 

photodiode was checked against a photodiode which had been calibrated by the 

National Physical Laboratory in order to check the correct amplitude and spectral 

response of the setup before the sample devices were tested. 

Mirrored Chopper WheelMonochromated

Excitation Light

Reference

Photodiode

Sample 

PhotodiodeCary 300

Lock-in

Amplifier

Lock-in

Amplifier

Oscilloscope

Timing

Signal

 

Figure 8.2 The experimental setup for measuring the spectral responsively of the 

photodiodes. 

 

The reflectivity of the photodiodes was measured using the Varian Cary 300’s 

absolute reflectivity attachment which measures the reflectivity of a sample to light 

incident on it at an angle of 7 degrees to the normal.  
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8.3 Results 

8.3.1 Poly(fluorene) Enhancement Layer 

The chemical structure of poly[2,7-(9,9-dioctylfluorene)] (PFO) [16-18] is shown in 

Figure 8.3. This material is a commonly used blue light emitting polymer with a good 

photoluminescence quantum yield of around 50% in thin films [18]. Therefore, PFO 

seemed a suitable candidate for a solution processable enhancement layer. The PFO 

used in these measurements was ADS129BE purchased from American Dye Source. 

In all cases below the PFO films were spin coated from toluene solutions at a 

concentration of 10 mg/ml at 2000 rpm. The absorption and emission spectra of the 

material is shown in Figure 8.4. The quantum efficiency of devices enhanced using a 

53 nm film PFO is shown in Figure 8.5. 

 

 

Figure 8.3 Molecular Structure of poly[2,7-(9,9-dioctylfluorene)](PFO). 
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Figure 8.4 Absorption and emission spectra of a 53 nm thick film of PFO. The 

emission spectrum was excited at 325 nm. 
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Figure 8.5 The quantum efficiency of an unmodified photodiode and a photodiode 

enhanced with a 53 nm layer of PFO. 

 

Figure 8.5 shows that the performance of the photodiode has been enhanced from 

200-390 nm by applying the PFO layer. This leads to a performance of up to 17% at 

210 nm for the enhanced photodiode compared to 3% for the unmodified device, an 

improvement of >5 times. There is another peak in the quantum efficiency of the PFO 

device of 14% at 370 nm which compares favourably to 5% for the unenhanced 

photodiode. These peaks in the enhancement correspond to the peaks in PFO’s 

absorption spectrum (Figure 8.4), which shows that for a film of 53 nm thickness the 

amount of luminescence is limited by the amount of light being absorbed at other 

wavelengths. Notably, there is a gap in both the absorption and enhancement in the 

range of 250-350 nm. The maximum UV quantum efficiency of 17% is also quite 

modest and this results from both the fact that the peak of the PFO emission spectrum 

is at 439 nm, which is not at the peak quantum efficiency of the unmodified 

photodiode and that only 50% of the collected photons can be re-emitted to be 

collected by the photodiode because that is the PLQY value. 

 

At longer wavelengths of 400-560 nm the unmodified photodiode outperforms the 

PFO coated photodiode while the enhanced photodiode has higher responsivity at 

>560  nm. This is due to the fact a wavelength scale dielectric film has been added to 

the top of the photodiode. This changes the anti-reflection properties of the silicon 
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oxide layer on top of the device and shifts them to longer wavelengths. A 68 nm 

thickness of silica would be expected to enhance absorption at ~400 nm and so these 

photodiodes have been designed to have increased blue response by using this layer to 

increase absorption at these wavelengths. By adding the PFO layer and increasing this 

dielectric layer thickness this anti-reflection peak has been shifted towards the red, so 

the enhanced device outperforms the unmodified device in the yellow/red part of the 

spectrum. 

8.3.2 (F8)9BT Co-polymer Enhancement Layer 

 

In order to improve on the performance of the PFO device it was necessary to shift the 

emission wavelength to longer wavelengths, to use the region where the photodiodes 

are most sensitive, and to increase the material’s PLQY value. Fortunately a 

poly(fluorene) based co-polymer which uses 90% (9,9-dioctylfluorenyl-2,7-diyl) and 

10% (1,4-benzo-{2,1’,3}-thiadiazole) units ((F8)9BT) was available which addresses 

both of these issues. This material was purchased from American Dye Source with the 

name ADS233YE. The addition of the (1,4-benzo-{2,1’,3}-thiadiazole) units creates 

units of the polymer that behave like the green emitting polymer F8BT [19]. Both 

these polymers are shown in Figure 8.6. Energy is transferred by Förster energy 

transfer from the blue emitting PFO like units to these longer wavelength emitting 

units and so the emission of the polymer is entirely yellow. This is shown in Figure 

8.7, were the emission peaks at 552 nm in a 26 nm thick film. Films of (F8)9BT were 

spin coated from a 10 mg/ml concentration toluene solutions spin coated at 2000 rpm. 

In addition to this longer wavelength emission the co-polymer also has an excellent 

PLQY value of 80% [10] which has made it very useful in the fields of organic lasers 

[10] and amplifiers [20]. 

 

 

Figure 8.6 The material structures of polymers F8BT and (F8)9BT.  
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Figure 8.7 The absorption and emission spectra of a 26 nm thick film of (F8)9BT. 

The emission spectra were excited at 325 nm. 

 

As can be seen from Figure 8.7 the absorption spectra of (F8)9BT and PFO are rather 

similar with peaks at 216 nm and at ~380 nm. This is expected as the majority of the 

co-polymer is PFO units. There is some additional absorption at ~460 nm that 

corresponds to the added 1,4-benzo-{2,1’,3}-thiadiazole units and the resulting lower 

energy absorption and emission. The emission peak of the (F8)9BT is at 537 nm 

which is significantly longer than 439 nm peak in the PFO emission. The photodiode 

should have a higher internal quantum efficiency at these longer wavelengths and so 

the responsivity should be increased. 

 

The quantum efficiency of (F8)9BT enhanced photodiodes in shown in Figure 8.8. 

Despite using a thinner 26 nm film than the 53 nm film that was used for PFO the 

enhancement in the UV quantum efficiency is higher. It peaks at 36% at 200 nm and 

31% at 370 nm which is greater than twice the performance of the PFO enhanced 

device (quantum efficiency 15% and 14% respectively). Although the combination of 

higher PLQY and longer wavelength emission have improved the quantum efficiency 

the PFO device’s dip in performance at 250-300 nm remains as the (F8)9BT also does 

not absorb strongly in this region. 
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Figure 8.8 The quantum efficiency of a photodiode enhanced with a 26 nm layer 

of (F8)9BT. The PFO enhanced and unmodified photodiodes are shown for 

comparison. 

8.3.3 (F8)9BT CBP Blend Enhancement Layer 

In order to enhance the absorption of the (F8)9BT in the 250-300 nm region and thus 

give a more even spectral response, 20wt% of the co-polymer was blended with 4,4’-

N,N’-dicarbazolyl-biphenyl (CBP). This is a high energy host material that was used 

for making OLEDs in Chapters 6 and 7, and has good UV absorption. It was hoped 

that energy would be absorbed by the CBP and would then transfer via a Förster 

process to the longer wavelength emitting (F8)9BT and thus achieve a large Stokes 

shift between absorption wavelength and emission wavelength. The absorption and 

emission spectra of a 46 nm thick film of the blend is shown in Figure 8.9. The 

blended films were prepared by spin casting from dichloromethane solutions. The 46 

nm film shown in Figure 8.9 was spin coated from a solution with 10 mg/ml 

concentration at 3,000 rpm. 
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Figure 8.9 The absorption and emission spectra of a blended film of 20 wt% of 

(F8)9BT in CBP. PFO film absorption and emission spectra are shown for 

comparison.  Emission spectra were excited at 325 nm. 

 

The emission of the CBP blended (F8)9BT shows no blue emission from either the 

CBP or the PFO units and instead gives a single peak at 552 nm which is slightly red-

shifted from the neat (F8)9BT’s peak at 537 nm. However, otherwise the emission 

spectrum is similar. The absorption spectrum is significantly different from the PFO 

and neat (F8)9BT and the absorption has been increased at all wavelengths below 350 

nm. Both these results show the CBP is performing its function of enhancing UV 

absorption and allowing energy transfer to the yellow emitting (F8)9BT co-polymer. 

In addition to these measurements film PLQYs for the CBP blend were measured to 

be 84±10% using the Greenham method [21]. This is comparable to 80% value 

reported for neat films of (F8)9BT [10]. 

 

This blend was used to enhance photodiodes in three different layer thicknesses: 63 

nm, 100 nm and 153 nm spin coated from DCM solutions at 3,000 rpm from 10 

mg/ml, 1,200 rpm from 10 mg/ml and 1,200 rpm from 20 mg/ml respectively. The 

results are shown in Figure 8.10. These devices show good quantum efficiencies of 

55%, 60% and 61% respectively at 200 nm. The 100 nm device achieves 34-60% 

quantum efficiency over the entire 200-620 nm range measured and the 153 nm 

device gives >49% quantum efficiency at all wavelengths less than 360 nm. This 
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compares favourably to commercial silicon CCDs using evaporated lumogen which 

can achieve 20-30% quantum efficiency in the UV [14, 22]. These results show that 

the dip at 250-300 nm in performance due to poor absorption of the PFO and (F8)9BT 

has been eliminated by using the blended enhancement layer. 
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Figure 8.10 The quantum efficiencies of photodiodes enhanced with various 

thicknesses of 20 wt% blends of co-polymer (F8)9BT in a CBP host. An unmodified 

photodiode is shown for comparison. 

 

 

As commericial devices are often assessed using responsitivity of the detector in 

terms of Amps of photocurrent produced per Watt of incident power Figure 8.10 has 

been re-plotted in terms of responsivity in Figure 8.11 below. 
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Figure 8.11 The A/W responsivities of the photodiodes enhanced with various 

thicknesses of 20 wt% blends of co-polymer (F8)9BT in a CBP host together with an 

unmodified photodiode for comparison. 

8.4 Modelling 
 

As has been discussed above there are several factors affecting the quantum efficiency 

of an enhanced photodiode at a given wavelength. These include the absorption of the 

enhancement layer, the quantum efficiency of that layer and the internal quantum 

efficiency of the silicon photodiode for the emitted light. We can think about this 

problem more rigorously by considering what happens to an individual photon of 

wavelength λ  as it is incident on the device. The resulting processes are shown in 

Figure 8.12. Incident light is either transmitted )(λT  (1), absorbed )(λA  (2) or 

reflected )(λR (3). The light that is absorbed is re-emitted with an efficiency given by 

the PLQY PLΦ  (4). This light is then either captured by the photodiode β  or escapes 

from the device )1( β−  (5). Transmitted light or fluorescence from the enhancement 

layer is then converted into a photocurrent using the devices internal quantum 

efficiency (6). For the transmitted light this is simply the internal quantum efficiency 

at the wavelength of the incident light )(λG  but for the captured fluorescence this is a 

weighted average of the internal quantum efficiency across the fluorescence spectrum 

of the enhancement layer Q .  
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Figure 8.12 The processes for a photon incident on the enhancement layer in the 

model for the enhanced photodiodes: 1. transmission, 2. absorption, 3. reflection, 4. 

re-emission, 5. escape from the device and 6. conversion to photocurrent at the 

internal quantum efficiency of the photodiode. The white dashed line shows the 

critical angle above which photons are totally internally reflected and captured by the 

photodiode. 

 

The reflectivity )(λR of the devices can be directly measured, as can the absorbance 

( )λα  of a film of the enhancement layer on a silica substrate. These can both be used 

to calculate the fraction of incident light that is absorbed )(λA and transmitted )(λT  

using Equations 8.1 and 8.2 below. 

 

( ) ( ) ( ))101)(1( λαλλ −−−= RA        [8.1] 

( ) ( ) ( )λαλλ −−= 10)1( RT        [8.2] 

 

The fraction of light coupled into the photodiode β  can be calculated following a 

method similar to that for the light extraction efficiency of OLEDs discussed in 

Chapter 3. As in the OLED case any light emitted in an upward direction can escape 

from the device provided it is not emitted at an angle greater than the critical angle for 

total internal reflection. Any light emitted above this angle is captured by the strongly 

absorbing silicon photodiode. Unlike the OLED case there is no reflective layer so 

light emitted downwards is all captured directly. Assuming iso-tropic emission and 
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performing an integral over all solid angles the fraction of light captured is given by 

Equation 8.3. The refractive index of the CBP used in the enhanced photodiodes has a 

refractive index of 1.75 at the wavelengths of the fluorescence, as determined from 

previous elipsometry work [23]. Thus the fraction of captured light is estimated to be 

91%. 
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The internal quantum efficiency of the photodiode )(λG  can be calculated by 

dividing the external quantum efficiency ( )λBareE  of the unmodified photodiode by 

the fraction of incident light at a given wavelength that is absorbed ))(1( λBareR− .  

 

Using this value the effective internal quantum efficiency of the photodiode to the 

fluorescence of the enhancement layer Q  can be calculated using the fluorescence 

emission spectrum )(λL  as shown in Equation 8.4. 

 

∫
∫=

λλ

λλλ

dL

dLG
Q

)(

)()(
        [8.4] 

 

Using all these contributions together the external quantum efficiency of the enhanced 

photodiodes )(λE  can be calculated using Equation 8.5. 

 

( ) ( ) ( ) ( )λλβλλ GTQAE PL +Φ=       [8.5] 

 

Overall this method is similar to that used by Garbozov [11] however unlike their 

reported method, this one does not split the spectrum into two parts based on the point 

at which the internal quantum efficiency becomes negligible and takes transmitted 

light into account across the entire spectrum. 
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The reflectivity spectra of the (F8)9BT:CBP blend enhanced photodiodes are shown in 

Figure 8.13. There is a minimum in the reflectivity of the unmodified photodiode at 

475 nm which can be attributed to the anti-reflection quarter wavelength peak 

resulting from the 68 nm silicon oxide layer. For the enhanced photodiodes in the 

>400 nm region, where the films are mostly transparent, the different layer 

thicknesses show significant differences in reflectivity due to the thin film effects of 

the dielectric. Increasing layer thickness shifts the 475 nm anti-reflection of the 

unmodified photodiode to a longer wavelength of 557 nm in the 63 nm film. In the 

thicker films the λ/4 peak is shifted outside of the wavelength range of the 

measurement. The high reflectivity at 420 nm of the 153 nm and 63 nm thick films 

explain the dip in the quantum efficiency of those devices at that wavelength (Figure 

8.10). In addition the relatively flat response of the 100 nm film is explained by the 

fact that the film reflectivity maximum around 610 nm, where the internal quantum 

efficiency of the silicon photodiode is highest, thus offsetting this peak in the devices 

performance. 
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Figure 8.13 Reflectivity spectra of the 20 wt% (F8)9BT in CBP blend devices. 

 

Using the reflectivity of the unmodified photodiode and its external quantum 

efficiency the internal quantum efficiency was calculated and it is shown in Figure 

8.14 below. These results show that the internal quantum efficiency is flat below 360 

nm at a value of approximately 6%. Some of this may be the result of a systematic 
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error if the monochromator was letting through some light of longer wavelengths. The 

internal quantum efficiency at the emission peak of PFO (440 nm) is 49% and this 

increases to 80% at 550 nm where the (F8)9BT’s emission peaks. This shows that 

there has been a significant improvement in the responsivity of the photodiodes by 

red-shifting the emission of the enhancement layer. 
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Figure 8.14 The calculated internal quantum efficiency of the photodiodes. 

 

Using the reflectivity spectra, internal quantum efficiency, absorption and 

fluorescence properties of the enhancement layers the expected enhancement factors 

of these films were calculated using Equation 8.5. These results are compared to the 

experimental measurements below in Figure 8.15. Wavelengths of 200-250 nm the 

experimental and theoretical results are in close agreement however in the range of 

250-350 nm the model appears to systematically underestimate the experimental 

quantum efficiency. This may be because the absorption is measured using 

transmission through thin films and in the actual device reflections at the top of the 

silicon may allow some of the incident light to be reflected giving another opportunity 

for absorption. According to the model at 320 nm the fraction of incident light 

absorbed by the 63 nm film is 62% compared to 37% which is transmitted. Therefore 

an increase of approximately 60% of the model value could occur due to reflections 

from the silicon. The model predicts 42% for the quantum efficiency and the 
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experimental value is 50%, a 20% increase. For the thicker 100 nm film 65% is 

absorbed and 18% is transmitted according to the model, so the quantum efficiency 

could be increased by up to 28%. Here the model predicts 43% and the experiment 

gives 47%, a smaller increase of 10%. Finally for the thickest 153 nm film we expect 

85% of the light to be absorbed from the model and 9% transmitted allowing a 

maximum increase in quantum efficiency of 10%. The model predicts 54% and the 

actual value is 61% and increase of 12%. From these values it seems plausible that 

much of this discrepancy is caused by failing to account for UV light being reflected 

from the silicon back into the enhancement layer. 
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Figure 8.15 The experimental and expected quantum efficiencies of the 

(F8)9BT:CBP blend enhanced photodiodes. These use the measured value of 84% for 

the PLQY of the enhancement layer. 

 

Above 400 nm, in the region where the films are transparent, the peaks and dips 

corresponding to the anti- and pro- reflection points appear to be shifted to longer 

wavelengths in the model than is experimentally observed. This is likely to be due to 

the fact the reflectivity is measured at an angle of 7 degrees and not at normal 

incidence thus a red-shifting of these peaks is expected due to the increased path 

length in the dielectric. 
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A better calculation would measure or model reflectivity of the photodiodes at normal 

incidence and possibly include a more reliable estimate of the amount of light 

absorbed taking reflections at the silicon interface into account. Despite these issues 

the model does a reasonable job of fitting the data. This shows that the simple 

estimate of the coupling efficiency based on the refractive index of the enhancement 

layer and the escape cone model of light out coupling, has generated results which are 

consistent with experiment. 

8.5 Conclusions 
 

In this Chapter I have discussed the creation of hybrid organic-inorganic 

photodetectors that use a highly emissive layer to down convert incident UV light to 

wavelengths that can be detected by low cost silicon photodiodes. By making use of 

energy transfer, I have used a high energy host and a longer wavelength emitting 

guest. This gives good, even, UV absorption and long wavelength emission. This 

~550 nm emission make use of the region where the silicon photodiodes have good 

internal quantum efficiency. This has enabled the fabrication of devices with up to 

61% quantum efficiency at 200 nm wavelength or 60-34% quantum efficiency over 

the 200-620 nm wavelength range. 

 

These results show that solution processed organic semiconductors can be used to 

produce devices, that can match or beat the performance of lumogen based 

commercial UV enhanced silicon CCDs. I have also shown that these performances 

can be achieved using ~100 nm thick films that will be thin enough for multi-pixel 

applications. By using solution processing, these devices will be easier to manufacture 

than their thermally evaporated counterparts. In addition I have shown that the 

performance of these devices can be estimated using a simple model using an escape 

cone model for the fraction of light captured from the enhancement layer and coupled 

into the silicon photodiode. 

 

The blends of organic materials can easily be optimised both in terms of composition 

and layer thickness to give absorption and thin film interference that are most suitable 

for the wavelength range required for a given application. The current results and this 
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flexibility mean that this work has applications in making higher sensitivity and lower 

cost UV enhanced CCDs than are currently used commercially.  
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9. Conclusion 
 

One of the many useful applications of semiconductor materials is optoelectronics, the 

science of inter-converting light and electricity. Examples of these devices include 

LEDs, solar cells, CCD cameras and compact solid state lasers. This thesis has 

focused on the photophysics and applications of light emitting organic 

semiconductors, with a particular emphasis on light emitting diodes. 

 

Organic semiconductors are made from conjugated carbon based systems and through 

organic chemistry many possible molecular structures can be synthesised and 

investigated. This allows the materials properties to be easily tuned for specific 

applications. One important issue with organic semiconductors is that they can suffer 

from concentration quenching of their luminescence, and this can be a particular 

problem in the solid state. This can reduce the efficiency of light emitting devices and 

so it is important to control it. In this thesis I have investigated materials which use a 

number of different strategies for controlling concentration quenching: in Chapter 5 

by twisting molecules to prevent π stacking, in Chapter 6 by using bulky dendrons to 

sterically protect emissive cores [1] and in Chapter 7 by using high energy spacer 

units to prevent aggregation along a polymer chain. Another strategy is host-guest 

blending which separates the chromophores in a higher energy host which can be 

optimised for charge transport. This approach is used to augment the dendrimer 

materials in Chapters 6 and 7 and is also used in Chapter 8 to increase the coverage of 

the absorption spectrum of the enhancement layers.  

 

In addition organic materials can be made soluble and are generally amorphous which 

makes low cost solution processing of devices on rigid or flexible substrates [2]. The 

ability to deposit devices on large areas at low cost makes these materials suitable for 

large area solar cells and low glare lighting installations. If the solution properties of 

these materials can be sufficiently controlled they can be deposited via ink-jet printing 

allowing the printing of transistors for processing [3] or light emitting diodes for 

displays [4]. Chapters 6 and 7 covered the development of high efficiency emissive 

layers for ink-jet printable OLEDs by polymerising successful dendrimer materials so 

that higher viscosity solutions, suitable for printing, could be achieved. Taking 



Chapter 9 – Conclusion 

 171 

advantage of the ease of deposition via solution processing is also part of the theme of 

Chapter 8, where I have shown how an efficient UV enhancement layer can be spin 

coated onto silicon photodiodes. 

 

In Chapter 5 I showed how a planar molecule (triphenylene) could be prone to π-

stacking, leading to red-shifted emission in the solid state and multiple emissive 

lifetimes in the time-resolved luminescence. By adding extra methyl groups the 

hexamethyltriphenylene (HMTP) molecule was twisted out of one plane due to steric 

crowding [5]. This prevented both the concentration dependent red-shifting of the 

emission spectrum in solution and made sure there was only one emissive state. I also 

showed how the strength of the optical transitions of molecules can be affected by 

changing their shape. Triphenylene has a symmetry that makes the S0 to S1 transition 

rather weak [6-8] and by changing the shape of the molecule this increased both the 

absorption and emission dipole moments from 0.7 D to 3.6 D and 0.5 D to 2.1 D 

respectively. This resulted in a ~20 times increase in the radiative de-excitation rate, 

and taken with the reduced aggregation effects this meant that HMTP became a 

moderately efficient emitter in the solid state with a photoluminescence quantum yield 

(PLQY) of 31%. 

 

Futher work in this area would investigate the reasons why HMTP has higher film 

PLQY (31%) than solution (5%) and the possible existence of dark conformers related 

to the interconversion of the molecules between different conformers. This might be 

best investigated by freezing out these interconversions and performing photophysical 

measurements of absolute quantum yield and time resolved luminescence at low 

temperature. These measurements are challenging because many solvents can freeze 

and become scattering at low temperatures. Methyl THF was considered as a 

candidate for these measurements it forms a transparent glass however it or dissolved 

impurities were found to react chemically with the HMTP. A further problem with 

these measurement is a relative method of PLQY measurement cannot be used if there 

is significant thermal expansion or contraction of the solvent. 

 

Chapters 6 & 7 focused on Iridium based phosphorescent materials for OLEDs. 

Phosphorescent materials are necessary for achieving the highest efficiencies in 
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electroluminescence because they can emit from triplet excited states, a large number 

of which are formed under electrical excitation. In contrast organic materials they do 

not include heavy metal atoms are fluorescent and cannot harvest these triplet states 

[9]. 

 

Unlike dendrimers, which have previously be used to produce successful solution 

processable phosphorescent OLEDs with up to 16% external quantum efficiency [10], 

in this case the materials investigated were phosphorescent polymers. The aim of this 

work was to increase the viscosity of solution so that phosphorescent devices might be 

fabricated with ink-jet printing. Many previous attempts used phosphorescent 

polymers with conjugated backbones, however these sometimes accepted back 

transfer of the triplet states which then became trapped on the fluorescent backbone 

and were thus lost [11]. In this work a non-conjugated backbone was used to prevent 

quenching via back transfer of triplets. The pendant iridium complexes made use of 

dendrons to reduce intermolecular interactions. By using double dendrons structures 

with two dendrons per ligand interactions were further reduced. For the 

homopolymers investigated in Chapter 6, this allowed the production of OLEDs with 

9.3% external quantum efficiency. With host guest blending using CBP as a charge 

transport host the efficiency was increased to 12.1%. 

 

One issue with phosphorescent homopolymers with pedant iridium complexes is that 

the emissive cores are not sufficiently separated along the chain of the polymer to 

prevent intra chain concentration quenching. This results in some quenching of the 

luminescence of the polymers even in dilute solutions. This can be detected from both 

a reduction in the PLQY values and from non-exponential time-resolved 

luminescence characteristics indicating there is more than one emissive state. While 

the monomer’s of the more emissive 2-phenylpydridyl (ppy)/phenyltriazolyl (ptz) 

based materials achieved >90% PLQY in solution these interactions limited the 

solution PLQY of the homopolymers discussed in Chapter 6 to 61-67%. 

 

In Chapter 7 I investigated the use of co-polymers with high energy gap spacer units 

to reduce interchormophore interactions along the polymer chain. By using high 

energy poly(styrene) spacer groups the solution PLQY was increased to 94% and 

mono-exponential luminescence decay was achieved indicating that intra-molecular 
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interactions had been eliminated in solution. When blended with the charge transport 

host CBP this allowed 6.7% EQE OLEDs to be produced. However, the high energy 

of the poly(styrene) spacer units meant they would not contribute to charge transport 

and this is undesirable in a material intended for use in OLEDs. 

 

Materials with charge transporting, poly(9-vinylcarbazole) (PVK), spacer units were 

investigated next with the aim of retaining the desirable photophysics of the 

poly(styrene) co-polymer while improving charge transport. Although these materials 

did show only one emissive state in time resolved luminescence the PLQY values 

were reduced to 64-69% compared to >90% for the emissive monomers. This may 

have been due to back transfer of triplet excitons from the iridium complexes onto the 

PVK spacer units. Nevertheless these co-polymers resulted in efficient neat devices 

with 10-11 % EQE. The best device achieved 14.7% EQE on blending with CBP, 

which is higher than previous reports for a phosphorescent polymer of 11.8% EQE 

[12]. 

 

Photophysical investigation could determine of the solid state PLQY of these 

materials was indeed being reduced by back transfer to the PVK units and offer a 

route to still more efficient materials for devices. Futher optimisation of the OLEDs to 

achiever lower drive voltages and higher power efficiencies would be desirable. This 

would involve adjusting layer thicknesses, considering alternative charge transport 

hosts and possibly improving hole injection by using a PEDOT:PSS layer on the 

anode. Ideally the charge balance would be optimised by adjusting the transport 

groups in the co-polymer structure or by adding charge transport dendrons [13]. 

Optimising the OLED structure would be easier if the carrier transport of the 

polymers and co-polymers was characterised, perhaps by the time of flight or single 

carrier device methods, and it would be interesting to see if the charge transport 

properties were significantly different from in comparable dendrimer films. 

 

The high luminescence efficiency and easy processing of organic semiconductors 

were used to good effect in Chapter 8 to enhance the UV response of a silicon 

photodiodes. As silicon photodiodes do not show much response to UV light but are 

sensitive to longer wavelengths, a luminescent layer was added to the top of the 

devices to downcovert the energy of incident light. By using a blend of a long 
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wavelength emitting polymer with a higher energy host efficient absorption in the UV 

was combined with re-emission at wavelengths were the silicon photodiode was most 

sensitive achieving 61% external quantum efficiency. The strong absorbance of the 

enhancement layers allowed thin ~100 nm films to be used which would be thin 

enough to be used for enhancement of multipixel detectors like CCDs without 

introducing cross talk between pixels. This is promising because it shows an 

efficiency significantly better than 20-30% EQE reported for currently used lumogen 

devices [14, 15], but also it can be solution processed, rather than the normally 

deposited via thermal evaporation in high vacuum normally used for lumogen. 

 

The next step for this project would be the enhancement of a CCD device and to 

determined the effects of the enhancement layer on pixel cross talk. Further 

optimisation of this enhancement layer would also be possible by varying materials, 

blend ratios and layer thicknesses. Although these devices were shown to be stable in 

air, their lifetime would need to be investigated and controlled under operating 

conditions. This would possibly involve making use of UV transparent thin film 

encapsulation. 

 

Emissive organic light emitting diode displays are already being deployed 

commercially and in the future solution processable OLEDs, possibly on flexible 

substrates, may provide low cost, energy efficient portable device displays and large 

area low-glare lighting and signage [2]. This thesis has contributed to the investigation 

of high efficiency phosphorescent materials available for solution processed OLEDs. 

By combing the strengths of organics with inorganics hybrid devices allow us make 

use of the best of both systems. For example using organic layers as light 

concentrators for high performance but expensive inorganic solar cells [16] or making 

compact LED pumped tuneable polymer lasers [17]. In this work I have shown that 

solution processed organics are versatile and efficient materials for making hybrid UV 

photodetectors. Taking all of this into account, the future of organic optoelectronics 

looks bright indeed. 
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