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THE INVESTIGATION OF PHOSPHORESCENT DOPANTS 

AND NOVEL BLUE FLUORESCENT POLYMER HOSTS FOR 

PLED DEVICES 

Javan Harold Cook 

   

 

Abstract 

This thesis has focused on using experimental and simulation based techniques in an attempt 

to understand the interactions between polymer hosts and phosphorescent dopants in Organic 

Light Emitting Devices (OLEDs). 

The viability of the SEmiconducting Thin Film Optics Simulation (SETFOS) software as a 

modelling tool has been established using the well documented material poly(3,4-

ethylenedioxythiophene) (PEDOT). Parameters including resistivity and work function were 

extracted using SETFOS and the trends observed compared favourably to the commercially 

provided values, despite some limitations. 

SETFOS was then used, along with steady state and transient electroluminescence 

characterisation, to investigate the effects of both phosphorescent dopant colour and 

concentration on device performance and extract important device parameters, such as the 

density of states and carrier mobilities. Different device behaviours were observed depending 

upon the dopant colour and concentration, highlighting the importance of both to device 

performance. SETFOS was again found to be able to produce quantitative values for a 

number of device parameters, but several more limitations within the models were identified, 

which makes further analysis and investigation necessary. 

Having gained an understanding of host and dopant interactions in OLED devices, the 

information gathered was used in the characterization of novel high triplet host polymers for 

OLED applications. Seven polyfluorene based copolymers were investigated in devices with 

a range of different coloured phosphorescent dopants and charge transport molecules. 

Unfortunately, they were found to be unsuitable for use as host materials in OLEDs, acting 

instead as charge traps. 

These polymers, along with four others, were alternatively assessed on their ability to 

perform as deep blue, or violet, fluorescent materials in undoped Polymer LED (PLED) 

devices. These devices were found to have some of the highest device characteristics 

currently detailed in the literature, and represent a variety of new ways of achieving efficient 

deep blue emission using PLED devices. 
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Figure 3.4: The Kurt J. Lesker Spectros II deposition system on the left of the figure and a 

schematic view on the right of the figure. Of particular note are the main 

evaporation chamber, with attached retractable arm, vacuum equipment and 

rotation/Z-shift motor systems, and the control panel. ....................................... 59 
Figure 3.5: This figure shows the Labsphere LMW-100 integrating sphere used to 

characterise the devices and the LabVIEW program used to control the system 

and produce the results. ...................................................................................... 64 
Figure 3.6: The CIE’s three colour matching functions x(λ), y(λ) and z(λ). These are related 

to the spectral response curves for the three different cone cells present in the 

human eye and can be used to define the colour of light perceived. The function 

y(λ) is also known as the photopic luminosity function, which describes the 

sensitivity of the human eye to the brightness of different wavelengths of light. 

It peaks at 555 nm, which is within the green, resulting in the sensitivity for blue 

and red light being reduced in comparison. ........................................................ 67 
Figure 3.7: The CIE chromaticity diagram, which contains all of the different colours 

perceivable by the human eye. Also shown is the sRGB gamut (R = (0.64, 0.33), 

G = (0.30, 0.60) and B = (0.15, 0.06)), which contains the colours capable of 

being reproduced by most common displays. These displays utilise RGB pixel 

systems. ............................................................................................................... 69 

Figure 3.8: This figure shows the basic experimental setup used to carry out transient 

electroluminescence on the devices produced for this report. ............................ 70 

Figure 3.9: A schematic view of the ellipsometer experimental setup and a photograph of a J. 

A. Woolam VASE Ellipsometer. Note that the angle of incidence is equal to the 

angle of reflection in this configuration. ............................................................ 72 

Figure 4.1: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device 

Efficiency vs. J for four devices with PEDOT of different resistivity and work 

function. Inset to (b) shows the turn on voltages for the three PEDOTs in a plot 

of Luminance vs. V. ........................................................................................... 88 

Figure 4.2: The structure of the devices used to provide the data for SETFOS analysis. ...... 89 
Figure 4.3: The graphical user interface used to operate SETFOS 3.2. The device parameters 

have been entered and the simulation is ready to run. ........................................ 91 
Figure 4.4: Plots of the simulated J-V curves for (a) PEDOT HIL 1.5, (b) PEDOT HIL 1.3 

and (c) PEDOT HIL 1.1, produced using SETFOS 3.2, along with the 

experimentally determined J-V curves already seen in Figure 4.1. .................... 92 
Figure 4.5: Plots of the simulated J-V curves for (a) PEDOT HIL 1.5 from a simulation 

optimised for HIL 1.5, (b) PEDOT HIL 1.3 from a simulation optimised for HIL 

1.5, (c) PEDOT HIL 1.5 from a simulation optimised for HIL 1.3 and (d) 

PEDOT HIL 1.3 from a simulation optimised for HIL 1.3, produced using 

SETFOS 3.2, along with the experimentally determined J-V curves already seen 
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Figure 5.1: The chemical structures of three different phosphorescent dopants used in this 

thesis. The structure of the green emitting dopant Ir(ppy)3 is shown in .a. The 

structure of the red emitting dopant DBFIr is shown in .b. The structure of the 

blue emitting dopant FIrpic is shown in .c. ........................................................ 98 
Figure 5.2: Plots highlighting how the distance between excited species and phosphorescent 

dopant changes with concentration for .a. <2% dopant concentration, .b. 8% 

dopant concentration, and .c. 24% dopant concentration, where RT is the 

distance between the donor and acceptor. Also shown are the different transfers 

between the singlet and triplet states of the donor and emissive molecules. ...... 99 
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Figure 5.3: Energy levels for the chemicals pertinent to this chapter. Of particular note is the 

fact that either both the HOMO and LUMO for FIrpic, or just the HOMO in the 

cases of DBFIr and Ir(ppy)3, are within the HOMO of PVK and the LUMO of 

OXD-7, making all three phosphorescent dopants suitable for direct charge 

trapping. ............................................................................................................ 101 

Figure 5.4: Plots of (a) Normalised thin film based PL emission spectra for the OLED 

materials, and (b) The CIE coordinates for the emission spectra, where the black 

triangle highlights the colour gamut produced by the three phosphorescent 

dopants. ............................................................................................................. 105 
Figure 5.5: Plots of the absorption spectra for (a) DBFIr, (b) Ir(ppy)3 and (c)FIrpic with the 

emission spectra of PVK and OXD-7, where the shaded areas under the curves 

represent the overlap integral, J, for the three phosphorescent dopants, the 

values of which can be found in Table 5.1. ...................................................... 106 
Figure 5.6: Plots of (a) J-V curves, (b) E.Q.E. vs. J, (c) Luminance vs. J, (d) Device 

Efficiency vs. J for the polymers (e) J at 12V vs. Concentration, (f) Maximum 

E.Q.E. vs. Concentration, (g) Max Luminance vs. Concentration and (h) Device 

Efficiency vs. Concentration for nine different concentrations of the 

phosphorescent dopant DBFIr. Inset to (c) shows the turn on voltages for the 

nine devices in a plot of Luminance vs. V. ...................................................... 108 

Figure 5.7: Plots of (a) The EL emission spectra for a device with 0.5% DBFIr at a range of 

voltages, of particular note is the emission between 400-550 nm that appears at 

high voltages that is from the PVK host and is a sign of Förster transfer, and (b) 

A CIE plot showing the migration of CIE coordinates as the concentration of 

DBFIr is increased from 0.15% to 24% . ......................................................... 109 

Figure 5.8: Plots of (a) J-V curves, (b) E.Q.E. vs. J, (c) Luminance vs. J, (d) Device 

Efficiency vs. J for the polymers (e) J at 12V vs. Concentration, (f) Maximum 

E.Q.E. vs. Concentration, (g) Max Luminance vs. Concentration and (h) Device 

Efficiency vs. Concentration for nine different concentrations of the 

phosphorescent dopant Ir(ppy)3. Inset to (c) shows the turn on voltages for the 

nine devices in a plot of Luminance vs. V. ...................................................... 111 

Figure 5.9: Plots of (a) The EL emission spectra for devices with 0.15%, 5% and 18% 

Ir(ppy)3 at peak brightnesses, of particular note are the none zero y-intercept for 

0.15% dopant due to emission from the PVK host, which is a sign of Förster 

transfer, and the increasing red-shifting of the spectra with concentration, and 

(b) A CIE plot showing the migration of CIE coordinates as the concentration of 

Ir(ppy)3 is increased from 0.15% to 24%. ........................................................ 112 
Figure 5.10: Plots of (a) J-V curves, (b) E.Q.E. vs. J, (c) Luminance vs. J, (d) Device 

Efficiency vs. J for the polymers (e) J at 12V vs. Concentration, (f) Maximum 

E.Q.E. vs. Concentration, (g) Max Luminance vs. Concentration and (h) Device 

Efficiency vs. Concentration for nine different concentrations of the 

phosphorescent dopant FIrpic. Inset to (c) shows the turn on voltages for the 

nine devices in a plot of Luminance vs. V. ...................................................... 115 

Figure 5.11: Plots of (a) The EL emission spectra for devices with 0. 5%, 2%, 8% and 24% 

FIrpic at peak brightnesses, of particular note are the none zero y-intercepts for 

0.5% and 2% dopant due to emission from the PVK host, which is a sign of 

Förster transfer and (b) A CIE plot showing the migration of CIE coordinates as 

the concentration of FIrpic is increased from 0.15% to 24%. .......................... 116 
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Figure 5.13: Plots of Mobility vs. F
1/2

 for different concentrations of .a. DBFIr, .c. Ir(ppy)3, 

and .e. FIrpic. Also featured are plots of Mobility vs. Concentration at 12 V for 

.b. DBFIr, .d. Ir(ppy)3, and .f. FIrpic. Here 12 V corresponds approximately to a 

value for F
1/2

 of 1550 (V.cm
-1

)
1/2
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Figure 7.3: Normalised triplet emission spectra for polymers P8 in thin film form. The x 

intercept of the red best fit line gives the onset triplet level, ET
onset

, in this case 
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Chapter 1 Introduction: 

1.1). Introduction: 

 The term Organic Light Emitting Device, abbreviated to the acronym OLED, refers to 

a light emitting diode (LED) that utilises an electroluminescent organic layer to generate the 

light emitted. The organic layer typically comprises of either a polymer or a small organic 

molecule and can include mixtures of the two along with organo-metallic compounds. A very 

basic OLED structure can be seen in Figure 1.1. 

 OLEDs have been the focus of intense study for almost thirty years. The process was 

started by the original discovery of electroluminescence in organic materials in the 1950s by 

A. Bernanose [1] and moved on to Pope’s work on organic crystals in the 1960s [2]. Pope 

identified that electroluminescence in organics was due to the recombination of holes and 

electrons; he then described what would be necessary to produce OLED devices that would 

function. Unfortunately, due to limitations in the conductivity of the materials available, 

exceptionally high voltages of over 400 V were required to produce electroluminescence.  

 Work continued in the field with the development of new polymers and organic 

compounds that were more conductive, and so could be operated at reasonable voltages, until 

the first true OLED was achieved in 1987 at Eastman Kodak by C. W. Tang and S. A. Van 

Slyke [3]. They produced an OLED that utilised a bilayer structure of monopolar materials to 

produce a heterojunction of an electron transporting aluminium based organic molecule, 

tris(8-hydroxyquinoline) aluminium (Alq3), and a hole transporting aromatic diamine. The 

Figure 1.1: This figure shows some of the layers often featured in an OLED device. 
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production of these small molecule based devices using bilayers marked the beginning of the 

current period of investigation into OLED devices. This was followed in 1990 by the first 

polymer based OLED device, also known as a PLED, which was produced in Cambridge by 

J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay,  R. H. Friend, P. 

L. Burn and A. B. Holmes [4]. This device used the polymer poly(p-phenylene vinylene) 

(PPV), and was a highly efficient emitter of green-yellow light. 

  The reason that OLEDs have been subjected to such intense scrutiny is that they offer 

numerous potential benefits over commercial liquid crystal displays (LCDs) and other 

sources of lighting. In the future OLEDs have the potential to be cheaper, both to 

manufacture and to power, than inorganic light sources of equivalent area or luminous 

intensity. This is primarily because OLEDs produce their own light and therefore have no 

need for supplementary backlighting. This is in direct contrast to the LCD displays currently 

available, which primarily incorporate an LED backlight. If an area of the OLED display is 

not being used it is switched off and will therefore not be expending power, making the 

display more efficient.  

 An additional beneficial side effect of the absence of backlighting is the ability of 

OLED displays to express true black, where an individual pixel is simply switched on or off 

as required. LCD displays rely on shutters or filters to remove the majority of light produced 

by the backlight, which can negatively impact the contrast ratios achieved. This can be 

alleviated somewhat by the use of dynamic backlighting, where areas of an LED backlight 

can be switched off when not in use. The removal of the backlight from a display also allows 

for much thinner displays, for example the world’s first OLED television is a mere 3mm 

thick at its thinnest point [6]. OLED devices do still require the use of circular polarisers in 

order to remove reflected ambient light, which can otherwise severely inhibit the ability to 

view a display in bright light. 
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 OLED displays potentially possess several other significant advantages over their 

competitors, which include: faster response times, larger colour and contrast ranges, and 

wider viewing angles [7-10]. These abilities are another direct positive effect of OLEDs 

producing their own light and not being required to use LCD filters. In current LCD displays 

the response time is limited to the order of milliseconds [11] by the turn on time of the liquid 

crystals changing orientation, whereas the response time of OLED displays are currently in 

the microsecond range and limited by the time taken to turn a pixel on or off. Finally it is 

possible to print OLEDs [12, 13] onto different surfaces which allows for not just the 

inexpensive, rapid and efficient manufacture of OLED devices but it also provides the ability 

to produce flexible displays [14]. Using flexible polymers like poly(ethylene terephthalate) 

(PET) it may even be possible to print fold-able or roll-able OLEDs onto fabrics, such as on 

t-shirts, or onto paper and other flexible media. [15-18] 

 There are, however, a number of disadvantages also currently associated with OLEDs 

when they are compared to other commercially available LCD displays. Currently OLEDs 

suffer from lifetimes that are limited by the organic constituents of the active layers. These 

lifetimes are usually lower than those made with LCD components and can sometimes be 

Figure 1.2: This figure shows the first OLED television made by Sony, the XEL-1, with a thickness of 3mm at its 

thinnest point. Also featured is the Samsung Galaxy S5, the Sony PlayStation Vita and the LG 55EC930V, all of 

which use OLED technology. [15-18] 
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significantly shorter. This is because OLED devices are current driven, as opposed to voltage 

driven like LCD displays, which allows for the disassociation of charge to occur within the 

layers creating non-emissive trap states. Upon exposure to light or when contaminated by air 

or water, the device layers that incorporate organic components can also be oxidised and 

break down. This can be extremely harmful to the OLED device performance, therefore 

improved encapsulation techniques or organic chemicals with enhanced stability are required 

to make them comparable and viable alternatives to inorganic devices. 

 These issues can be particularly problematic for flexible displays. Due to the nature of 

their operation they are often more challenging to encapsulate successfully and as such can 

have severely limited lifetimes. The materials used as cathodes for OLED devices, such as 

barium or lithium fluoride, can also present potential problems to device capabilities, as they 

are very readily oxidised if left exposed to ambient conditions. Despite these challenges, 

much progress has been made in recent years that should see OLEDs being fully competitive 

with their inorganic rivals [19, 20]. 

 OLEDs have several possible applications because of their numerous advantages over 

current technologies; these primarily encompass lighting and display technologies. A number 

of OLED televisions have been produced to date; these include the Sony XEL-1 [6] and the 

LG 15EL9500 [21], which were regularly presented at technology shows, along with more 

recently produced displays which are now commercially available including the LG 

55EC930V. As OLED displays are energy efficient they have been used in a number of 

smaller devices, such as in screens for mobile phones or mp3 players, resulting in prolonged 

battery life. These types of product typically have a short life as they tend to be upgraded 

fairly often, so their transitory nature alleviates the limitations usually associated with OLED 

lifetime. This includes the massively successful Galaxy S range produced by Samsung which 
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has sold a combined total of 216 million units in the last five years [22]. Several devices 

using OLED screens can be found in Figure 1.2.  

 In addition to displays, because OLEDs have the potential to be extremely efficient 

they could also be used as large area lighting sources or signs and backlights for future LCD 

displays [23]. OLEDs remain a comparatively novel form of technology, and as such there 

should be many more applications in the future ranging from virtual reality headsets [24] to 

transparent displays [25] and beyond.  

1.2). Thesis Motivation: 

 This thesis investigates the role of simulation software in developing OLED 

technologies and understanding the trends exhibited by experimental results. Novel methods 

of producing deep blue OLEDs are also investigated, including new high triplet host 

materials for use with blue phosphorescent dopants and deep blue fluorescent polymers. 

Efficient blue emission is of extreme importance to OLED devices as it is not only essential 

for good colour rendering but it is also the limiting factor in device lifetime, with current blue 

OLED lifetimes being approximately 50,000 hours [26]. At present displays utilise 

fluorescent blue emitters which currently have longer lifetimes than their phosphorescent 

alternatives [27], but the latter have the potential for far superior efficiencies, obtained by 

making use of the otherwise spin forbidden triplet states. 

 Following on from this introductory chapter, Chapter 2 and Chapter 3 provide the 

background theory and the experimental procedures for this thesis respectively. This includes 

a basic overview of the operating principles behind OLED devices and progresses to an in-

depth discussion of the fundamental and material concepts involved in the later chapters. The 

experimental techniques involved in both producing and characterising OLED devices are 

detailed in Chapter 3, along with instructions for additional photophysical measurements. 



Chapter 1  Introduction 

6 

 

 Chapter 4 introduces the OLED simulation software Semiconducting Thin Film 

Optics Simulation (SETFOS). An in depth discussion of the fundamental models and 

equations used by the SETFOS software is presented, and its ability to accurately reproduce 

experimental results and extract physical device parameters is assessed. This was achieved 

using experimentally observed device data based on three different versions of commercially 

produced poly(3,4-ethylenedioxythiophene) (PEDOT). It was determined that whilst the 

general trends expected based on the experimental data were correct, the magnitude of the 

physical values were not within the expected ranges. This was attributed to a combination of 

flaws within the SETFOS model but it was concluded that SETFOS was able to successfully 

model device data, producing quantitative values for device parameters that fit with the 

experimentally observed trends. 

 Chapter 5 attempts to further the work of Chapter 4 by increasing the complexity of 

the data to fit using an updated version of SETFOS. In addition to this, the effects of 

phosphorescent dopant colour and concentration on device performance were investigated. 

These investigations yielded important results relating the energy levels of both the dopant 

and the host to device behaviour; in addition to this optimum dopant concentrations for 

device performance were obtained. As in Chapter 4, SETFOS was found to have a number of 

limitations preventing it from accurately reproducing experimentally determined results. It 

was, however, still possible to obtain qualitative values and trends that reinforced the 

observed data. 

 Chapter 6 aims to use the lessons learnt about the relationships between polymer hosts 

and phosphorescent dopants in Chapter 5 to develop a series of new high triplet polymer 

hosts for deep blue OLED applications. Seven polyfluorene based copolymers, which made 

use of restricted conjugation to increase the triplet levels, were investigated and found to be 

unsuitable hosts for a variety of different phosphorescent dopants. This was attributed to a 
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severe offset between the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels of the hosts and the dopants, the highly charge 

trapping nature of the polymers, and poor charge transport properties for the least conjugated 

polymers. However, it was discovered that the polymers were promising deep blue 

fluorescent emitters that warranted further investigation. 

 Chapter 7 investigates the seven polymers from Chapter 6, in addition to four new 

polyfluorene-carbazole based copolymers, to determine their suitability for use in deep blue, 

or violet, fluorescent polymer LEDs (PLEDs). Different chemical engineering techniques 

were used to produce deep blue or violet devices, including changing bonding positions to 

reduce conjugation length or incorporating large pendant groups, with various degrees of 

success. No dopants for charge transport, or emission, were used in the polymer layers but an 

electron injecting layer of 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene (TPBi) evaporated 

on top of the polymer layer was found to drastically boost performance. The devices 

produced are amongst the highest of their type currently reported in the literature in terms of 

both brightness and efficiency, and feature extremely good turn on voltages. 
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Chapter 2 Theory: 

2.1). Basic Principles: 

 This section provides a brief overview of how organic light emitting devices (OLEDs) 

work and produce light. A more in depth look at the theory behind the topics covered in this 

section can be found further on in this chapter and in the subsequent chapters. 

 OLEDs produce light using electroluminescence, and are classed as diodes because of 

the change in conductivity amongst the constituent layers when driven by a current. The most 

rudimentary OLED devices characteristically comprise of four key layers, an anode, a 

cathode, a conducting layer and finally an emissive layer [1]. Typically, the device would 

possess an anode, made up of a transparent conducting metal oxide; a metal cathode, such as 

barium; and conducting and emissive layers, either polymer or small molecule based. This 

thesis will focus on polymer based devices. 

 A potential difference is generated between the two electrodes, inducing a current in 

the organic layers, as seen in Figure 2.1. Electrons from the metal cathode are injected in to 

the Lowest Unoccupied Molecular Orbital (LUMO) of the emissive material. Simultaneously, 

holes from the anode are first injected into the valence band of the conductive layer, and then 

injected into the Highest Occupied Molecular Orbital (HOMO) of the emissive material. 

Electron holes, also called holes, are the absence of the normally present electrons when a 

bias voltage is applied. The positive holes and negative electrons are drawn together along 

Figure 2.1: A simple example of an OLED device. The electrons, represented by dark circles, recombine with the holes, 

represented by light circles, to form excitons. These excitons then decay to emit light. 
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the polymer chains by both the applied field and electrostatic interactions, where they 

eventually meet and recombine to form an exciton. This recombination typically occurs in the 

emissive layer, as the holes are usually the more mobile of the two charge carriers [2]. The 

recombination results in an electron being in a higher energy state than it ordinarily would be 

in; from there it may experience a radiative decay, emitting light, in order to return to the 

lower energy ground state. The wavelength of the photon emitted due to the radiative decay is 

determined by the band gap between the HOMO and the LUMO of the emitter. This process 

is discussed in more detail in 2.4). 

 It is possible to produce more sophisticated OLED devices, which have more layers 

than just the emissive and conductive ones mentioned earlier. The motivation behind this is to 

confer benefits, such as increased efficiency, brightness or stability, upon the device 

depending upon the layers and properties selected. The electronic profile of the device can be 

smoothed by inserting extra layers, with intermediate work functions, between layers with a 

big energy step, thus increasing carrier injection or transport. The opposite is also true, and 

extra layers can be inserted to block either electrons or holes from being wasted by reaching 

their opposing electrode [3, 4]. This can be achieved by using the conductive properties of 

different materials, or their work functions, to create unfavourable boundaries that the carriers 

would struggle to penetrate. This can potentially make the OLED devices more efficient and 

even make them more stable during operation.  

 There are several techniques that can be used to deposit the organic layers and these 

usually depend on the type of compound used. Evaporation techniques are generally 

preferred for small molecules [5], whilst solution processing, such as spin coating techniques 

[6] or inkjet printing [7], is preferred for polymers. The primary challenge associated with 

solution processing is to produce multilayer devices whilst still preserving the discrete layers 

necessary for the devices to work properly. Depositing sequential layers can disturb or 
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partially dissolve the layer underneath, which can damage their interfaces and impact upon 

device performance. This is less of an issue for evaporated devices due to the low rate of 

deposition involved. This thesis is primarily concerned with solution processed OLEDs. 

2.2). Bonding and Conjugation: 

2.2.1). Chemical Bonding: 

 The term chemical bond encompasses the different degrees of attraction between two 

atoms that can result in the formation of a new chemical species [8]. There are two main 

categories for chemical bonds, strong bonds and weak bonds. The strong bond category 

includes ionic bonding, covalent bonding and metallic bonding and is usually the result of the 

sharing of, or exchange of, electrons between two atoms. These strong bonds are the 

intramolecular forces responsible for holding together the atoms in molecules.  

 The weak bond category includes dipole-dipole interactions, hydrogen bonding, 

London dispersion forces and cation-pi interactions, and is usually the result of electrostatic 

interactions between molecules. These weak bonds are the intermolecular forces between 

molecules and often affect the properties of a substance, such as the melting point. An 

example of this can be seen in Figure 2.2 where the solid lines represent the covalent bonds 

between the hydrogen and oxygen atoms making a H2O molecule, whilst the dashed line 

represents the hydrogen bonding between two H2O molecules. 

δ+ δ+ 

δ- δ- 

Figure 2.2: An example of strong and weak chemical bonds. The solid lines represent the covalent bonds between the 

hydrogen and oxygen atoms. The dashed lines represent the hydrogen bonds between the water molecules. 
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 For OLEDs we are primarily interested in covalent bonding and the chemistry of 

organic, carbon based, molecules and compounds. Covalent bonds are formed between atoms 

that share a pair of electrons between them. Dative, or coordinate, covalent bonds are formed 

when one of the atoms donates both of the electrons incorporated into the bond. This type of 

covalent bond is also known as a non-polar covalent bond as the electrons are shared almost 

equally between the two atoms. It is also possible to form polar covalent bonds, or covalent 

bonds with ionic character, where a difference in electronegativity between the two atoms 

leads to an imbalance of charge and can cause dipole-dipole interactions as seen in Figure 

2.2. 

 When considering chemical bonds, it is necessary to have some understanding of 

electrons in atomic orbitals and their associated nomenclature. For the considerations of this 

thesis, the electron can behave both as a wave and as a particle. As such an electron orbiting 

an atom has a wavefunction, ψ, associated with it, which describes its quantum state. These 

wavefunctions correspond to spherical harmonic standing waves for each of the quantum 

states available. The modulus squared, |ψ|
2
, gives the probability of finding the electron in a 

given position. For the electron wavefunction, there are five quantum numbers that are of 

interest and these are n, ℓ, mℓ, s and ms.  

 The principal quantum number, n, represents the energy level, or electron shell, in 

which the electron resides. Within each energy level there are a number of allowed states that 

the electron can occupy. The azimuthal quantum number, ℓ, describes the orbital angular 

momentum of the electron; in effect this represents the sub-shells within the energy level and 

can take values ranging from 0 to (n-1). Associated with ℓ is mℓ, which is the projection of 

the angular momentum onto the quantisation axis, conventionally termed the z-axis, and has 

integer values in the range –ℓ to ℓ. This represents the degenerate states that an electron can 

occupy within a specific sub-shell. The s quantum number is the spin quantum number, 
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which for electrons is equal to ½. This is because electrons are fermions and all fermions 

have a spin quantum number of ½. The ms quantum number is the projection of the spin upon 

the z-axis and for electrons can either be +½ or -½, corresponding to the electrons being spin 

up or spin down. 

Table 2.1: A table showing how many electrons can occupy a quantum state defined by the quantum numbers n, ℓ and mℓ. 

There can be two electrons in each possible state due to electrons pairing up into spin up and spin down configurations. The 

total number of electrons per shell is also given. 

Quantum 
Number 

ℓ = 0  ℓ = 1 ℓ = 2 
Total 

mℓ = 0 mℓ = -1 mℓ = 0 mℓ = 1 mℓ = -2 mℓ = -1 mℓ = 0 mℓ = 1 mℓ = 2 

n = 1 2                 2 

n = 2 2 2 2 2 
    

  8 

n = 3 2 2 2 2 2 2 2 2 2 18 

 

 Using these quantum numbers and the Pauli Exclusion Principle, which states that no 

two electrons can have the same value for these quantum numbers within an atom or 

molecule, it is possible to fill the states with electrons. Table 2.1 shows how the different 

energy levels can be filled with electrons as well as the total number of electron possible in 

Figure 2.3: A pictorial representation of the s (ℓ = 0) orbital and the three degenerate p (ℓ = 1) orbitals. For the p orbitals, 

the node at the origin results in a change from positive wavefunction to negative wavefunction, represented by the difference 

in colour between the two lobes. 
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each shell. The spectroscopic notation for ℓ = 0 is “s”, ℓ = 1 is “p” and ℓ = 2 is “d”. For 

conjugated polymers, we only really need to be concerned with the s and p orbitals, of which 

a pictorial representation of the wavefunctions can be seen in Figure 2.3. The p orbital has 

three degenerate levels and these can be considered to point along the three axes in Cartesian 

coordinates. 

 The covalent bond can be explored further by considering the bond present between 

the diatom H2 [9]. Hydrogen has one negatively charged electron and the electronic structure 

1s
1
 (one electron in the 1s level), and one positively charged proton in its nucleus. When two 

hydrogen atoms come into close proximity with each other, the electron orbitals overlap and 

ultimately produce two new molecular orbitals with their own energies. This is due to the 

electrostatic interactions between electrons and protons resulting in the blurring and eventual 

merging of the individual electron orbitals as seen in Figure 2.4.  

 The formation of molecular orbitals is symmetry dependent and the number of 

molecular orbitals formed must be equal to the number of atomic orbitals for the atoms 

combined. For diatomic hydrogen, this is two due to the combination of two 1s atomic 

Figure 2.4: A representation of the formation of a bond between two hydrogen atoms to form diatomic hydrogen. When the 

two atomic orbitals are in phase and interfere constructively the bonding orbital (σ orbital) is formed, whereas when they 

are out of phase and interfere destructively the anti-bonding orbital (σ* orbital) is formed. 
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orbitals from the two hydrogen atoms. There are three possible types of molecular orbitals 

that can be formed when atomic orbitals are combined. The first of these is the bonding 

orbital, which is lower in energy than the atomic orbitals, and corresponds to constructive 

interactions between them. The second of these is the anti-bonding orbital, which is higher in 

energy than the atomic orbitals, and corresponds to the destructive interactions between them; 

there is also a nodal plane between the atoms. Finally, there are the non-bonding orbitals, 

which have the same energy as the atomic orbitals, and correspond to no interaction between 

them; this is the result of incompatible symmetries. For hydrogen the two new molecular 

orbitals are the bonding, or σ, orbital and the anti-bonding, or σ*, orbital respectively.  

 For the bonding orbital, the electrons have a high probability of being between the 

hydrogen nuclei, which increases the electrostatic attractions between them and lowers the 

energy of the system. For the anti-bonding orbital, there is a node between the two nuclei 

where the probability of finding an electron is zero; this increases the energy of the system as 

the electrons are more tightly bound than before. This means that when electrons are added to 

Figure 2.5: A molecular orbital diagram for diatomic hydrogen. The electrons from each hydrogen atom occupy the 

bonding orbital forming a covalent bond. Also shown is a representation of the probability distribution (|ψ|2) of the 

molecular orbitals, highlighting the zero probability of finding electrons in the middle of the anti-bonding orbital. 
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the bonding orbital the energy of the system stabilised, whilst adding electrons to the anti-

bonding orbital destabilises the system. The molecular orbitals are filled from lowest energy 

to highest energy, so that the system has the lowest total energy possible. This is carried out 

in accordance with the Pauli Exclusion Principle, so each level can have a spin up and a spin 

down electron. The electrons would prefer not to be paired up if there were more degenerate 

bonding states available, but they will readily pair up to minimise energy and avoid 

occupying an anti-bonding orbital. For diatomic hydrogen this means that both electrons go 

into the bonding orbital as seen in Figure 2.5. In this case the bonding orbital is the HOMO of 

the molecule whilst the anti-bonding orbital is the LUMO. 

2.2.2). Hybridisation: 

 Carbon has an atomic number of six and so has the electron configuration 1s
2
2s

2
2p

2
. 

This would usually only allow carbon to bond covalently to just two other atoms, such as 

hydrogen, due to the two unpaired electrons in the 2p level. However, it is possible to excite 

one of the electrons from the filled 2s state to a 2p state resulting in four unpaired electrons 

that can now form covalent bonds. This is energetically favourable as the excitation energy 

required is more than offset by the formation of two new bonds. It is also this ability that 

leads us to the property of hybridisation. 

 Typically, in order to minimise the energy of the bonded system, the 2s and 2p states 

should have the same energy and be degenerate. This gives rise to the three types of 

hybridisation. The first of these is sp
3
 hybridisation, which occurs when the 2s orbital mixes 

character with the three 2p orbitals to form four new hybrid orbitals. These new orbitals are 

in a tetrahedral formation, with an angle of 109.5° between them, and allow for the formation 

of four identical sigma bonds.  
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 The second of these is sp
2
 hybridisation; here two of the 2p orbitals combine with the 

2s orbital to form three new hybrid orbitals in a plane 120° apart. This allows for the 

formation of three sigma bonds whilst the remaining 2p orbital is used to form a pi bond, or 

double bond, with an adjacent sp
2
 hybridised carbon atom. The pi bond will be discussed in 

more detail in 2.2.3). Finally, there is sp hybridisation; this is where just one of the 2p orbitals 

combines with a 2s orbital to form two new hybrid orbitals in a plane 180° apart. This allows 

for the formation of just two linear sigma bonds whilst the two remaining 2p orbital are used 

Figure 2.6: A graphical representation of the formation of three types of hybridisation. Red and green areas represent 

positive wavefunctions whilst blue and orange areas represent negative wavefunctions. Part .a. shows the formation of four 

sp3 hybrid orbitals. These adopt a tetrahedral formation where the bonds are 109.5° apart. Part .b. shows the formation of 

three sp2 hybrid orbitals. These orbitals form in a plane 120° apart with the remaining 2p orbital perpendicular to them. 

Part .c. shows the formation of two sp orbitals. These orbitals form in a plane 180° apart with the two remaining 2p orbitals 

perpendicular to them. 
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to form two pi bonds, or a triple bond, with an adjacent sp hybridised carbon atom. A graphic 

representation of the three hybridisations can be seen in Figure 2.6. 

2.2.3). Conjugation: 

 Conjugation is a property that occurs in polymers and other organic molecules where 

there is a sequence of alternating double and single bonds along the primary chain. 

Conjugation is primarily a result of the electronic configuration of the carbon atom, which 

allows hybridisation to occur between orbitals. The hybridisation of interest for these 

conjugated structures is sp2 hybridisation. As discussed in 2.2.2), sp2 hybridisation occurs 

when a 2s orbital mixes with two 2p orbitals in order to form three new hybrid orbitals. These 

three new hybrid orbitals occur all in the same plane and are separated by 120°, whilst the 

last of the 2p orbitals remains perpendicular to the plane. 

 Sigma bonds form between carbon atoms when two of these sp2 hybridised orbitals 

overlap. A pi bond is then formed between neighbouring carbon atoms by overlapping the 

remaining 2p orbitals. This can be seen in Figure 2.7. Pi bonds are not as strong as sigma 

bonds as there is a smaller degree of overlap between the orbitals. Another property of pi 

bonds is that they cannot be rotated about the bond without breaking it, as any rotation 

removes the overlap between orbitals. This is in direct contrast to sigma bonds, which can 

rotate freely about the bond. Finally, as can be seen in Figure 2.7, there is one nodal plane 

Figure 2.7: Formation of a σ bond and a π bond between two sp2 hybridised carbon atoms. Part a. shows two of the orbitals 

coming into close proximity. Part .b. shows the formation of a σ bond as the two orbitals overlap. Part .c. shows the 

formation of the π bond as the remaining p orbitals perpendicular to the sp2 plane overlap. 
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between the wavefunctions for the bonding orbital; for the π* orbital, however, there is an 

additional nodal plane, taking the total to two nodal planes.  

 Conjugated structures are formed when there is an alternating chain of double and 

single bonds, as shown in Figure 2.8. This allows a delocalised region of electron density to 

form along the alternating chain. This delocalised region of electron density forms the 

HOMO of the compound. The π* anti-bonding orbitals also overlap creating an absence of 

electron density which forms the LUMO of the compound. This means that for conjugated 

polymers, the core transition is the π-π*, as an electron is excited from the HOMO to the 

LUMO. Unfortunately, even if a perfectly conjugated system were assembled, charge would 

not be freely conducted along the chain like a metallic state. Instead, due to Peirels distortion 

[10], conjugated polymers are insulators in their pure form and require interstitial doping with 

oxidising or reducing agents to make them conducting [11]. 

 An important factor for OLEDs concerning conjugation is the energy gap between the 

HOMO and the LUMO, which determines the wavelength of light emitted. This energy 

difference is directly related to the number of atoms, and their electrons, that are involved in 

the delocalised region of electron density. This factor is known as the conjugation length 

Figure 2.8: The chemical structure of β-carotene. This molecule has a backbone featuring alternate single and double 

bonds, highlighted in red, and is considered a conjugated molecule. This is denoted by the use of a solid and dotted line, 

replacing the single and double bonds, representing the delocalisation of electrons along the backbone. 
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[12]. For molecules or polymers with a longer conjugation length there are more units 

involved in conjugation, which has the effect of reducing the energy gap by stabilising the 

bonding region involved.  

 Unfortunately, unlike other semiconductor materials which are typically highly 

ordered, polymers typically experience a significant degree of disorder. This is caused by 

imperfections both within the chains themselves and by interactions between adjacent chains, 

which result in bends and twists causing the conjugation to be broken when the p-orbital 

overlap is removed. This results in the polymer chain being broken up into conjugated 

sections of different lengths called chromophores. When averaged over all the polymer 

chains, the distribution of chromophore conjugation length can be thought of as being 

Gaussian. The methods of charge transfer between and within chromophores is discussed 

further in 2.5.2) and 2.5.3). This means that by tuning the degree of conjugation, or disrupting 

the conjugation, of a polymer it is possible to affect both the colour of light emitted and the 

transport properties of the device, making conjugation an important consideration in OLED 

design. 

2.3). Excited States in Conjugated Polymers: 

2.3.1). Excitons: 

 An exciton is an excited state of the system [12]. In its simplest form it is a neutrally 

charged, quasi-particle state that can exist between an electron and a hole, and can transport 

energy through a system without affecting the net charge. They can be formed following the 

excitation of an electron from the HOMO to the LUMO of a compound, where it remains 

coupled to the hole left behind in the HOMO due to a Coulomb force. This Coulomb force 

combined with the typically low Coulomb screening for conjugated polymers provides 
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enough of a stabilizing effect that the resultant exciton has a lower energy, and is thus more 

favourable, than an unbound electron and hole. 

 The formation of an exciton can have a substantial effect on a conjugated polymer, 

causing it to rearrange itself around the exciton in order to minimise the change in energy. 

This is a result of the strong electron-phonon coupling in conjugated polymers and the 

exciton is enclosed in a cloud of phonons, which lowers its energy. The rearrangement of the 

polymer typically takes the form of an attempt at planarization, and will follow the exciton as 

it migrates through the conjugated system. It is this rearrangement, together with the bound 

charged pair, that makes it a quasi-particle state. 

 Excitons can be sorted into two groups depending upon their binding energy. Tightly 

bound, usually intrachain, excitons common to materials with a low dielectric constant are 

called Frenkel excitons. Frenkel excitons are typically small in size, are often confined to the 

same molecular unit, and usually have binding energies in the range of 0.1-1 eV [13]. Less 

tightly bound, usually interchain, excitons common to materials with a high dielectric 

constant are called Wannier-Mott excitons. These excitons are larger in size, can exist 

between separate conjugated polymer chains, and typically have binding energies around 0.1-

0.01 eV [14]. For conjugated polymers, because of their typically low dielectric constant, 

Frenkel type excitons with binding energies of approximately 0.5 eV are the ones most 

commonly formed by photoexcitation. 

 It is possible for excitons to be formed in one of four different configurations, each 

with equal probability. Holes and electrons behave as spin ½ particles, and as such they obey 

the exclusion rules that apply for fermions. Fermions are either spin up,|↑〉, or spin down, |↓〉. 

Therefore when an exciton is formed which involves the equivalent of two spin ½ particles, 

there are four different ways to combine the two spins. The particles are uncorrelated, and as 
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such they only know each other at the point of recombination, making this a spin 

independent, random, process. The four possible combinations, along with the relevant 

quantum numbers for the different states discussed in 2.2.1), are given in Equations 2.1 and 

2.2. 

 

𝑆 = 1,     

{
 

 
|↑1↑2〉,

1

√2
(|↑1↓2〉 + |↓1↑2〉),

|↓1↓2〉,

 

𝑚𝑠 = 1 

(2.1) 
 

𝑚𝑠 = 0 

 
𝑚𝑠 = −1 

   

 
𝑆 = 0,     

1

√2
(|↑1↓2〉 − |↓1↑2〉), 𝑚𝑠 = 0 (2.2) 

 
   

 The |↑1↑2〉 and |↓1↓2〉 states correspond to when the spins are both aligned in the 

same direction; either when both are spin up or both are spin down. The 
1

√2
(|↑1↓2〉 + |↑1↓2〉) 

and 
1

√2
(|↑1↓2〉 − |↑1↓2〉) states correspond to the spins being aligned in opposite directions. 

After the total spin of the states is calculated the |↑↑〉, |↓↓〉 and 
1

√2
(|↑↓〉 + |↑↓〉) states from 

Equation 2.1 each have a spin value of 1 making them triplet, or T, states. The remaining 

1

√2
(|↑↓〉 − |↑↓〉) state from Equation 2.2 has a total spin value of 0, making it the singlet, or S, 

state. A pictorial representation of the singlet and triplet states can be seen in Figure 2.9, 

which shows that 
1

√2
(|↑↓〉 − |↑↓〉) precesses out of phase and 

1

√2
(|↑↓〉 + |↑↓〉) precesses in 

phase. The importance of the difference between singlet and triplet states will be discussed 

further in 2.4.3). 

 As stated earlier in 2.1), excitons can also be formed when mobile charge carriers 

recombine. Several different excited states, or types of excitons, can instead be formed when 

recombination occurs. Excited states called excimers, named from excited dimers, are formed 
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when two separate charge carrying molecules that are both the same compound recombine. 

However if the recombination occurs between two separate charge carriers of different 

compounds the resulting excited state is called an exciplex, also known as an excited 

complex [15, 16]. These two states are basically different versions of the Wannier-Mott type 

excitons. 

2.3.2). Polarons: 

 Polarons are quasi-particle states existing between a charge, such as a hole or an 

electron, and the distortion to the polymer bonding geometry caused by the charged particle; 

this is similar to the excitons discussed in 2.3.1). When a voltage is applied across the system 

polarons are free to move and transport charge between chromophores, forming an electric 

current. An electric field is necessary for polarons to be able to migrate as the polaron 

binding energy needs to be overcome. This is the energy required to reorganise the system 

around the charge, and the process can be thought of as self-trapping when the energy 

required is too high. 

Figure 2.9: A pictorial representation of the four different combinations of spin ½ particles. There is one singlet state where 

the spins are in opposite directions and precess out of phase and three triplet states; one with both spins up, one with both 

spins down and another where the spins are in opposite directions and they precess in phase. 
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 Crystalline inorganic structures have lower reorganisation energies due to the rigid 

crystal lattice preventing significant rearrangements, whilst polymers have much higher 

reorganisation energies as the charged particle can cause a molecule wide deformation. This 

accounts for the large difference in conductivity between organic and inorganic 

semiconductors. Inorganic semiconductors typically have conductivities of the order 1x10
3
 to 

1x10
6 

cm
2
.V

-1
.s

-1
, whilst organic semiconductors have been recorded in the range of 1x10

-6
 to 

1 cm
2
.V

-1
.s

-1
 [17]. This range of values for organic semiconductors highlights how much the 

carrier mobility of a system can be affected by the polaron binding energy of the system. 

 There are three main types of polaron, the free electron polaron, the free hole polaron 

and the electron-hole polaron pair. For OLEDs the first two of these are of primary interest, 

as the polaron pair is usually the intermediate step between excitons and free polarons, and 

are more important for photovoltaics. Free polarons can be formed directly, either by charge 

injection from an electrode by an electric field, or by chemical means, using a dopant to 

perform redox reactions. Polarons have energy levels between the HOMO and LUMO levels 

of the polymer due to the interaction of the charge and the geometric distortion [18]. The free 

electron polaron is formed following the addition of an electron to the LUMO of the polymer 

whilst free hole polarons are formed following the removal of an electron from the HOMO. 

2.4). Absorption and Luminescence: 

2.4.1). Processes and Selection Rules for Excited States: 

 There are many properties and processes associated with excited states and the 

majority of them can be summarised in a Jablonski Diagram [19] such as Figure 2.10. The 

vertical axis corresponds to energy and shows the relative positions of the different levels 

along with their vibrational manifolds. This means that vertical transitions correspond to 

changes in energy whilst horizontal transitions represent a change in the electronic state. The 
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radiative processes associated with excited states, namely absorption and emission, are 

characterised by straight lines whilst non-radiative processes, such as Inter-System Crossing 

(ISC), are represented by wavy lines. Also included is the Vibrational Relaxation (VR) and 

Internal Conversion (IC) within the associated manifold, represented by a vertical wavy line. 

Some of these processes will be discussed in more detail later. 

 These processes all have selection rules associated with them. The most basic of these 

is absorption, where the excited state is produced after the absorption of electromagnetic 

radiation. For absorption to occur it is necessary for hν ≥ ΔE. This usually corresponds to 

light in the region of 200-900 nm as longer wavelengths do not have enough energy, and 

shorter wavelengths may ionise the sample removing the electron completely. The probability 

of absorbing energy in this case is proportional to the transition dipole moment squared [20]. 

For the selection rules that are relevant here, the Born-Oppenheimer approximation is used to 

simplify the expression for the transition dipole moment. 

Figure 2.10: This Jablonski diagram shows the processes that can take place in a system after an electron is excited in some 

way. The bold horizontal lines are the excited states whilst the normal horizontal lines represent the different vibrational 

manifolds for each state. 
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 The Born-Oppenheimer approximation assumes that as the motion of the nucleus is 

slow, when compared to the motion of the electron it is effectively motionless. This allows us 

to separate out the nuclear and electronic components from the total wavefunction; the 

electronic term is then further separated into the spin and electronic transition moment (TM) 

functions for the promoted electron. This gives a simplified equation [20, 21] for the 

transition dipole moment of the form: 

 𝑇𝑀 = ∫𝜃𝑖 . 𝜃𝑓 . 𝑑𝜏𝑁 . ∫ 𝑆𝑖. 𝑆𝑓 . 𝑑𝜏𝑠. ∫𝜑𝑖. 𝜑𝑓 . 𝑑𝜏𝑒 (2.3) 

 The first integral refers to the overlap of the initial and final nuclear configurations, 

also known as the Franck-Condon factor, a visual representation of this can be seen in Figure 

2.11. The second integral refers to spin overlap between the initial and final states and is one 

when there is no change in multiplicity and zero otherwise. This means that whilst S←S 

transitions are allowed transitions, the S←T transitions, for example, are not. The third 

integral refers to the electronic transition moment, which is related to the symmetry of the 

molecular orbitals of the initial and final states. Also intrinsic in this equation is the 

requirement for spatial overlap between the initial and final states. 

 If any of the integrals above are equal to zero for a system then the transition is 

forbidden. However, due to the approximations used, it is possible that the transition is not 

completely forbidden, but occurs with a much lower probability. For example, transitions 

between different multiplicities can still occur, as it is the total angular momentum that must 

be conserved, not just the spin. This is especially pertinent for heavy atoms like transition 

metals and will be discussed further in 2.4.4). It should also be noted that symmetry 

forbidden transitions can also occur due to vibronic coupling. 
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2.4.2). Absorption: 

 This is the excitation of an electron into a higher energy state in response to incident 

photons. As discussed earlier in 2.4.1), if all of the selection rules are met, and light of the 

correct energy is incident upon a sample, an electron can be excited to a higher energy level, 

where the energy difference of the transition will be equal to that of the absorbed photon. 

Absorption follows the Beer-Lambert Law which relates the intensity of the light before, and 

after, absorption occurs to both the thickness and concentration of the absorbing sample [22]: 

 𝐼 =  𝐼0. 10
𝜀𝑙𝑐 (2.4) 

 Where I is the light intensity after absorption, I0 is the initial light intensity, ε is the 

molar absorption coefficient, l is the sample thickness and c is the concentration of the 

sample. The absorbance of a sample, also referred to as the optical density can be calculated 

using Equation 2.5: 

 𝐴 = − log10 (
𝐼

𝐼0
) (2.5) 

 Where again, I is light intensity after absorption and I0 is the initial light intensity. 

Inspecting Equations 2.4 and 2.5 shows that the absorption of a material varies linearly with 

both concentration and path length. 

2.4.3). Luminescence: 

 Photoluminescence occurs when excitation is caused by a photon being absorbed by 

the material. An electron is excited from the HOMO to the LUMO, it then decays back again 

by emitting a photon. Electroluminescence is when a material emits light in response to an 

electric current; this is the primary process by which both OLEDs and LEDs produce light. 

There are two possible pathways for this decay, fluorescence and phosphorescence. When an  
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Figure 2.11: A visual representation of the Frank-Condon Factor for the radiative transitions between the ground state 

(S0) and the first excited state (S1) of a conjugated polymer. It can be seen that for these transitions there is a significant 

overlap between the two nuclear configurations. The blue arrows represent the absorption of a photon from the zero 

phonon, or ground vibration, level (ν = 0) of the ground state to the different vibrational levels (ν` = 0, 1, 2) of the excited 

state. After the photon is absorbed it relaxes to the ν` = 0 level of the excited state, in accordance with Kasha’s Rule, where 

emission to the vibrational levels of the ground state occurs, represented by the red arrow. This produces an emission 

spectrum (red plot) that is a mirror image of the absorption spectra (blue plot) which is offset by the Stoke’s shift between 

the 0→0 and 0←0 peaks, which is the result of Kasha’s Rule. The intensities of the different peaks are governed by the 

overlap of the wavefunctions of the S0 and S1 states, represented here as the green (S0) and orange (S1) plots. As can be 

seen above, the 0→1 and 1←0 transitions have the largest overlap, followed by the 0→0 and 0←0 and finally the 0→2 

and 2←0. This overlap depends both on the nuclear configurations and the different wavefunctions in question, as 

discussed in Equation 2.3. 
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electron is promoted into a higher electronic state, e.g. S2, or a higher vibrational mode of an 

excited state, it relaxes back to the lowest mode of the first excited state again through 

internal conversion and vibrational relaxation. The electron can then decay from the first 

excited state to the manifolds of the ground state by emitting a photon. This is the 

fluorescence pathway. The relaxation and conversion processes usually have a much lower 

lifetime than the fluorescence process and so all emissions originate from the lowest excited 

state. This is called Kasha’s Rule [23]. Internal conversion involves the loss of energy in the 

form of heat. This means that the photon that is emitted has less energy than the photon that 

was originally absorbed. This results in the emission peak being shifted with respect to the 

absorbance peak for a fluorescence spectrum. The difference in wavelength between the 

peaks is called the Stokes Shift [24] and it is proportional to the number of vibrational quanta 

lost, or how much geometric relaxation occurs upon excitation. 

 The electron can instead undergo inter-system crossing, and be transferred to the 

triplet state where phosphorescence takes place. For a transition from the excited triplet state 

back down to the ground singlet to occur there would need to be a change in the total spin of 

the system, which is forbidden as discussed in 2.4.1). This process, therefore, has a 

substantially longer lifetime than fluorescence as the triplets rarely decay radiatively. This 

means that phosphorescent materials can still emit light even after the initial source of 

excitation is removed, sometimes for seconds, minutes or even hours, unlike fluorescent 

materials which typically last for just nanoseconds [25]. 

 The triplet level is lower in energy than the singlet level due to the exchange energy 

between the hole and electron in the formed exciton. As these two fermions are in close 

proximity to each other, with their wavefunctions overlapping, a new exchange interaction 

term is introduced. This term is related to the Pauli Exclusion Principle and the result is that 

singlet excitons must have symmetric spatial wavefunctions whilst triplet excitons must have 
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anti-symmetric wavefunctions. This means the triplet state is lower in energy because the 

repulsion between the fermions is reduced. In practical terms this results in the triplet state 

being lower in energy than the singlet by approximately 0.7 eV [26], as well as the triplet 

state having a substantially longer lifetime than the singlet state. 

2.4.4). Enabling Phosphorescent Emission: 

 When forming the four excited states by charge recombination, as discussed in 2.3.1), 

each of them has an equal probability of being formed. There is a 25% chance of forming a 

singlet state and a 75% chance of forming a triplet state. Due to the selection rules mentioned 

earlier, it is predicted that only the singlets would emit light, resulting in the loss of 75% of 

the formed excitons. This limits the internal quantum efficiency to 25% and further restricts 

the maximum external quantum efficiency (E.Q.E.) to just 5% [27] when only singlet states 

are used. It is, however, possible to dope the material with a phosphorescent emitter. This 

dopant can harvest all of the four possible excitons via energy transfer, meaning that both the 

singlets and the triplets can now emit radiatively [28].  

 This dopant often takes the form of an organometallic complex with a heavy metal ion 

centre, such as iridium. These complexes possess a high angular momentum, causing a strong 

spin-orbit coupling which in turn mixes the characters of the triplet and singlet states. This 

allows inter-system crossing to occur between the two more readily [29, 30]. The 

assumptions made in 2.4.1), from the Born-Oppenheimer approximation, to determine the 

selection rules, did not account for the total angular momentum of the system, so the 

previously forbidden transitions are actually more probable. 

 It is also possible for the organometallic compounds to form their own excited states 

when the ligands and metal atoms exchange charge carriers. These are metal to ligand charge 

transfer (MLCT) and ligand to metal charge transfer (LMCT) states [31]. Emissions from 
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these complexes are frequently due to mixtures of these two states. It is also possible to 

increase the dopant efficiency by producing stronger MLCT states. This has the effect of 

increasing the overlap between the singlet and triplet states making transitions more probable. 

Using these dopants to produce electrophosphorescent OLEDs, it is theoretically possible to 

attain internal quantum efficiencies of 100% [28, 32, 33]. 

 These theoretical values of 100% do not transfer over to the E.Q.E. of the OLED 

device. There are several factors, such as internal reflection and reabsorption, which result in 

the E.Q.E. being considerably lower than 100%. It is also possible for quenching of the triplet 

states to occur in the presence of other molecules, such as oxygen, or even for them to be 

self-quenched. The mechanisms of quenching and energy transfer will be discussed in more 

detail in the next section 2.5). 

2.5). Energy Transfer: 

2.5.1). Quenching: 

 There are a number of different mechanisms by which quenching can occur within a 

sample. These mechanisms involve the radiative or non-radiative transfer of energy or an 

electron from a donor (a molecule in an excited state) to an acceptor (usually a molecule in 

the ground state). The simplest of these mechanisms is probably the reabsorption of a photon, 

produced by an excited donor, by an acceptor. It is possible for this to occur over infinite 

distances [20]. 

 Another relatively simple quenching mechanism is singlet-singlet annihilation. This is 

only relevant when significant populations of excited singlets have been generated, such as at 

high voltages or when subjected to intense laser excitation. This occurs when two excited 

singlet states collide, and results in the creation of a ground state singlet and a higher energy 
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excited singlet. This is an example of dynamic quenching where the lifetime and the intensity 

of the emission is reduced due to a depopulation of the excited state. There is also static 

quenching, where the lifetime of emission is unaffected. This is because static quenching 

occurs when ground state molecules form complexes that can no longer be excited, therefore 

only the intensity of light produced is quenched [25]. 

 There is also triplet-triplet annihilation (TTA) to consider, which is more complex 

than singlet-singlet annihilation. As mentioned earlier in 2.3.1), there are three different 

triplet states. This leads to three different possible outcomes when annihilation occurs. The 

first case results in the conversion of two triplets to one triplet and a ground state singlet, 

removing a potential emitter. The second case results in the formation of a quintet, however 

this is still unobserved so far. The third case results in either the formation of two ground 

state singlets or a ground state singlet and an excited singlet. It is this case, also known as 

triplet fusion, which results in the observation of p-typed delayed fluorescence. The types of 

delayed fluorescence are discussed in more detail below. This increases the maximum E.Q.E. 

from the 5% mentioned in 2.4.4) to 12.5% after the different losses and gains from TTA are 

all accounted for [34]. 

 There is another type of delayed fluorescence that can occur, namely e-type; this is 

observed when the triplet state converts back to the S1 state by reverse intersystem crossing 

caused by absorbed thermal energy. This is also known as thermally activated delayed 

fluorescence (TADF) and has recently been used to increase OLED performance [35-37]. 

The exact mechanisms involved in using TADF in OLED devices are currently not clearly 

defined but E.Q.E.’s of greater than 14% have been achieved [38]. It is possible to tell the 

two types of delayed fluorescence apart by their lifetimes. E-type has a lifetime on the order 

of the phosphorescent lifetime, whereas p-type has a lifetime of approximately half the 

phosphorescent lifetime. The names p-type and e-type have their origins in the chemicals for 
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which these effects were first observed. The chemical pyrene gives its name to p-type 

delayed fluorescence, whilst e-type gets its name from the chemical eosin. 

2.5.2). Förster Resonant Energy Transfer: 

 Förster Resonant Energy Transfer [25, 39] (FRET) is the result of dipole-dipole 

interactions between the donor and acceptor molecules. The motion of the electrons on the 

donor can cause perturbations in the motion of the electrons on the acceptor, and if these 

electron oscillations reach resonance then energy transfer can occur. For FRET to occur a 

number of conditions must first be satisfied. These conditions include no change of spin 

between donor and acceptor, and that their dipoles must have a significant parallel component 

with respect to one another. The other major requirement for FRET is that there must be an 

overlap between the absorption spectrum of the acceptor and the emission spectrum of the 

donor. This overlap is described in Equation 2.6 by the overlap integral, J, where FD is the 

emission spectrum of the donor, or how much light is emitted by the donor at a particular 

wavelength, and εA represents the acceptor’s molar absorptivity, the measure of how much 

light of a particular wavelength is absorbed: 

 𝐽(𝜆) =
∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆

4𝑑𝜆
∞

0

∫ 𝐹𝐷𝑑𝜆
∞

0

 (2.6) 

 Equations 2.7 and 2.8 then relate the overlap integral to the lifetime of the donor, τD, 

the rate of FRET, kFRET, and the Förster radius, R0: 

 𝑅0 = 0.211[𝜅
2𝑛−4Φ𝐷𝐽(𝜆)]

1
6 (2.7) 

 Where κ is the orientation factor, n is the refractive index and ΦD is the quantum yield 

of the donor. 
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 𝑘𝐹𝑅𝐸𝑇 =
1

𝜏𝐷
(
𝑅0
𝑅
)
6

 (2.8) 

 Where R is the distance between the donor and acceptor, this can be a reasonably 

large length scale. If the rate of FRET is similar to, or larger than, the rate of decay of the 

donor then FRET can be a major source of quenching and energy transfer. 

2.5.3). Dexter Electron Transfer: 

 This is where there is an exchange of electrons between the donor and the acceptor 

which leaves the donor in the ground state. This is a short range interaction [40] which 

depends exponentially on the separation between the donor and acceptor as well as the 

spectral overlap. This necessitates close contact between the donor and acceptor in order to 

compete with other methods of energy transfer. The rate constant [25] for Dexter Electron 

Transfer, kDET, is given by Equation 2.9: 

 𝑘𝐷𝐸𝑇 = 𝑘0𝑒
−
2𝑅𝐷𝐴
𝐿  (2.9) 

 Where k0 is the overlap integral, RDA is the distance between the donor and acceptor 

and L is the sum of their van der Waals radii. 

 As well as close contact being required for electron transfer to occur, the system must 

also obey the Wigner Spin Selection Rules [20]. This states that there is correlation between 

the angular momentum of the electron spin for the reacting donors and acceptors, and the 

angular momentum of the electron spin for the products. If they are fully correlated then the 

transition is allowed, if they are partially correlated the transition is spin restricted, and if 

there is no correlation the transition is spin forbidden. 

 A good example of this is how excited states can be efficiently quenched by oxygen. 

O2 can quench both the triplet and singlet excited states formed by organic molecules [20, 
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25]. This type of quenching both lowers the intensities produced and decreases the lifetime, 

and is another example of dynamic quenching. For excited singlets, O2 converts them into 

triplets using the reaction 𝑀 + 𝑂2
31 → 𝑀3 + 𝑂2

1 . This is a spin allowed process. For the 

triplets, O2 causes triplet-triplet energy transfer using the reaction 𝑀 + 𝑂2
33 → 𝑀1 + 𝑂2

1 . 

This is a spin restricted process and so it occurs less frequently. 

2.6). Device Materials and Considerations: 

2.6.1). Electrodes: 

 The materials with which OLED devices are manufactured are vital to their 

performance. Each of the constituent materials is selected to maximise device performance 

by meeting certain requirements, as described in 2.1). This process starts with the electrodes, 

which form the outermost layers of the device.  

 The work function of the cathode should be matched as closely as possible to that of 

the emissive layer adjacent to it, so that electron injection is maximised [41]. This means that 

a low work function is required, so materials such as barium or lithium fluoride are 

commonly used. Unfortunately a lot of the best cathode materials, such as barium, are highly 

reactive and need to be capped by a less reactive material to prevent oxidation. Aluminium is 

the metal which is commonly used as the capping layer, but it cannot directly replace either 

barium or lithium fluoride as its work function will not be as good a match.  

 In contrast to the cathode, the anode needs to have a high work function to facilitate 

the injection of holes into the conductive layer adjacent to the anode [42]. In addition to a 

high work function, the anode also needs to be transparent so that any light generated by the 

device can escape. Therefore, a Transparent Conductive Oxide (TCO) is commonly used as 

an anode. These materials are engineered to have a bandgap which is much higher than the 
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energy of photons found within the visible spectrum, 380 to 750 nm [43]. This means that the 

oxide does not absorb the light produced by the OLED as discussed in 2.4.1). The most 

established of these TCOs is Indium Tin Oxide (ITO), which is both conductive and 

transparent, but alternatives are highly desired and the subject of current research. 

2.6.2). PEDOT: 

 Generally, for solution processed OLEDs at least, there is a layer of poly(3,4-

ethylenedioxythiophene) (PEDOT) directly on top of the ITO anode; this corresponds to the 

conductive layer mentioned in 2.1), and is also known as the hole injection layer (HIL). The 

structure of PEDOT can be seen in Figure 2.12. PEDOT is a conjugated polymer able to 

transport holes effectively, with a number of other properties that make it suitable for use in 

OLED devices. These include high transparency and high stability; exposure to temperatures 

of 100 °C in air for 1000 hours has little effect on the polymer’s conductivity [44]. The work 

function of PEDOT is tuneable, and relatively close to that of ITO, easing the injection of 

holes into subsequent organic layers by providing an intermediate step in potential barrier. It 

also planarizes the ITO surface, which prevents large spikes of ITO causing high voltages, or 

shorts, within the device. 

 Unfortunately, PEDOT by itself is relatively insoluble, making the solution 

processing of it difficult. This problem can be rectified by doping PEDOT with poly(styrene 

sulfonate) (PSS) which renders it water soluble. This is the most popular form of PEDOT 

Figure 2.12: The chemical structure of the conjugated polymer PEDOT. The conjugated backbone of the polymer is 

highlighted in red. 
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used in OLEDs but it does have an effect on some of the properties. The absorbance of the 

polymer is increased to 20 % in the visible spectrum, and the conductivity decreased to 

around 10 S/cm [45]. Fortunately, the conductivity can be improved again by post-treating 

the PEDOT with various chemicals after depositing. These chemicals include acids, salts, 

zwitterions and several others. Using post-treatment methods involving sulphuric acid 

conductivity values of over 3000 S/cm have been reported [46]. 

Table 2.2: This table gives the properties of different commercially available PEDOTs, some of which were used to 

manufacture devices during this project. Properties include resistivity, work function, viscosity, pH, solid content, solvent, 

composition and potential applications. 

 Application 
PEDOT : PSS 
(by weight) 

Solvent 
Resistivity 
(Ohm.cm) 

Viscosity 
at 700 S-1 
[mPas] 

pH 
Solid 

Content [%] 
Work Function 

[eV] 

CLEVIOSTM P 
Al 4083 

Buffer Layer 
(low ohmic) 

1:6 Water 500-5000 5-12 ~1.7 1.3-1.7 5.0-5.2 

CLEVIOSTM P 
JET 

Buffer Layer (by 
Ink-Jet 

deposition) 
1:6 Water 500-5000 5-11 ~1.7 1.2-1.4 5.0-5.2 

CLEVIOSTM P 
CH 8000 

Buffer Layer 
(high ohmic) 

1:20 Water 
100000-
300000 

9-20 ~1.5 2.5-3.0 5.0-5.2 

CLEVIOSTM P 
HIL 1 

Buffer Layer 
(low ohmic) 

Composition 
not disclosed 

Water-
Alcohol 

10-100 5-15 ~2.2 1.2-1.6 5.4-5.9 

CLEVIOSTM P 
HIL 1.3 

Buffer Layer 
(low ohmic) 

Composition 
not disclosed 

Water-
Alcohol 

1000-
10000 

3-12 ~1.6 2.8-3.2 5.4-5.9 

CLEVIOSTM P 
HIL 1.5 

Buffer Layer 
(high ohmic) 

Composition 
not disclosed 

Water-
Alcohol 

100000-
1000000 

3-12 ~1.6 3.2-3.6 5.4-5.9 

 

 There are several variations of PEDOT commercially available, the properties of 

which are detailed in Table 2.2. This table was taken from the primary manufacturer of 

PEDOT, Heraeus, and highlights the range of different conductivities and work functions 

available [47, 48]. These properties can have a substantial effect on OLED characteristics 

such as efficiency, brightness and turn on voltage [49]. 

2.6.3). Host Materials: 

 For solution processed OLEDs, on top of the HIL layer of PEDOT is the emissive 

layer. At its simplest, this takes the form of a polymer that is emissive and conducts both 

holes and electrons. Polymer based OLED devices are also known as Polymer Light Emitting 

Devices (PLEDs). There are a large number of PLED polymer hosts currently available, but, 
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of the commercially available ones, this thesis focuses primarily upon poly(n-vinylcarbazole) 

(PVK) based devices. 

 PVK is available in a selection of different molecular weights, commonly ranging 

from 40,000 to 1,100,000 in atomic units [50]. As can be seen in Figure 2.13, PVK is not 

conjugated along its backbone; it does, however, still behave as an effective hole transporter. 

Exciton formation is limited in PVK, as electrons cannot flow along the polymer backbone. 

Nevertheless, as the carbazole groups are conjugated, they can be stacked to form excimers 

[51]. The singlet versions of the excimers emit at both 380 nm and 420 nm, due to different 

stacking configurations available, whilst the 0-0 triple state emits at 431 nm [52, 53].  

 Due to the poor electron transporting properties of PVK, it is usually blended with a 

separate electron transporter; a couple of which will be discussed further in 2.6.4). PVK also 

acts as an excellent host medium for different heavy metal based dopants, due to its high 

triplet level of 2.88 eV [53]. This allows the non-emissive triplet states generated to be 

harvested, increasing device efficiency. Unfortunately, PVK also features dimer triplet state 

traps, whose energies allow them to quench blue dopants, providing motivation for the 

discovery of new host materials. Doping with both transporters and emitters can substantially 

increase OLED efficiency and brightness, in addition to being able to tune the colour emitted. 

A selection of transport molecules and different colour phosphorescent dopants are discussed 

further in 2.6.4) and 2.6.5).  

Figure 2.13: The chemical structure of the polymer PVK. There is no alternating structure of single and double bonds 

along the polymer backbone so this polymer is non-conjugated. 
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2.6.4). Transport Materials: 

 As mentioned in 2.6.3), it is possible to combine transport molecules with the host 

polymer in order to improve its carrier mobilities. In addition to modifying the carrier 

mobilities within the emissive layer, the addition of transport molecules can provide 

intermediate energy level steps between host and dopant HOMO or LUMO levels, aiding 

charge transfer. Some of the transport molecules used in this thesis, and their properties, will 

be discussed below. 

 2-(4-Biphenyl)-5-(4-tert-butylphenyl)-1,2,4-oxadiazole (PBD) is a common electron 

transporter used in OLED devices [54]. It has an electron mobility of 1.9x10
-5

 cm
2
.V

-1
.s

-1
 

[55]. The structure of PBD can be seen in part .a. of Figure 2.14. When paired with the poor 

electron transporting host PVK, it can result in increased device performance. It is possible 

for an exciplex to be formed between the oxadiazole group on PBD and the carbazole group 

on PVK. The resultant emission from this exciplex is red-shifted [56] with respect to the 

undoped PVK emission. This can cause problems for OLED devices with heavy metal 

dopants by reducing energy transfer between this exciplex and the dopant by shifting their 

energy levels. 

 Another common electron transporting molecule is 1,3,4-oxadiazole,2,2'-(1,3-

phenylene)bis[5-[4-(1,1-dimethylethyl)phenyl] (OXD-7), the structure of which can be seen 

in part .b. of Figure 2.14. It has an electron mobility of 2.1x10
-5

 cm
2
.V

-1
.s

-1 
[55]. This 

Figure 2.14: The chemical structures of two electron transporters and one hole transporter used in this thesis. The structure 

of the electron transporter PBD is shown in .a. The structure of the electron transporter OXD-7 is shown in .b. The structure 

of the hole transporter TPD is shown in .c. 
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molecule is similar to PBD but it has different HOMO and LUMO levels, which can make it 

suitable for a different range of dopant materials, including red and blue dopants. 

 N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD) is a hole transporter, the 

structure of which can be seen in part .c. of Figure 2.14. It has a hole mobility of between 1 

x10
-4

 and 1x10
-3

 cm
2
.V

-1
.s

-1
 [57]. It can be added to PVK both to help boost hole 

transportation and to modify the device energy levels, this can again have either a positive or 

a negative effect as discussed earlier. Once a threshold concentration of TPD in PVK is 

reached, it has been shown that it is solely responsible for hole transportation [58]. 

2.6.5). Dopant materials: 

 As was discussed earlier in in 2.4.4), it is possible for 100% of excitons formed by 

recombination to decay radiatively when doped by a heavy metal based, phosphorescent 

material [28]. These dopants mix the character of the singlet and triplet states due to the spin-

orbit coupling of the heavy metal centre, allowing intersystem crossing to occur more readily. 

For these reasons host polymers are often doped with organometallic complexes in order to 

improve efficiency.  

 These dopants can be colour tuned depending on the ligands attached to the metal ion, 

which is usually iridium. By varying the electron withdrawing, or electron donating, 

properties of the ligands the HOMO and LUMO of the dopants can be changed, altering its 

absorption and emission profile. The ability to make relatively simple chemical changes to a 

parent complex, such as tris[2-phenylpyridinato-C2,N] iridium(III) (Ir(ppy)3), in order to 

yield different emission profiles is important commercially. When these dopants have 

analogous syntheses it makes their production much more cost and time effective, rather than 

making each different colour individually. Three different colours of iridium based dopants 

with different ligands will be discussed further in this section. 
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 Ir(ppy)3 is a green phosphorescent material [33], the structure of which can be seen in 

part .a. of Figure 2.15, and is commonly used as a dopant in OLED devices. Usually the 

triplet lifetime is substantially longer than that of the singlet decay, which can form an 

obstacle in the electrophosphorescent process. Fortunately, Ir(ppy)3 has a relatively short 

triplet lifetime, at approximately 1 µs, alleviating this problem and making it an excellent 

choice of dopant material.  

 Bis(2-(9,9-dibutylfluorenyl)-1-isoquinoline(acetylacetonate)iridium (DBFIr), is a red 

phosphorescent material [59]. It keeps the same iridium heavy metal centre and octahedral 

geometry with three bidentate ligands. These ligands are, however, substantially different to 

those of Ir(ppy)3, resulting in it being a red emitter. The structure of this dopant can be seen 

in part .b. of Figure 2.15. 

 Bis(4,6-difluorophenylpyridinato-N,C2)picolinatoiridium (FIrpic) is also a commonly 

used commercial blue phosphorescent material. This organometallic complex again has an 

iridium centre and an octahedral geometry with three bidentate ligands. These ligands are 

relatively similar to those of Ir(ppy)3, and yet produce a blue emitter due to the strong electron 

withdrawing influence of the fluorine atoms. It also has a phosphorescent lifetime of 

approximately 1 µs, which is similar to that of Ir(ppy)3 [60]. The structure of this dopant can 

be seen in part .c. of Figure 2.15.  

Figure 2.15: The chemical structures of three different phosphorescent dopants used in this thesis. The structure of the 

green emitting dopant Ir(ppy)3 is shown in .a. The structure of the red emitting dopant DBFIr is shown in .b. The structure of 

the blue emitting dopant FIrpic is shown in .c. 
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2.6.6). Device Considerations: 

 The individual properties of several common OLED materials have been discussed in 

detail already in this section. When producing OLED devices it is important to take into 

account the relative properties of all the materials involved to make sure that they are 

appropriately matched. Energy levels must be well matched in order to aid both charge 

transfer between host, transporters and dopants, and charge injection from the electrodes. A 

visual representation of the different energy levels for all of the compounds detailed earlier 

can be found in Figure 2.16, and forms a helpful reference when designing OLED devices 

[48, 61-69]. Another concern is to balance the charge transporting abilities of the constituents 

to ensure that most of the exciton formation occurs in the emissive layer in order to maximise 

efficiency. 

Figure 2.16: The energy levels of several materials commonly featured in OLED devices. It should be noted how the work 

functions of barium and PEDOT form intermediate steps for electron and hole injection. 
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 Holes are injected from the ITO anode on the left side of Figure 2.16, and they remain 

in the HOMOs of the materials until recombination occurs. Meanwhile, electrons are injected 

from the cathode and remain in the LUMOs of the materials. It is easy to see in Figure 2.16 

that both PEDOT and barium provide intermediate steps in work function between the 

electrodes and the emissive layer in the middle. Upon reaching the emissive layer, the holes 

are primarily injected into the PVK HOMO and electrons are primarily injected into the PVK 

LUMO. From here, the excitations can be transferred from the host, or donor, in this case 

PVK, to the acceptors via Förster transfer, Dexter transfer and charge trapping [70, 71]. 

Charge trapping is most accessible when the HOMO of the acceptor is above that of the 

donor and when the LUMO of the acceptor is below that of the donor. 

 As mentioned in 2.1), it is possible to use multiple layers in addition to the conductive 

and emissive layers detailed so far. Blocking layers can be deposited either side of the 

emissive layers to stop charge carriers from leaving the emissive layer. This can be achieved 

by using energy levels, conductivities, or both to create an unfavourable barrier preventing its 

passage. For example in the earlier scheme, an additional layer of undoped PVK between the 

PEDOT and emissive layer would block electrons due to its poor electron mobility [72]. On 

the other side, a layer of 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene (TPBi) could be 

evaporated between the emissive and the barium layers to block holes and aid electron 

injection [73]. As TPBi is a poor hole transporter, and its HOMO is below that of PVK, it 

makes the transfer of holes to it improbable. TPBi will be discussed in more detail in both 

Chapter 6 and Chapter 7. 

 When considering candidates for additional layers within solution processed devices, 

their solubility in different solvents must also be considered. Ideally adjacent layers should be 

deposited using orthogonal solvents so that the layer underneath is not affected by the new 

layer being deposited. 
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Chapter 3 Experimental: 

3.1). Substrate Preparation: 

 The production of OLED devices starts with the preparation of the substrate. The first 

step of this process is patterning the Indium Tin Oxide (ITO) anode to the required 

specifications shown in Figure 3.1, where there are three pairs of parallel stripes of ITO 

running from top to bottom. Once this is complete, the substrates are cut to size and cleaned 

leaving them ready to use. The individual steps for these processes are detailed below. 

3.1.1). ITO Patterning: 

 A square sheet of glass (7.2 x 7.2 cm) with a coating of ITO (150 nm, 15 Ω/□) is 

patterned using photolithography. Photolithography is a fabrication process on the nano, or 

micro scale, which uses light to transfer a geometric pattern onto a substrate. This is achieved 

using a photoresist, a chemical that is sensitive to light but resistant to other chemical 

treatment, and a mask. There are two types of resist; positive, where the exposed resist 

becomes more soluble; and negative, where the exposed resist becomes less soluble. 

Exposure to ultraviolet (UV) light breaks bonds in the polymer chain of positive resists 

converting it into a series of smaller polymer blocks that are more soluble. For negative 

Figure 3.1: Part .a. of this figure shows the square of ITO covered glass cut down to 7.2 cm by 7.2 cm. Part .b. of this 

figure shows the patterned square with the parallel strips of ITO running down it. Part .c. of this figure shows the finished 

device, complete with metal cathode perpendicular to the ITO and the encapsulating cover slide. 
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resists, exposure to UV light causes crosslinking to occur between polymer chains converting 

it into a larger polymer that substantially reduces its solubility. Positive resists offer higher 

resolutions and better process controllability for small geometry features than negative 

resists. This is because of the solvent induced swelling of the exposed long polymer strands 

in negative resists when developed, which can impact upon small features. Negative resists 

are however substantially less expensive and provide superior chemical resistance for use as 

masks, so the photoresist used depends upon the situation [1]. After exposure, the undesired 

resist is removed using a developer solution. This leaves areas of the surface unprotected for 

further processes, like acid etching, to occur. In this case, a positive resist is used to remove 

ITO from the surface of the glass substrate, the steps of which are detailed below: 

1. Spincoat Microposit S1813 on to the ITO side of the square at 500 rpm for five seconds 

then at 3700 rpm for thirty seconds. 

2. Place on a hotplate heated to 95°C for three minutes in order to bake out any remaining 

moisture. 

3. Place the substrate on to a black surface and position a shadow mask on top of it.  

4. Expose to UV light for fifty seconds causing the exposed areas to react. 

5. Remove the reacted photoresist by immersion in a solution of Microposit 351 Developer 

and deionised water (1:2 ratio) for thirty seconds then wash in deionised water. 

6. Dry with nitrogen and place on a hotplate heated to 95°C for fifteen minutes. 

7. Remove excess resist from edges and corners with an acetone soaked cotton bud. This is 

especially pertinent between the parallel strips of resist to prevent crosstalk.  

8. Submerge in a solution of hydrochloric acid (36%) and nitric acid (70%) (20:1 ratio) for 

five minutes; this removes the ITO not covered by resist from the surface of the glass 

substrate. 

9. Wash with deionised water and remove the last of the resist with acetone.  
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3.1.2). Substrate Cleaning: 

 Before cleaning the patterned square of glass is cut into nine smaller squares of 

dimensions 2.4 x 2.4 cm, the method of which will not be discussed here. The smaller squares 

are then cleaned using the following steps: 

1. Clean the substrates crudely with a cleanroom wipe and both acetone and isopropanol to 

remove the marks made by the pen used whilst cutting the glass.  

2. Place the substrates in a slotted container with the ITO side all facing the same direction. 

3. Clean the substrates sequentially with acetone, isopropanol and acetone again in an 

Ultrawave U50 sonic bath for nine minutes for each wash.  

4. Withdraw the substrates from the container with tweezers and dry with nitrogen. 

5. Clean with plasma in an Electronic Diener Femto cleaner for three minutes. The plasma 

cleaner can be seen at the bottom of Figure 3.2.  

6. Finally the substrates are exposed to both UV light and ozone, in a Jelight UVO-cleaner 

for four minutes. The UVO-cleaner can be seen at the top of Figure 3.2. 

Figure 3.2: A Jelight UVO cleaner on top of a Electronic Diener Femto plasma cleaner, both were used to clean substrates. 
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3.2). Solution Processing: 

 With the substrates having being prepared, the organic layers can be deposited upon 

them. This can be done via evaporation techniques for small molecules, solution processable 

techniques for polymers or a combination of the two for hybrid devices. Solution processing 

is discussed in detail in 3.2.2), whereas evaporation techniques are discussed in detail in 

section 3.3). 

3.2.1). Solution Preparation: 

  Before spin coating can occur, stock solutions of the OLED materials must be 

prepared. All the devices in a set which have materials in common are made from the same 

stock solutions so that the results can be accurately compared. Fresh solutions are prepared 

for each set of devices in order to avoid the effects of contamination or material degradation 

on device performance. 

1. First, the minimum quantity of material needed to produce the required amount of 

solution at the right concentration is estimated. Solution processing generally requires a 

minimum of 0.5 mL of solution per deposition. 

2. The species required is transferred to a clean glass vial and weighed roughly on a Mettler 

AE240 analytical balance. When approximately the right amount has been transferred, a 

final measurement of the mass is taken to four decimal places. 

3. Using the recorded mass, the amount of solvent required to produce a solution of the 

right concentration is calculated and added using a calibrated pipette. The solvents used 

were super purity solvents from ROMIL. 

4. These stock solutions were then placed on an IKA RCT basic hotplate, with magnetic 

stirrers, and heated gently to aid solvation.  
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3.2.2). Spin-Coating: 

 Spin coating is a relatively simple process that can be used to create highly uniform 

films upon flat substrates from the nanoscale to the microscale in thickness. The material, in 

solution form, is placed on to the centre of the substrate, whilst it is either stationary or 

spinning at low angular velocity, and the substrate is then accelerated to a high angular 

velocity; this spreads the material over the substrate in a uniform manner leaving a film of 

solution behind. The initial acceleration removes the majority of the solution on the substrate 

as it moves radially due to centrifugal forces [2]. 

 The film of remaining solution thins further as it spreads across the substrate’s 

surface. As the spinning process continues the solvent evaporates increasing the viscosity of 

the film until it hits an equilibrium point [3] between the viscosity, the centrifugal forces and 

the solvent evaporation. After this point, the spinning process is complete and any excess 

solvent that might still be present is evaporated by placing the substrate onto a heat source. 

This baking step has the potential added advantage of increasing the interlinks between 

polymer chains, reducing their solubility and making them more resistant to additional layers 

which may be deposited on top of them. 

 The thickness of the film produce by spin coating depends on several factors 

including angular velocity, the concentration and viscosity of the solution and the surface 

tension and volatility of the solvent used. Whilst the thickness of the film is highly uniform 

over the vast majority of the surface area of the substrate, near the edges the layer is thicker 

due to the retention of material because of edge effects [4]. Layer thicknesses are determined 

by ellipsometry, which will be discussed in more detail in 3.5.4). Thickness measurements at 

different concentrations, or spin speeds, can be used to produce thickness plots for a material. 

As thickness varies in a linear manner [3] with both concentration and spin speed, these plots 
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can be used to either identify the thickness of a layer of known spin speed and concentration, 

or predict the settings needed to produce a layer of a certain thickness, with a relatively high 

degree of accuracy.  

 Varying the spin speed is a useful technique for producing different layer thicknesses 

when dealing with commercial solutions, such as PEDOT, that have a predetermined 

concentration that may be difficult to modify. Its use, however, is limited to the speed range 

of 1000-3000 rpm, as at speeds under 1000 rpm the film quality tends to decrease, whilst at 

speeds over 3000 rpm the change in thickness tends to reach a threshold. Varying 

concentration is the more reliable option if materials permit but this is limited at its upper 

threshold by the solubility of the material. It is therefore sometimes necessary to vary both to 

produce films of the desired thickness. 

 Depending on the material being spun, the spin coating process is slightly different for 

each. During the course of this thesis a number of different materials were deposited via spin 

coating. The first layer for solution processed devices was always a PEDOT layer. The next 

Figure 3.3: The Laurell WS-650MZ-23NPP spin coater used to spin coat the different organic layers onto the glass 

substrates. 
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layer could either be an electron blocking layer or the emissive layer itself. The spin speeds 

and times of the different spinning stages for the three most common materials can be seen in 

Table 3.1. Typically, three stages are used in spin coating. The first of these is a low speed 

spreading stage, which removes the majority of the solution leaving a uniform amount spread 

across the majority of the sample except at the edges where beading occurs. The next stage is 

a short, high speed, thinning stage, which reduces the film to the correct thickness. Finally, a 

long slow spin is performed to allow the majority of the remaining solvent to evaporate, 

leaving behind a uniform film. 

 After spinning, the substrates are baked to remove any residual solvent. The 

temperatures and times used depend on the solvent and materials used. For PEDOT layers a 

baking temperature of 200 °C and a time of three minutes was used. For chlorobenzene based 

solutions a baking temperature of 120 °C and a time of ten minutes was used. Finally, for 

toluene a baking temperature of 100 °C and a time of ten minutes was used. The individual 

steps for producing a spin coated thin film are detailed below: 

1. Secure the substrate using the vacuum system within the Laurell WS-650MZ-23NPP 

spin coater, shown in Figure 3.3. 

2. Spray the substrate with a nitrogen gun to remove any dust that may have accumulated. 

3. Add solution to the centre of the substrate with a syringe and a 0.45 µm filter until the 

substrate is completely covered. 

4. Initialise spin procedure using the parameters required to produce a layer of the desired 

thickness. 

5. Place substrate on a hotplate at the predetermined temperature for the time needed to 

remove any residual solvent.  

6. Allow to cool for five minutes before processing further.  

7. Repeat for all subsequent layers.  
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Table 3.1: A table detailing the standard parameters used during this thesis for the three most commonly spin processed 

layers. 

3.2.3). Drop Casting: 

 Drop casting is another technique that can be used to produce films on a substrate 

using materials dissolved in a solution. Unlike spin coating, it is difficult to consistently 

control both the thickness and uniformity of films produced using this technique. It is, 

however, extremely simple and wastes very little material. For the purposes of this thesis 

drop casting was used to prepare samples for solid state spectroscopy, such as triplet level 

measurements, where thickness and uniformity are not important. The different types of 

spectroscopy will be discussed in more detail in 3.6). 

 As discussed in 2.5.1), triplet states are easily quenched, either by other triplet states 

or by various contaminants. It is therefore necessary to isolate the triplet states when 

performing measurements that involve phosphorescence. In order to achieve this, small 

quantities of the material being measured are suspended in an inert matrix. The inert matrix 

comprises of a cyclo olefin polymer, known as Zeonex 480, which features a very high 

transmittance for light in the range of 350-800 nm but is otherwise quite inert [5]. 

 The principle of drop casting is very simple. The materials to be deposited are 

dissolved in a solution, which is then deposited on the substrate. The solvent evaporates and 

leaves behind a film of the material. Evaporation can be aided by heating the substrate, but 

this can affect the film morphology. The thickness of the layer produced is roughly 

 
Step 1 Step 2 Step 3 

Material 
Spin Speed 

/ rpm 
Spin time 

/ s 
Spin Speed 

/ rpm 
Spin time 

/ s 
Spin Speed 

/ rpm 
Spin time 

/ s 

Microposit S1813 500 5 3700 30 
  

PEDOT HIL 1.5 400 6 4000 7.5 400 50 

Polymer 400 6 2500 7.5 400 50 
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proportional to the concentration of the solution used. The individual steps for producing a 

drop cast film are detailed below: 

1. Prepare a 1:1 mixture of Zeonex (175 mg.mL
-1

) and of the material measured (0.5 

mg.mL
-1

), both dissolved in chlorobenzene. 

2. Deposit this mixture on a clean substrate. 

3. Allow the solvent to evaporate to leave behind a film of the material suspended in 

zeonex. This step can be aided by heating the substrate but this is not necessary. 

3.3). Thermal Evaporation: 

3.3.1). Deposition Techniques: 

 The spin coating discussed earlier in 3.2.2) is an example of a Liquid Phase 

Deposition (LPD) method. There are also two other groups of deposition techniques called 

Physical Vapour Deposition (PVD) and Chemical Vapour Deposition (CVD) [6, 7]. Thin 

films are produced using CVD processes such as thermal CVD and plasma enhanced CVD, 

when volatile precursor reagents, often organic compounds, react chemically on the substrate 

surface to leave behind a stable film and a removable gaseous by-product. PVD deposition 

techniques include evaporation, sputtering and laser ablation. Thermal evaporation PVD was 

used throughout this thesis for device manufacture and will be discussed in more detail in 

section 3.3.2). 

3.3.2). Thermal Evaporation PVD: 

 Thermal evaporation based PVD is a common method of thin film deposition 

requiring relatively little in terms of equipment whilst producing thin films quickly compared 

to other PVD methods. Typically, a source material is heated under vacuum conditions until 

it evaporates and later condenses on the substrate to form a thin film. The evaporated atoms 
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have an energy distribution determined by the source temperature, so thermal deposition 

techniques are less damaging to the substrate surface than say sputtering which relies on 

plasmas. This is an obvious advantage for the production of OLED devices, as the spin 

coated organic layers underneath are left mostly intact. It is also true that the lower the 

evaporation/deposition rates the less damage would be caused. 

 The quality of the deposited film depends on both the purity of the source materials 

and the quality of the vacuum. If the evaporated material collides with another atom on its 

path to the substrate, it may react with it introducing impurities; for example aluminium 

reacting with oxygen to produce aluminium oxide. A higher level of vacuum increases the 

mean free path of the evaporated material, reducing the number of potential collisions and 

increasing the quality of deposited film. This method is not suitable for refractory metals or 

those with a high melting point, and care must be taken with alloys due to the potential 

variation in composition. 

Figure 3.4: The Kurt J. Lesker Spectros II deposition system on the left of the figure and a schematic view on the right of the 

figure. Of particular note are the main evaporation chamber, with attached retractable arm, vacuum equipment and 

rotation/Z-shift motor systems, and the control panel. 
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 The Durham University Organic Electroactive Materials (OEM) group has a Kurt J. 

Lesker Spectros II deposition system, which is capable of achieving evaporation pressures of 

approximately 1x10
-7

 mbar and depositing two separate materials at once. As can be seen in 

Figure 3.4, the system consists of a primary upright cylinder, inside of which there are six 

available sources for organic materials and another three sources for metals. Attached to the 

left of the primary cylinder is a retractable arm, which can be used to swap masks, or 

substrates, whilst still under vacuum with the aid of a rotatable, and z-shiftable, substrate 

holder. Also to the left of the primary cylinder is the control panel which runs the Sigma 

Instruments software and controls the system. The film thickness is determined using a 

Quartz Crystal Microbalance (QCM) system and several deposition parameters which are 

discussed further in 3.3.3). 

3.3.3). QCM and Deposition Parameters: 

 A QCM system records the change in resonance frequency of a quartz crystal when 

materials are either added to or removed from it [8]. When a quartz crystal is present in an 

electronic oscillator circuit, its resonance frequency drives the frequency of the circuit. 

Therefore, the amount the circuit frequency changes, in response to a change in mass per unit 

area, can be used to calculate the thickness of film deposited. In order for the thickness to be 

calculated, however, a couple of the properties of the material being deposited need to be 

known. These include the density of the material and it’s Z-factor, which will be discussed in 

more detail below. 

 The Z-factor is the ratio of the acoustic impedances of the quartz crystal (Zq = 8.83 

Pa.s.m
-1

) and the evaporated material (Zm), where the acoustic impedance is the amount of 

sound pressure generated by a material at a certain frequency. It is also possible to calculate 

the Z-factor using the shear moduli of the materials if they are available. Often for new 
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materials, neither of these values are easily available. Fortunately, the Z-Factor can either be 

empirically determined, or ignored if the quartz crystal is fresh enough. During the course of 

this thesis only the well documented materials TPBi, Lithium Fluoride and Aluminium were 

evaporated. 

 Also of concern to QCM is the tooling factor, which incorporates the difference in the 

amount of material deposited on the sensor compared to the amount deposited on the 

substrate, due to the difference in their relative positions within the evaporation chamber. The 

tooling factor is given as a percentage value and can be calculated using an estimated value. 

As with the Z-Factor the tooling factor of the materials and the evaporation chamber were 

already well known. 

3.3.4). Deposition Procedure: 

 Once spin coating has been successfully completed, it is possible to then evaporate a 

hole blocking layer if required and the metal cathodes. The individual steps for evaporating a 

thin film are detailed below: 

1. Once the substrates have been prepared they are then transferred, ITO side down, on to a 

substrate holder and the required masks arranged. The substrates are positioned so that 

the ITO strips are perpendicular to where the metal cathode strips will be evaporated, 

corresponding to the gaps in the mask. 

2. The substrate holder and masks are then loaded into the evaporation chamber, along with 

aluminium for one of the crucibles, and the chamber itself pumped down to 

approximately 1x10
-7

 mbar. 

3. The substrate holder is then set to rotate at five rpm in order to ensure an even covering 

of evaporated material. 
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4. Using the computer interface the recipe of the material to be evaporated is loaded and the 

heater and shutter for the crucible activated. 

5. For lithium fluoride and aluminium the evaporation process is automatic but for 

miscellaneous organics the voltage to the heaters must be controlled manually to 

maintain a steady evaporation rate of approximately 1 Å.s
-1

. 

6. When a steady evaporation rate is achieved the substrate shutter is opened, the QCM 

zeroed and the required thickness of film evaporated. 

7. After evaporation the substrate shutter is closed, the crucible heater and shutter 

deactivated and the rotation stopped. 

8. If further layers are to be evaporated the masks can be adjusted using the retractable arm 

and Z-shift facilities and the above steps repeated from Step 4. onwards. 

9. If evaporation is complete the evaporation chamber can be vented back up to ambient 

pressure and the substrate holder and masks removed. 

3.4). Device Encapsulation: 

 Once the evaporation chamber has returned to the ambient pressure within the 

MBRAUN MB-200B nitrogen glovebox the substrates can be removed and encapsulated in 

order to protect them and prolong their lifespan [9, 10]. Encapsulation is necessary in order to 

reduce contamination of the devices with oxygen and water, which can result in quenching. 

Device contamination, and the quenching of excited states, have been discussed in more 

detail in 1.1) and 2.5.1). The individual steps for device encapsulation are detailed below: 

1. The devices are removed from the evaporation chamber and transferred to the attached 

MBRAUN MB-200B nitrogen glovebox. 

2. The devices are then removed from the substrate holder with tweezers and placed ITO 

side up on a Petri dish.  
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3. A pea sized amount of a UV-curable epoxy resin, Delo-katio bond LP655, is deposited in 

the centre of each device.  

4. A clean glass cover slide (12x12 mm) is placed on top of the epoxy and positioned with 

tweezers so that the device’s four pixels are all covered. The cover slides are cleaned 

with solvents as described earlier in 3.1.2). 

5. The devices are then exposed to UV light for four minutes. This causes the epoxy to set 

completing both the encapsulation process and the manufacture of the devices.  

6. The devices can now be removed from the glove box and characterised. The different 

characterisation techniques will be discussed in more detail in 3.5). 

3.5). Characterisation Techniques: 

3.5.1). Steady State Characterisation of Devices: 

 Steady state electroluminescence characterisation of devices measures the amount of 

light produced by a device when a steady current is applied to it and is the most common 

method of assessing OLED devices. Within the Durham OEM group an Agilent 6632B (20 

V, 5 A) power supply is used to apply a voltage to the OLED devices and measure the 

resulting current. A Labsphere LMS-100 integrating sphere is used to collect the photons 

emitted in all directions by the device, where they can be detected by an Ocean Optics 

USB4000 fibre optic spectrometer. A NI LabVIEW program is used to control the voltage 

applied to the OLED. It also collects the data from the power supply and spectrometer where 

it calculates the device characteristics, such as External Quantum Efficiency (E.Q.E.) and 

brightness. The LabVIEW program then exports this data both as a .txt file and as a .pdf file. 

The integrating sphere and a screenshot of the LabVIEW program can be seen in Figure 3.5. 

 The spectrometer converts the photons it detects into a current; this can be used to 

calculate the important characteristics of the OLED device. These characteristics include 
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different efficiencies such as E.Q.E. (ηext, %), wall plug luminous efficacy (ηwpe, Lm.W
-1

) and 

current efficiency (ηI, cd.A
-1

) and brightnesses such as luminance (L, cd.m
-2

). The rest of this 

section will focus on calculating these characteristics and a brief explanation of their 

properties [11]. 

 The E.Q.E. of an OLED is the ratio of the energy put into the OLED in the form of 

electrons to the energy that comes out in the form of photons. This is a ratio of energies and 

as such is not affected by the wavelength of light emitted. With current from the 

spectrometer, the OLED power as a function of wavelength (POLED(λ), W) can be calculated 

using Equation 3.1: 

 𝑃𝑂𝐿𝐸𝐷(𝜆) =
𝐼𝑠𝑝𝑒𝑐(𝜆)

𝑓(𝜆)𝑅(𝜆)
 (3.1) 

Figure 3.5: This figure shows the Labsphere LMW-100 integrating sphere used to characterise the devices and the 

LabVIEW program used to control the system and produce the results. 
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Where Ispec is the current generated in the detector in Amperes, R(λ) is the detector 

responsivity in Amperes/Watt and f(λ) is the ratio of photons detected to the total number 

emitted by the OLED. The function f(λ) is obtained by calibrating the integrating sphere, 

complete with OLED device holder, using a NIST traceable standard lamp. 

 Using Equation 3.1 and 𝐸 = ℎ𝑐 𝜆⁄ , where h is Planck’s constant (6.626x10
-34

 J.s) and 

c is the speed of light (2.998x10
8
 m.s

-1
), it is possible to determine the total number of 

photons emitted by the OLED device, forming Equation 3.2: 

 𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
∫𝜆𝐼𝑠𝑝𝑒𝑐(𝜆)𝑑𝜆

ℎ𝑐 ∫ 𝑓(𝜆)𝑅(𝜆)𝑑𝜆
 (3.2) 

 Equation 3.2 gives the amount of energy emitted by the OLED in terms of the number 

of photons. In order to calculate ηext the number of electrons injected into the device must be 

calculated. This is done using Equation 3.3: 

 𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 =
𝐼𝑂𝐿𝐸𝐷
𝑒

 (3.3) 

Where IOLED is the current passing through the OLED device in Amperes and e is the charge 

of an electron (1.602x10
-19

 C). Using the ratio of Equations 3.2 and 3.3 it is possible to 

calculate the E.Q.E. of the device, this can be seen in Equation 3.4. 

 𝜂𝑒𝑥𝑡 =
𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
=

𝑒 ∫𝜆𝐼𝑠𝑝𝑒𝑐(𝜆)𝑑𝜆

𝐼𝑂𝐿𝐸𝐷ℎ𝑐 ∫𝑓(𝜆)𝑅(𝜆)𝑑𝜆
 (3.4) 

 The human eye, however, is more sensitive to certain wavelengths of light than 

others, it is therefore necessary to incorporate this into the OLED characteristics. This is done 

by introducing the photonic luminosity function, 𝑦(𝜆), which normalises the detector output 

to the visual sensitivity of the human eye, peaking at 555 nm. Using this function, the curve 

of which can be seen in Figure 3.6 in 3.5.2), it is possible to calculate the other characteristics 

mentioned above. This includes the wall plug luminous efficacy, which is the ratio of the 
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total luminous flux emitted by the OLED to the total electrical power put into it. This can be 

calculated using Equation 3.5: 

 𝜂𝑤𝑝𝑒 =
𝜙0 ∫𝑦(𝜆)𝐼𝑠𝑝𝑒𝑐(𝜆)𝑑𝜆

𝐼𝑂𝐿𝐸𝐷𝑉 ∫𝑓(𝜆)𝑅(𝜆)𝑑𝜆
 (3.5) 

Where V is the voltage across the OLED device in volts and ϕ0 is the luminous coefficient 

(683 lm.W
-1

). 

 It is easily possible to convert this quantity into luminance and then to current 

efficiency. Luminance is effectively a measure of how bright the emission from a surface is 

and is widely used to characterise the brightness of displays and other devices. Current 

efficiency, like E.Q.E., is a measure of the electrons injected into the device to the number of 

photons emitted. Unlike E.Q.E., this quantity is again weighted by the photopic luminosity 

function. Using the relationship between lumens and candela, 1 lm.sr
-1

 is equal to 1 cd, it can 

be shown that for a full sphere, of solid angle 4.π steradians (sr), 1 candela is approximately 

equal to 12.57 lumens. In our case, for a Lambertian emission from a half plane, the solid 

angle is π steradians and so 1 candela is approximately equal to 3.14 lumens. It is therefore 

possible to calculate L using this relationship and Equation 3.5, which allows ηI to be 

calculated using Equation 3.6: 

 𝜂𝐼 =
𝐴𝐿

𝐼𝑂𝐿𝐸𝐷
 (3.6) 

Where A is the area of the active pixel in m
2
. 

 These calculations are all performed automatically by the LabVIEW program, which 

controls the characterisation process and converts the current returned by the spectrometer 

into the important parameters mentioned earlier. The individual steps for steady state device 

characterisation are detailed below: 
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1. Load OLED device onto the device holder within the integrating sphere and fasten it in 

place securely to ensure a good connection to the electrodes. 

2. Address the pixel to be tested and manually test the connection by applying a small 

voltage across the pixel and checking for a resulting current. 

3. When satisfied configure the LabVIEW program to test the desired range of voltages (up 

to 20V), with a suitable voltage step between them (usually 0.5V), hold time (usually 3s) 

and number of repeats (usually 5). The program is then run and the data exported. 

3.5.2). Device Colour and CIE Coordinates: 

 As mentioned earlier in 3.5.1), the human eye is more sensitive to certain wavelengths 

of light than others. This can be represented by the luminosity function. In other words, the 

luminosity function shows the perception of brightness to different wavelengths of light, as 

observed by the human eye. There are actually two luminosity functions; the most commonly 

used of these is the photopic luminosity function, 𝑦(𝜆), which is most suitable for normal 

Figure 3.6: The CIE’s three colour matching functions x(λ), y(λ) and z(λ). These are related to the spectral response curves 

for the three different cone cells present in the human eye and can be used to define the colour of light perceived. The 

function y(λ) is also known as the photopic luminosity function, which describes the sensitivity of the human eye to the 

brightness of different wavelengths of light. It peaks at 555 nm, which is within the green, resulting in the sensitivity for blue 

and red light being reduced in comparison. 
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light levels. This is the function by which the OLED emission is normalised, meaning that the 

blue and red emission is reduced in comparison to the green emission, so more emission is 

required to achieve the same brightness. A plot of the photopic luminosity function can be 

seen in Figure 3.6. The second of these functions is the scoptic luminosity curve, which 

applies only for low light levels, and as such will not be considered in this thesis. 

 The photopic luminosity function is included as a colour matching function within the 

Commission Internationale de l’Éclairage’s (CIE’s) 1931 colour space [12]. The CIE 1931 

colour space is used to convert between a spectrum of light and the colour perceived by the 

human eye. It contains three colour matching functions, each of which is related to one of the 

three different cone cells present within the human eye. The three functions 𝑥(𝜆), 𝑦(𝜆) and 

𝑧(𝜆) [13] can be seen in Figure 3.6 and are used to produce the three CIE tristimulus values 

X, Y and Z using the OLED power spectrum and Equations 3.7: 

 𝑋 = ∫ 𝑃𝑂𝐿𝐸𝐷(𝜆)𝑥(𝜆)𝑑𝜆
780

380

  

 𝑌 = ∫ 𝑃𝑂𝐿𝐸𝐷(𝜆)𝑦(𝜆)𝑑𝜆
780

380

 (3.7) 

 𝑍 = ∫ 𝑃𝑂𝐿𝐸𝐷(𝜆)𝑧(𝜆)𝑑𝜆
780

380

  

 This gives three values for the response of the eye to a spectrum of light, which would 

imply that a three dimensional representation of colour is required to describe it. However, as 

the concept of colour can be divided into two parts, brightness and chromaticity, a two 

dimensional figure can in fact be used. Here Y is used to describe the brightness of a colour, 

whilst two extra parameters derived from a normalised combination of X, Y and Z are used to 

define the chromaticity. Three normalised values, x, y and z, can be calculated but, as 
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𝑥 + 𝑦 + 𝑧 = 1, only x and y are required to denote the chromaticity. The values for x, y and z 

are calculated using Equations 3.8: 

 𝑥 =
𝑋

𝑋 + 𝑌 + 𝑍
  

 𝑦 =
𝑌

𝑋 + 𝑌 + 𝑍
 (3.8) 

 𝑧 =
𝑍

𝑋 + 𝑌 + 𝑍
  

 The x and y parameters act as coordinates on the CIE chromaticity diagram. This 

diagram, a version of which can be seen in Figure 3.7 [14, 15], covers all of the colours 

perceivable by the human eye, where the locus around the outside corresponds to different 

wavelengths of monochromatic light. Within the chromaticity diagram different gamuts, or 

subsets, of colours can be defined. The most common of these is the sRGB gamut, or 

“standard” RGB, which encompasses the standard colours reproducible by most displays. 

Figure 3.7: The CIE chromaticity diagram, which contains all of the different colours perceivable by the human eye. Also 

shown is the sRGB gamut (R = (0.64, 0.33), G = (0.30, 0.60) and B = (0.15, 0.06)), which contains the colours capable of 

being reproduced by most common displays. These displays utilise RGB pixel systems. 
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 Displays use clusters of three pixels, one each for red, green and blue, to produce the 

entire gamut within the triangle bound by the three colours. This does however mean that 

there is a large range of colours outside of this gamut, which can be perceived by the human 

eye but not reproduced by most displays. It is therefore important for OLED devices to be 

able to reproduce these three colours efficiently to replicate the gamut and compete with LCD 

displays.  

3.5.3). Transient Characterisation of Devices: 

 Transient electroluminescence characterisation measures the response of an OLED 

device when voltage pulses are applied to it, and it is a common method of assessing charge 

carrier mobility [16, 17]. A HP8114A function generator is used to generate square voltage 

pulses at a regular frequency of 1 kHz and of width 50 μs. An Agilent Infiniium 1 GHz 4 

GSa/s oscilloscope is then used to record the pulses before and after passing through the 

device. A standard Si-PIN-PD detector with an attached DHPCA-100 variable gain high 

speed current amplifier, which is also connected to the oscilloscope, is used to detect the light 

response of the OLED. A schematic view of the experimental setup can be seen in Figure 3.8.  

 The detector converts the light produced into an electric current based on the amount 

emitted and transmits this measure of intensity to the oscilloscope. Using the oscilloscope it 

Figure 3.8: This figure shows the basic experimental setup used to carry out transient electroluminescence on the devices 

produced for this report. 
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is possible to observe a delay time (td, s) for the OLED device to start emitting light after the 

voltage pulses are applied. This delay time occurs due to the time taken for the charges 

induced by the voltage to be transported through the device to the emissive layer, via the 

methods discussed in 2.5), and for recombination and emission to occur. It is therefore 

possible to use this delay time to calculate a value for the mobilities of the charge carrier 

within the OLED device. 

 For transient EL the mobility of the charge carries (µ, cm
2
.V

-1
.s

-1
) can be expressed 

using Equation 3.9: 

 𝜇 =
𝐿

(𝑡𝑑𝐹)
=
𝐿𝑑

𝑡𝑑𝑉
 (3.9) 

Where L is the thickness of the emissive layer in meters, F is the electric field in V.m
-1

 and is 

determined using 𝐹 = 𝑉 𝑑⁄ , where V is the applied voltage in volts. The value for d 

corresponds to the field thickness, which can usually be approximated to that of the emissive 

layer. Outside of the emissive layer the organic layers are usually either primarily hole 

transporters (PEDOT, PVK) or electron transporters (TPBi), resulting in a large imbalance of 

charge causing the electric field to drop off. 

 The values obtained by transient EL characterisation can be used to identify and 

investigate the different transport mechanisms within an OLED device. The individual steps 

for transient EL characterisation are detailed below: 

1. Load OLED device onto the device holder and fasten it in place securely to ensure a 

good connection to the electrodes. 

2. Address the pixel to be tested and manually test the connection by applying a small 

voltage pulse across the pixel and checking for a resulting current. 
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3. The lenses are then used to focus the light from the OLED device on to the Si-PIN-PD 

detector. 

4. Apply square voltage pulses at a regular frequency of 1 kHz and of width 50 μs with 

increasing magnitudes, from 4V to 20V in 1V intervals. 

5. The voltage and light pulses are recorded by the oscilloscope that averages 200 

measurements for each of the three signals. 

6. The results are saved and exported. 

3.5.4). Ellipsometry: 

 There are a number of different techniques that can be used to measure the thickness 

of the organic layers deposited by spin coating or evaporation. For the purpose of this thesis, 

the primary method of thickness determination used was ellipsometry [18-20]. This is a 

Figure 3.9: A schematic view of the ellipsometer experimental setup and a photograph of a J. A. Woolam VASE 

Ellipsometer. Note that the angle of incidence is equal to the angle of reflection in this configuration. 
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powerful optical technique, which makes use of the change in polarisation of the 

monochromatic light incident upon the sample. The incident light interacts with the sample 

through various mechanisms, including absorption, transmission, reflection and scattering. 

The change in polarisation is measured by recording the Stokes Parameters, Δ and Ψ, where 

Δ is the phase difference and Ψ is the amplitude ratio. 

 The experimental setup can be seen in Figure 3.9, in both schematic form and a 

picture of the actual equipment. The ellipsometer used by the OEM group is a J. A. Woolam 

VASE Ellipsometer. As can be seen in Figure 3.9, the angle of incidence is equal to the angle 

of reflection (Φ). Light incident on the sample can have its polarisation changed in two 

different ways, parallel to the plane of incidence (p-polarised) or perpendicular to the plane of 

incidence (s-polarised). The detector measures the complex reflectance ratio of the sample (ρ) 

at different angles of incidence. This ratio is related to the Stokes Parameters by Equation 

3.10: 

 𝜌 =
𝑟𝑝

𝑟𝑠
= tan(Ψ)𝑒𝑖Δ (3.10) 

Where rp and rs are the amplitudes of the p and s polarisations respectively.  

 Whilst ellipsometry is a contactless and non-destructive method of obtaining a variety 

of different film characteristics, including its thickness and refractive index, it is also an 

indirect method. This means that it is not possible to directly convert the Stokes Parameters 

into film parameters, and in order to extract physical quantities from them the desired 

parameters must be modelled and fitted to the measured Δ and Ψ values. Therefore the film 

thickness is typically found by modelling a thin film, based on a basic organic Cauchy 

representation [21], and then fitting this to the measured data using an iterative process, such 

as least-squares minimisation. 
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 Ellipsometry can also be used to test how well multilayers have formed by 

investigating how the overall film thickness deviates from what would be expected from the 

sum of the individual layer thicknesses. Typically, if there is a large deviation from the 

expected total thickness it implies that the base layer has been eroded in some way. This is 

usually caused by the solvent from the upper layer dissolving the layer upon which it is being 

spun. The individual steps for ellipsometry are detailed below: 

1. Silicon substrates, with a thin coating of silicon dioxide (Si/SiO2) of known thickness, 

and of similar size to ordinary device substrates are cleaned using the methods discussed 

in 3.1.2). 

2. After cleaning the thin films are deposited on to the shiny side of the Si/SiO2, either by 

spin coating or evaporation, following the procedures outlined in 3.2.2) and 3.3.4). 

3.  The Si/SiO2 substrates are loaded on to the ellipsometer and the Stokes Parameters are 

measured at three different values of Φ over a range of wavelengths, typically 300-1100 

nm. 

4. A model of the films is constructed in the ellipsometer software. A basic organic Cauchy 

representation is used for the unknown films and the model is fitted to the experimental 

data to determine the Stokes Parameters and extract the layer thicknesses. 

3.6). Spectroscopy: 

3.6.1). Absorption Spectroscopy: 

 The steady state absorption spectra of thin films and solutions were determined using 

a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. This system produces light over a 

large spectral range using two lamps, a Halogen lamp for the infrared (IR)-visible range and a 

Deuterium lamp for the UV range. These lamps are coupled with a double monochromator 

system, which can offer a spectral resolution over these ranges of 0.1 nm. The light produced 
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by the excitation sources is split into two beams, one of which passes through the sample, the 

other passes through a reference. The transmitted intensities from the sample and reference 

are sent on to one of three detectors covering the different spectral ranges. A PbS detector for 

the IR range, a InGaAs detector for the near-IR range and a photomultiplier tube (PMT) for 

the visible and UV ranges. The reference transmitted intensities are subtracted from the 

sample transmitted intensities, and using the Beer-Lambert Law discussed in 2.4.2) the 

absorbance of the sample is calculated. 

 For solution based measurements, solutions of the species being investigated were 

prepared according to the procedures detailed in 3.2.1). A concentration of the order of 50 

μg/mL was used and the prepared solution was then transferred to a clean cuvette. Another 

cuvette containing just the solvent was also prepared to act as a reference. For thin film based 

measurements solutions of concentrations of the order of 10 mg/mL were prepared according 

to the procedures detailed in 3.2.1). These solutions were then spun on to clean sapphire 

discs, of diameter 1 cm, following the method outlined in 3.2.2). Films could also be prepared 

using the drop casting method outlined in 3.2.3). A sapphire disc was left uncoated to act as a 

reference. The discs and cuvettes had been cleaned using a sonic bath along with nitric acid 

(70%), acetone and isopropanol in a similar process to the one detailed in 3.1.2). 

3.6.2). Fluorescence Spectroscopy: 

 The steady state fluorescence spectra of thin films and solutions were determined 

using a Jobin Yvon FluoroMax-3. A Xe lamp is used to produce an excitation source and 

coupled with a single monochromator system to provide a good spectral resolution in the 

range of 250-600 nm. The emission of the sample is collected perpendicularly to the 

excitation source by a PMT, also coupled with a single monochromator system, covering the 

range of 250-1000 nm. This setup allows a resolution of 1 nm, or better, to be achieved. 
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 To produce a fluorescence spectrum the excitation wavelength is fixed and the sample 

emission is scanned. The excitation wavelength is determined from the peak of the first 

absorption band from the spectra produced in 3.6.1). The solutions and films tested in the 

FluoroMax were typically the same films tested in 3.6.1) or they were produced to the same 

specifications. It is also possible to fix the emission wavelength and scan over the excitation 

range in order to produce an excitation spectrum. This can be used to determine absorption 

characteristics of the sample, or if there is more than one absorbing species within the 

absorption curve. 

3.6.3). Photoluminescene Quantum Yield Measurements: 

 The photoluminescence quantum yield (PLQY) of a material is a measure of the ratio 

of the number of photons emitted by a material to the number of photons it has absorbed [22]. 

This quantity can give an idea of the photoluminescent efficiency of a material and has a 

maximum value of 1.0. PLQYs (ΦPLQY) can be expressed in the form of Equation 3.11: 

 Φ𝑃𝐿𝑄𝑌 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 (3.11) 

 During the course of this thesis only thin film based PLQY measurements were 

carried out. These measurements were performed using a small integrating sphere and a Jobin 

Yvon FluoroMax-3. Emission spectra for both the sample and a reference were taken along 

with a spectrum of the excitation for both. The excitation spectra were obtained using a 

neutral density filter (optical density = 2), which reduces the intensity of light of all 

wavelengths equally. A correction factor was applied to the four resulting spectra to take into 

account the spectral response of both the integrating sphere and the FluoroMax. The 

reference emission spectrum was then taken away from the sample emission spectrum in 

order to remove the background radiation. The PLQY of the film was then calculated using 

Equation 3.12: 
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 Φ𝑃𝐿𝑄𝑌 =
∫𝐹(𝜆)𝑑𝜆

10𝑂𝐷 . ∫ 𝑅(𝜆)𝑑𝜆 − ∫𝑃(𝜆)𝑑𝜆
 (3.12) 

Where F(λ) is the background removed emission spectrum of the sample, P(λ) is the emission 

spectrum of the excitation with the sample present, R(λ) is the emission spectrum of the 

excitation with the reference and OD is the optical density of the filter. 

3.6.4). Triplet Levels and Phosphorescence Lifetime Measurements: 

 The triplet levels and lifetimes of several materials were measured using a Nitrogen 

laser, emitting at 337 nm, as an excitation source [23, 24]. A pulse frequency of 5 Hz was 

used to excite a sample mounted within a cryostat under vacuum (<1x10
-4

 mbar) and cooled 

to approximately 15 K. The emission from the material was collected perpendicularly to the 

excitement source by a Stanford Computer Optics gated iCCD camera after passing through a 

dual grating spectrograph. The iCCD camera is synchronised to the laser by using a 

beamsplitter on the laser pulse to trigger a photodiode connected to the camera. The 

horizontal pixel direction of the camera corresponds to the different emission wavelengths, 

whilst the vertical pixels are integrated for intensity.  

 The lifetime measurements were performed by obtaining a series of spectra at 

different camera delay and integration times. The spectra were then integrated to obtain 

overall emission intensities from which the lifetime can be extracted by fitting a logarithmic 

function to the intensity values. The triplet levels are extracted from the point on the spectra 

where the first peak of the emission starts to appear and is converted from wavelength into 

energy using the equation 𝐸 = ℎ𝑐 𝜆⁄ . 
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Chapter 4 Analysis of OLED Devices Using SEmiconducting Thin Film 

Optics Simulation (SETFOS) Software: 

Sections of this chapter have been published: 

J. H. Cook*, H. A. Al-Attar and A. P. Monkman, ‘Effect of PEDOT-PSS resistivity and work 

function on PLED performance’, Organic Electronics, 15, 245, (2014). 

4.1). An Introduction to SETFOS: 

 SEmiconducting Thin Film Optics Simulation (SETFOS) is a software package 

produced by FLUXiM that simulates the behaviour of OLED devices. It is capable of 

reproducing both the optical and electrical behaviour of devices using several different 

models built into the software. Optical models can be used to predict EL emission spectra, the 

radiating dipole density location and distribution, and also the optimum layer thicknesses for 

cavity resonance [1, 2]. Electrical models can be used to extract qualitative values for device 

parameters, such as hole mobility and work function, and reinforce conclusions drawn from 

experimental work [3]. It is also theoretically possible to use SETFOS to predict device 

behaviour before making them, potentially saving both time and materials. Optical models 

are not the focus of this chapter and will not be discussed in more detail. Further details for 

the principles upon which the electrical models are built, including those discussed below, 

can be found within the SETFOS 3.2 User Manual [4]. 

4.1.1). Fundamental Equations: 

 For electrical drift diffusion simulations there are several governing equations that 

need to be mentioned. Foremost amongst these equations are the semiconductor continuity 

equations. These two equations, which define the change in population of holes and electrons 

within the device, can be seen in equations 4.1 and 4.2: 
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𝑑𝑛

𝑑𝑡
=
∇⃗⃗ 𝐽𝑛⃗⃗  ⃗

𝑞
− 𝑅 −

𝑑𝑛𝑡
𝑑𝑡

+ 𝐺𝑜𝑝𝑡𝑛𝑝𝑔𝑛 (4.1) 

 
𝑑𝑝

𝑑𝑡
=
−∇⃗⃗ 𝐽𝑝⃗⃗  ⃗

𝑞
− 𝑅 −

𝑑𝑝𝑡
𝑑𝑡

+ 𝐺𝑜𝑝𝑡𝑛𝑝𝑔𝑝 (4.2) 

Where n is the electron density, p is the hole density, 𝐸⃗  is the electric field, R is the 

recombination rate, 
𝑑𝑛𝑡

𝑑𝑡
 and 

𝑑𝑝𝑡

𝑑𝑡
 are the rates of charge trapping and 𝐺𝑜𝑝𝑡𝑛𝑝  is the optical 

charge generation efficiency. Trapping will be discussed in more detail in 4.1.3). 

 These two equations for the different charge transporters can be coupled to form the 

Poisson equation seen in Equation 4.3: 

 𝜀𝜀0∇⃗⃗ 𝐸⃗ = −𝑞(𝑝 − 𝑛 + 𝑝𝑡 − 𝑛𝑡 + 𝐴𝐷𝑜𝑝𝑖𝑛𝑔 − 𝐷𝐷𝑜𝑝𝑖𝑛𝑔) (4.3) 

Where the ADoping and DDoping are the acceptor and donor doping terms respectively and 

supplement the local charge density. The local electric field can be obtained using Equation 

4.4: 

 ∫ 𝐸⃗ 𝑑𝑥
𝐿

0

= 𝑉𝑎𝑝𝑝 − 𝑉𝑏𝑖 (4.4) 

Where Vapp is the applied voltage and Vbi is the built-in voltage, see 4.1.2). The bimolecular 

process of recombination is described by Equation 4.5: 

 𝑅 = 𝜂𝑛𝑝(𝜇𝑛 + 𝜇𝑝)
𝑞

𝜀
 (4.5) 

Where η is the Langevin Recombination Efficiency and the recombination process is heavily 

dependent on the local charge mobilities [5].  

 SETFOS features two generations of electrical models for simulations. The first 

generation uses well defined energy states and the classical Einstein relations between 

diffusion and mobility to model devices, whilst the second generation accounts for disordered 
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systems with spread energy levels and incorporates a generalised Einstein relationship 

(GER). For the purposes of this thesis, only second generation models need to be considered 

as they provide more accurate simulations than the more primitive first generation models. 

The second generation models incorporate a disordered density of states (DOS) using 

Equation 4.6: 

 𝑁(𝐸) =
𝑁0

√2𝜋𝜎2
𝑒𝑥𝑝 [− (

𝐸 − 𝐸0

√2𝜎
)
2

] (4.6) 

Where N0 is the density of chargeable sites, σ is the DOS energy width, typically 0.05-0.15 

eV, and this equation is linked to the local carrier density by Fermi-Dirac statistics and 

Equation 4.7: 

 𝑝(𝑥, 𝐸𝑓) = ∫ 𝑁(𝑥, 𝐸)𝑓(𝑥, 𝐸, 𝐸𝑓)
∞

−∞

𝑑𝐸 (4.7) 

The disordered DOS bands are filled from the centre and as such 𝑝(𝑥, 𝐸𝑓) can be no larger 

than 𝑁0 2⁄  within the OLED device. The models used for carrier mobilities, carrier injection 

and trapping all follow from this equation and these will be discussed in more detail in 4.1.2) 

and 4.1.3). 

 As mentioned earlier, second generation models incorporate a generalised Einstein 

relationship. This relates the diffusion constant of the charges to their mobility using 

Equation 4.8: 

 𝐷𝑛,𝑝 = 𝜇𝑛,𝑝
𝑘𝑇

𝑞
. 𝑔3𝑛,𝑝({𝑛, 𝑝}, 𝑇) (4.8) 

Where 𝑔3𝑛,𝑝({𝑛, 𝑝}, 𝑇) is the enhancement function of the classical relationship following 

from the change in the DOS with σ [6]. This function causes 𝐷𝑛,𝑝 to increase with increasing 

carrier density and decreasing temperature, and 𝑔3𝑛,𝑝({𝑛, 𝑝}, 𝑇) is found using Equation 4.9: 
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𝑔3𝑛,𝑝({𝑛, 𝑝}, 𝑇) =

1

𝑘𝑇

{𝑛, 𝑝}

𝜕{𝑛, 𝑝}
𝜕𝐸𝑓

 
(4.9) 

4.1.2). The Extended Gaussian Disorder Model (EGDM): 

 SETFOS has two different models for calculating charge mobilities for second 

generation simulations. The Extended Gaussian Disorder Model (EGDM), which works best 

for polymer based devices [7], and the Extended Correlated Disorder Model (ECDM) [8], 

which works best for small molecule based devices[9, 10]. As this thesis focuses on polymer 

based devices, EGDM will be discussed in more detail. The EGDM arises from both the GER 

and the Pasveer mobility law [11] and produces a charge mobility that is not only both field 

and temperature dependent but also depends on the local carrier concentration. This can be 

seen in Equations 4.10-4.14: 

 𝜇(𝑇, 𝑝, 𝐸) = 𝜇0(𝑇)𝑔1(𝑇, 𝑝)𝑔2(𝐸) (4.10) 

   

 

𝑔1(𝑇, 𝑝) = {
𝑒𝑥𝑝(

1

2
(𝜎̂2 − 𝜎̂)(2𝑝)𝛿),

𝑔1(𝑇, 0.1),

 

for p ≤ 0.1 

(4.11) 

 for p > 0.1 

   

 𝛿 = 2
ln(𝜎̂2 − 𝜎̂) − ln(ln(4))

𝜎̂2
 (4.12) 

   

 𝜇0(𝑇) = 𝜇∗𝑒𝑥𝑝(−𝑐1𝜎̂
2) (4.13) 

   

𝑔2(𝑇, 𝐸) =

{
 

 𝑒𝑥𝑝(0.44 (𝜎̂
3
2 − 2.2) (√1 + 0.8 (

𝐸.𝑞𝑎

𝜎
)
2

− 1)) ,

𝑔2 (𝑇,
2𝜎

𝑞𝑎
) ,

 

for E ≤ 2𝜎 𝑞𝑎⁄  

(4.14) 

for E > 2𝜎 𝑞𝑎⁄  
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Where c1 is the molecular orbital overlap integral, which is typically 0.39 for polymer based 

materials, σ is the Gaussian energy distribution width for the HOMO, or LUMO, levels 

electronic state DOS and 𝜎̂ = 𝜎 𝑘𝐵𝑇⁄ . Equations 4.10-4.14 are given in terms of holes, in 

order to convert from holes to electrons simple substitute p for n, as they are valid for both. 

 Ohmic and thermionic injection models work with both of the second generation 

models mentioned above. Ohmic injection utilises a fixed boundary condition defined by the 

user. This can be seen in Equation 4.15: 

 𝑛|𝐶𝑎𝑡ℎ𝑜𝑑𝑒 = 𝑛𝑐𝑜𝑛𝑠𝑡  𝑎𝑛𝑑/𝑜𝑟 𝑝|𝐴𝑛𝑜𝑑𝑒 = 𝑝𝑐𝑜𝑛𝑠𝑡 (4.15) 

Whereas the thermionic injection model converts the work function of the electrode into a 

density boundary condition using a barrier lowering mechanism [12]. This can be seen in 

Equation 4.16: 

 𝑝(𝐸𝑓) = ∫ 𝑁(𝐸)𝑓(𝐸, 𝐸𝑓)𝑑𝐸
∞

−∞

 (4.16) 

Where Ef is the Fermi energy, which is related to the injection barrier of the electrode by the 

equations ∆ ≡ 𝐸𝐻𝑂𝑀𝑂 − 𝜙𝐴𝑛𝑜𝑑𝑒 and ∆ ≡ 𝜙𝐶𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝐿𝑈𝑀𝑂. 

 The method used to calculate Vbi depends upon whether the thermionic or the ohmic 

models are used. For the purposes of this thesis, the thermionic model was selected. This 

value was mentioned in 4.1.1) and represents the built-in voltage of the device. For a first 

generation model Vbi would be calculated using Equation 4.17: 

 𝑞𝑉𝑏𝑖 = Φ𝑙𝑒 −Φ𝑟𝑒 (4.17) 

In this equation, Φre and Φle represent the work functions of the right and left electrodes 

respectively. For the thermionic model the user defines the value of Φi, whilst for the ohmic 

model they are determined using Equation 4.18: 
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Φ𝑖 = {
𝐸𝐿𝑈𝑀𝑂 − 𝐸𝑓(𝑛𝑒),

𝐸𝐻𝑂𝑀𝑂 − 𝐸𝑓(𝑝𝑒),
 

electron injection at Cathode 
(4.18) 

 hole injection at Anode 

From the above it can be deduced that for the thermionic model the user specifies the work 

function of the electrode and therefore the Fermi energy, and SETFOS then calculates the 

boundary charge densities and Vbi. For the ohmic model, the user specifies the boundary 

charge densities and SETFOS calculates the Fermi energy, effective work function and Vbi.  

 The EGDM and ECDM include a system for modelling the processes occurring at the 

internal organic-organic interfaces [13]. These models incorporate hopping mechanisms, field 

dependent barrier lowering and the local adaptation of inter-site distances to provide a 

number of advantages over those used in the first generation models. The primary advantage 

of these models is that they have a substantially reduced discretisation dependence, 

increasing the accuracy of the simulation. 

4.1.3). Trapping and Excitons: 

 Like the free charges in 4.1.2), the traps integrated into the second generation models 

use a distribution function, Nt(E). There are two different variations built-in to SETFOS, the 

exponential trap distribution and the Gaussian trap distribution. The general trap density is 

given by Equation 4.19: 

 𝑝𝑡(𝐸𝑓) = ∫ 𝑁𝑡(𝐸)𝑓(𝐸, 𝐸𝑓)𝑑𝐸
∞

−∞

 (4.19) 

Where f(E, Ef) is the Fermi-Dirac distribution. For exponential traps the distribution function 

is given by Equation 4.20: 

 𝑁𝑡𝐸𝑥𝑝(𝐸) =
𝑁𝑇𝑟𝑎𝑝

2𝑘𝑇0
𝑒𝑥𝑝 [

|𝐸 − 𝐸𝑡|

𝑘𝑇0
] (4.20) 
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Where T0 is the characteristic temperature, NTrap is the number of available trap states and Et 

is the trap depth, usually in the range of 0.05-0.5 eV. For Gaussian traps the distribution 

function is given by Equation 4.21: 

 𝑁𝑡𝐺𝑎𝑢𝑠𝑠(𝐸) =
𝑁𝑇𝑟𝑎𝑝

√2𝜋𝜎2
𝑒𝑥𝑝 [− (

𝐸 − 𝐸𝑡

√2𝜎
)
2

] (4.21) 

Where σ is the width of the Gaussian DOS. 

 Whilst the equations above focus on electrons and holes in their individual states, 

SETFOS is also capable of modelling excitons, including their generation, migration and 

energy transfer characteristics. The exciton current generated in the device is given by 

Equation 4.22: 

 𝐽 𝑆𝑖 = 𝐷𝑆∇⃗⃗ 𝑆𝑖 (4.22) 

Where Ds is the exciton diffusion constant and ∇⃗⃗ 𝑆𝑖 is the exciton population of which there 

are 𝑖 different types of exciton. The exciton rate equation is given by Equation 4.23: 

𝑑𝑆𝑖(𝑧)

𝑑𝑡
= 𝐺𝑖𝑅(𝑧) + ∇⃗⃗ 𝐽𝑆𝑖

⃗⃗⃗⃗ (𝑧) − (𝑘𝑟𝑎𝑑𝑖(𝑧) + 𝑘𝑛𝑜𝑛𝑟𝑎𝑑𝑖(𝑧)) . 𝑆𝑖(𝑧) − 𝑘𝑎𝑛𝑛𝑖ℎ𝑖 . 𝑆𝑖(𝑧)
2

+ ∑ (𝑘𝑗𝑖 . 𝑆𝑗(𝑧) − 𝑘𝑖𝑗. 𝑆𝑖(𝑧)) + 𝐺𝑜𝑝𝑡𝑖𝑖

𝑛𝑒𝑥𝑐

𝑗=1

𝐺(𝑧) − 𝑘𝑑𝑖𝑆𝑖(𝑧) 

(4.23) 

This equation includes several different generation, migration and decay terms relating to the 

different individual processes that excitons can undergo. 𝐺𝑖𝑅(𝑧) is the recombination exciton 

generation factor (where classically, Gi is 0.25 for singlets and 0.75 for triplets), 𝐺𝑜𝑝𝑡𝑖𝑖 is the 

optical exciton generation efficiency and 𝐺(𝑧) is obtained from the absorption 

spectra. 𝑘𝑟𝑎𝑑𝑖(𝑧), 𝑘𝑛𝑜𝑛𝑟𝑎𝑑𝑖(𝑧), 𝑘𝑎𝑛𝑛𝑖ℎ𝑖 and 𝑘𝑑𝑖 are the radiative decay, non-radiative decay, 

annihilation and dissociation loss terms for the exciton. Finally, 𝑘𝑗𝑖 . 𝑆𝑗(𝑧) and 𝑘𝑖𝑗. 𝑆𝑖(𝑧) 
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represent energy transfer from one excited species to another. This can occur via both the 

Förster and Dexter mechanisms discussed in 2.5.2) and 2.5.3). 

 SETFOS can use two exciton dissociation models. The first is the Onsager-Braun 

model [14, 15] where the mean initial separation distance, a, is the free parameter (typically a 

≈ 1 nm). The model is also field and temperature dependent and is calculated using Equations 

4.24-4.26: 

 𝑘𝑑(𝑎, 𝑇, 𝐸) =
3𝜇𝑒

4𝜋𝜀𝜀0𝑎3
𝑒𝑥𝑝(−

∆𝜀(𝑎)

𝑘𝐵𝑇

𝐽1 (2√−2𝑏(𝑇, 𝐸))

−2𝑏(𝑇, 𝐸)
) (4.24) 

   

 𝑏(𝑇, 𝐸) =
𝑒3𝐸

8𝜋𝜀𝜀0𝑘𝐵
2𝑇2

 (4.25) 

   

 ∆𝜀(𝑎) =
𝑒2

4𝜋𝜀𝜀0𝑎
 (4.26) 

Where J1 is a Bessel function of the first kind of the first order. The second model is the 

Koster model [16], which has been modified to also include metastable polarons and 

positional disorder. SETFOS 3.2 is unable to model the transfer of exciton energy across 

different layer interfaces and invokes a no-flow condition in order to prevent their migration. 

4.2). Introduction: 

 In order to assess the viability of SETFOS 3.2 as a tool for analysing OLED devices it 

is necessary to check its ability to replicate device data and its ability to handle changes in 

device structure. Perhaps the simplest change that could be investigated concerns the type of 

poly(3,4-ethylenedioxythiophene) (PEDOT) used in devices. The PEDOTs used throughout 

this thesis come from a commercial source, Heraeus Precious Metals, Germany, and as such 
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have known properties and are of a high enough quality that allow for reproducible devices. 

This makes it extremely suitable to be used to test the ability of SETFOS to adapt accurately 

to carefully controlled changes in device parameters. 

 To recap 2.6.2), many OLED devices feature a hole-injecting layer (HIL) between an 

Indium Tin Oxide (ITO) anode and a hole transporting layer (HTL). One of the most 

commonly used hole-injecting layers is PEDOT. The PEDOT layer acts to smooth the 

gradient of work functions [17, 18] between the ITO and the HTL, which aids charge 

injection within the device. As PEDOT possesses a poor solubility it is commonly combined 

with poly(styrenesulfonate) (PSS) to form a complex; PSS acts as a negative counterion to 

the positively charged PEDOT and renders the complex soluble. It is possible to tune the 

properties [19] of PEDOT-PSS, including the work function and resistivity, in order to affect 

Figure 4.1: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for four devices with 

PEDOT of different resistivity and work function. Inset to (b) shows the turn on voltages for the three PEDOTs in a plot of 

Luminance vs. V. 
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the overall properties of the device. This can be achieved by changing factors such as the 

ratio of constituents, impurity density, dopant type and the dispersion solvent [20-22].  

 A previous investigation [2, 3] into the effect of PEDOT resistivity and work function 

on device characteristics tested four commercially available variations of PEDOT from 

Heraeus Precious Metals, Germany [23]. The PEDOTs included CLEVIOS
TM

 HIL 1.1, HIL 

1.3 and HIL 1.5, and were used in devices of the same structure to evaluate the effects of the 

PEDOT resistivity and work function on PLED efficiency and performance. The results of 

this research can be seen in Figure 4.1. The PEDOT AL4083 also featured in this initial 

investigation but, as it introduced a change in work function instead of hole mobility, it has 

not been included here. As only one parameter is varied between the three PEDOTs these 

results are the ideal subject for testing the viability of SETFOS analysis of OLED devices.  

4.3). Experimental: 

 Three devices were made previously using the PEDOTs HIL 1.5, HIL 1.3 and HIL 1.1 

respectively as the HIL. The differing properties[23] of these are detailed in Table 4.1. The 

devices were manufactured and steady state characterised using the techniques detailed in 

Chapter 3. The device structure used here was based on the solution processed multilayer 

Figure 4.2: The structure of the devices used to provide the data for SETFOS analysis. 



Chapter 4   SETFOS Analysis of OLED Devices 

90 

 

devices used in previous works [1], where layers of poly(9-vinylcarbazole) (PVK) with 

different molecular weights (PVKH = 1,100,000 Mw and PVKL = 90,000 Mw) are stacked 

on top of each other, using their different solubilities in the solvents chlorobenzene and 

toluene to maintain discrete boundaries between the two. The exact device structure can be 

seen in Figure 4.2 and these devices provided the results seen previously in Figure 4.1. The 

data presented is an average over four devices for each different PEDOT and have an error 

associated with them of approximately 5%. 

Table 4.1: The properties of the different PEDOTs used to manufacture devices for this report. 

PEDOT Resistivity /Ω.cm Work Function /eV 

HIL 1.1 10-100 5.4-5.9 

HIL 1.3 1000-10000 5.4-5.9 

HIL 1.5 100000-1000000 5.4-5.9 

 Using the same solutions, thin films were prepared on Si/SiO2 substrates. Their 

thicknesses and refractive indices were then obtained using ellipsometry as detailed in 3.5.4). 

Both of these material parameters are required by SETFOS and the thicknesses were 

repeatable to within ±10 nm. These values, along with several others, were entered into 

SETFOS using the graphical user interface, which can be seen in Figure 4.3. Values not 

directly obtained by experimental methods were acquired from the literature or estimated 

using Table 4.9 in the SETFOS 3.2 User Manual. 

 SETFOS was instructed to sweep over the same voltage range that was used for 

device characterisation, including the same voltage step size. Three parameters, PEDOT work 

function, PEDOT resistivity and TPD mobility, were selected to be varied in order to achieve 

a good fit. The PEDOT parameters were varied in accordance with the ranges given in Table 

4.1, whilst the hole mobility of TPD was varied between the literature values of 10
-4

-10
-3

 

cm
2
.Vs

-1
[24]. The TPD mobility corresponds in this case to the effective hole mobility of the 

blocking layer, as the concentration of TPD exceeds the threshold after which transport 
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occurs without the involvement of the PVKL [25]. Using the three free parameters SETFOS 

was aiming to fit its values to the device current densities using a built in optimisation 

algorithm. 

4.4). Results and Discussion: 

 Drift-diffusion simulations of the three HIL type PEDOTs were carried out using 

SETFOS 3.2. The resultant J-V curves are in good agreement with the experimentally 

observed results. These plots are shown in Figure 4.4, along with their experimentally 

determined counterparts, and allow for the extraction of qualitative values for the PEDOT 

work function, PEDOT resistivity and the effective hole mobility of the blocking layer. This 

Figure 4.3: The graphical user interface used to operate SETFOS 3.2. The device parameters have been entered and the 

simulation is ready to run. 
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is possible due to the fact all the other drift diffusion parameters were kept constant as the 

type of PEDOT should have no effect on their magnitude. 

 The parameters used to produce the three different plots are detailed in Table 4.2. 

From these values, it can be seen that there is indeed an increase in resistivity when going 

from the HIL 1.1 PEDOT to the HIL 1.5 PEDOT, although these values do not fall within the 

ranges stated in Table 4.1. This is probably due to the cross-sectional area of the pixels 

involved not being taken into account by SETFOS; nor does SETFOS consider the 

Figure 4.4: Plots of the simulated J-V curves for (a) PEDOT HIL 1.5, (b) PEDOT HIL 1.3 and (c) PEDOT HIL 1.1, 

produced using SETFOS 3.2, along with the experimentally determined J-V curves already seen in Figure 4.1. 
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resistivities of the ITO or aluminium layers. There is a slight increase in work function, 

which is within the prescribed range, but this change is small enough to not be overly 

significant. Finally, it can also be observed that the effective hole mobility of the blocking 

layer is dependent on the PEDOT used; there is a decrease in the effective hole mobility as 

the resistivity of the PEDOT is increased. 

Table 4.2: The parameters used by SETFOS 3.2 to produce the simulated J-V curves seen in Figure 4.4. 

 The SETFOS simulations yielded values for the hole mobility of TPD from the lower 

end of the 10
-4

-10
-3

 cm
2
.Vs

-1 
range which, together with the values in Table 4.2, indicates that 

increasing the resistivity of the PEDOT has the effect of decreasing the effective hole 

mobility of the TPD. This implies that the resistivity of the PEDOT affects the balance 

between the charge carriers by changing the holes per unit time entering the blocking layer.  

 In order to address the discrepancies between the values given in Table 4.1, from the 

PEDOT manufacturers Heraeus, and the values produced by SETFOS in  Table 4.2, more 

simulations were carried out; the results of which can be seen in Figure 4.5. Initially 

simulations were performed to try and match the experimental values for HIL 1.5 whilst 

using the given ranges of resistivity and work function in Table 4.1. This was achieved after 

modifying several values from the original simulation parameters used to produce Figure 4.4, 

and produced reasonable, but not as well fitting, results; see plot .a. of Figure 4.5. 

Unfortunately, when it came to using these parameters to fit the data for HIL 1.3 using the 

correct resistivity range, it was not possible to create a satisfactory fit; see plot .b. of Figure 

4.5. 

PEDOT PEDOT Work Function 
/eV 

PEDOT Resistivity  
/ x105 Ωm 

Effective TPD Hole Mobility  
/ x10-4 cm2.Vs-1 

HIL 1.1 5.41±0.05 8.90±0.09 3.10±0.03 

HIL 1.3 5.42±0.05 9.00±0.09 2.80±0.03 

HIL 1.5 5.46±0.05 26.0±0.3 1.30±0.02 
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 This same process was then carried out for HIL1.3 instead, and the original 

parameters were modified to fit its experimental data. This again produced good, but also not 

as well fitting, results; see plot d. of Figure 4.5. Unfortunately, as was observed before, when 

these parameters were used to fit for HIL1.5 it was not possible to achieve a good fit; see plot 

.c. of Figure 4.5. This serves to highlight that the discrepancies between the given resistivities 

in Table 4.1 and the simulated ones in Table 4.2 are more than likely due to a problem with 

the SETFOS model. This is believed to be due to the inability of SETFOS to account for the 

leakage current that occurs in devices. 

 Despite these potential problems with the SETFOS model, it is believed that the 

quantitative trends and values, produced from the simulations, are still valid and can be used 

to reinforce conclusions drawn from experimental data. The general trends are correct and the 

difference in magnitudes between the values in Table 4.1 and Table 4.2 are accounted for by 

Figure 4.5: Plots of the simulated J-V curves for (a) PEDOT HIL 1.5 from a simulation optimised for HIL 1.5, (b) PEDOT 

HIL 1.3 from a simulation optimised for HIL 1.5, (c) PEDOT HIL 1.5 from a simulation optimised for HIL 1.3 and (d) 

PEDOT HIL 1.3 from a simulation optimised for HIL 1.3, produced using SETFOS 3.2, along with the experimentally 

determined J-V curves already seen in Figure 4.1. 
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the limitations of the SETFOS model. In this case, the values produced by SETFOS were 

always intended to be quantitative, and to provide support to conclusions drawn from 

experimental data, rather than be a direct calculation of qualitative values. 

4.5). Conclusions: 

 In summary, it has been shown that it is indeed possible to reproduce the electronic 

characteristics of physical device using drift diffusion simulations in SETFOS 3.2. However, 

this has served to highlight some potential limitations within SETFOS, resulting in an 

inability to use parameters from within the correct range to produce the best fits. These 

limitations are thought to be due to a combination of factors, including the cross-sectional 

area of the pixels involved, the resistivities of the ITO and aluminium layers not being 

included and SETFOS being unable to account for the leakage current that occurs in devices. 

Despite this, it has still been possible to extract quantitative values for important device 

parameters that fit with experimentally observed trends. It is therefore believed that SETFOS 

analysis can be successfully used to support the conclusions drawn from experimental device 

data. 
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Chapter 5 The Effects of Phosphorescent Dopant Colour and 

Concentration on OLED Device Performance: 

Sections of this chapter will be submitted for publication soon: 

J. H. Cook* and A. P. Monkman, ‘The Effects of Phosphorescent Dopant Colour and 

Concentration on OLED Device Performance’, to be submitted. 

5.1). Introduction: 

 The use of phosphorescent dopants to boost performance in OLED and PLED devices 

has been of substantial interest to the field for a long time now [1-8]. As discussed in 2.4.4), it 

is possible to use heavy metal phosphorescent dopants to achieve internal quantum 

efficiencies of 100% by harvesting previously unusable triplet states. Unfortunately, this does 

not transfer to the device E.Q.E. for a number of reasons including quenching, internal 

reflection and reabsorption.  

 Phosphorescent dopants have been produced in a wide range of colours and the 

properties of three popular ones have already been discussed in 2.6.5). These three are the 

dopants of interest to this chapter, the green emitter iridium (III) fac-tris(2-phenylpyridine) 

(Ir(ppy)3) [9], the red emitter iridium (III) bis[2-(9,9-dibutylfluorenyl)-1-

isoquinoline(acetylacetonate)] (DBFIr), and the blue emitter iridium (III) bis[(4,6-

Figure 5.1: The chemical structures of three different phosphorescent dopants used in this thesis. The structure of the green 

emitting dopant Ir(ppy)3 is shown in .a. The structure of the red emitting dopant DBFIr is shown in .b. The structure of the 

blue emitting dopant FIrpic is shown in .c. 
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fluorophenyl)-pyridinato-N,C2’]picolinate (FIrpic), the structures of which can be seen in 

Figure 5.1. 

 These organometallic compounds feature a heavy metal iridium centre which has a 

variety of different ligands attached in an octahedral geometry. The different ligands 

determine the colour of light emitted by the dopant. This is achieved by varying the electron 

donating or withdrawing properties of the ligands in order to tune the HOMO and LUMO 

levels of the dopant. The dopants can harvest previously inaccessible triplet states by mixing 

Figure 5.2: Plots highlighting how the distance between excited species and phosphorescent dopant changes with 

concentration for .a. <2% dopant concentration, .b. 8% dopant concentration, and .c. 24% dopant concentration, where RT 

is the distance between the donor and acceptor. Also shown are the different transfers between the singlet and triplet states 

of the donor and emissive molecules. 
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triplet and singlet state character, allowing spin-orbital coupling to occur [10].  

 The three phosphorescent dopants mentioned above have been used in devices for a 

number of years and in this chapter, the effects of both dopant colour and concentration on 

device properties have been investigated. These properties include the obvious, such as 

device efficiency and brightness, as well as the more subtle such as carrier mobility, 

recombination and energy transfer properties. In phosphorescent OLED and phosphorescent 

PLED devices, dopants primarily harvest energy via three different methods, Förster transfer, 

Dexter transfer or direct charge trapping. Previous research [11, 12] has investigated the 

different channels of energy transfer between these dopants and their hosts but the exact 

degree of each mechanism remains open to speculation. 

 Energy transmitted via Förster or Dexter transfer depends on a number of factors 

including the distance between donor and acceptor and the spectral overlap between donor 

and acceptor, as discussed in more detail in 2.5). Dexter transfer has a range that is typically 

on the scale of < 10 Å [13, 14] as it involves electron tunnelling and is the transfer of energy 

from a neutral exciton to another neutral exciton, i.e. singlet to singlet or triplet to triplet 

transfer. For Förster transfer the process is a dipole-dipole interaction and as such, the range 

increases to approximately 30-50 Å [13, 14]; this is a transfer of a singlet or triplet excited 

state from a donor to an acceptor. Therefore, at higher concentrations the distance between 

donor and acceptors is likely to be reduced, as highlighted in Figure 5.2, resulting in more 

energy transfer occurring. These methods of energy transfer also require a spectral overlap 

between the emission spectrum of the donor and the absorption spectrum of the acceptor, 

rendering the dopant colour of great importance to the energy transfer process.  

 There is also the possibility that the dopant molecules may acquire charge by 

sequentially trapping a hole, followed by an electron, on the guest dopant, forming an 
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emissive complex [13, 14]. This process is heavily dependent on the energy levels of the 

donor and acceptor molecules, along with the overlap of their molecular orbitals. This 

pathway is most accessible when the HOMO of the acceptor is above that of the HOMO of 

the donor and the LUMO of the acceptor is below that of the LUMO of the donor. This is not 

strictly required; if the HOMO of the acceptor is above that of the donor and a hole is 

trapped, the cationic complex formed is strongly electron trapping. The energy levels [15-21] 

of the chemicals pertinent to this chapter feature in Figure 5.3, where it can be seen that all 

three phosphorescent dopants are possible direct charge trappers. 

 In order to assess these effects on OLED devices, the well-known and documented 

device materials poly(n-vinylcarbazole) (PVK) and 1,3,4-oxadiazole,2,2'-(1,3-

phenylene)bis[5-[4-(1,1-dimethylethyl) phenyl] (OXD-7) have been used as host and electron 

transporter respectively. These materials have been used previously and have been shown to 

Figure 5.3: Energy levels for the chemicals pertinent to this chapter. Of particular note is the fact that either both the 

HOMO and LUMO for FIrpic, or just the HOMO in the cases of DBFIr and Ir(ppy)3, are within the HOMO of PVK and the 

LUMO of OXD-7, making all three phosphorescent dopants suitable for direct charge trapping. 
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be able to host a wide range of different phosphorescent dopants. PVK is a host material with 

a relatively high triplet energy level [22-24] and is a good hole transporter [25]. This 

combined with the positions of its HOMO and LUMO levels allows for it to favourably host 

a wide range of phosphorescent dopants, including blue emitters [11], as a result of the 

downwards step between the energy levels of donor and acceptor. OXD-7 acts as an electron 

transporter, and is similar in this respect, in that its energy levels are also well suited for a 

wide range of phosphorescent dopants [22]. 

 The aim of this investigation was to use these three different phosphorescent dopants 

to produce OLEDs and assess the effects of colour, or more accurately the dopant energy 

levels, and concentration on device performance. This has produced OLEDs where the device 

behaviour when varying dopant concentration is different depending on the dopant used. In 

addition to this, the device simulation software, SEmiconducting Thin Film Optical 

Simulation (SETFOS), was used to analyse the device results in an attempt to extract 

quantitative values for the device properties, such as carrier mobilities. During the previous 

chapter, SETFOS was introduced as a viable method for analysing device data, despite a 

couple of limitations. In this chapter these simulations have been continued, and using an 

updated version, SETFOS 4.0, several device parameters have been extracted from the 

physical device data. 

5.2). Experimental: 

5.2.1). Optical Characterisation: 

 Solid state absorption and emission spectra were obtained, using the methods 

described in 3.6.1) and 3.6.2). Excitation wavelengths corresponded to the point of maximum 

absorbance for the material under investigation. Solid state samples were drop-cast films, cast 
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from a 1:1 mixture of 175 mg.mL
-1

 zeonex and 0.5 mg.mL
-1

 of the polymer, both in 

chlorobenzene, and had a maximum absorbance of 2.0 OD. 

5.2.2). Device Fabrication and Characterisation: 

 A number of devices were fabricated using the methods outlined in Chapter 3. These 

devices featured an ITO anode (150 nm, 16 Ω/) commercially pre-coated on a glass 

substrate (24 mm x 24 mm), a hole-injection layer (HIL) of the commercial PEDOT HIL 1.5 

from Heraeus (70 nm) and an active layer of PVK, OXD-7 and phosphorescent dopant. This 

was followed by a 1 nm thick electron-injection layer (EIL) of lithium fluoride (LiF) which 

was thermally evaporated using the method outlined in 3.3.4) and a shadow mask to produce 

parallel strips perpendicular to the ITO anodes, forming four individually addressable pixels 

per substrate each of area 5 mm x 4 mm. The LiF was capped with a 100 nm thick layer of 

aluminium cathode to protect it from oxidation. An evaporation pressure of the order of 10
-6

 

mbar and a rate of approximately 0.1 nm.s
-1

 was used for all of the evaporated layers 

produced. The devices were then encapsulated with DELO UV curable epoxy (Katiobond) 

and a 12 x 12 mm glass cover slide. 

  Half of the device pixels were characterised in a calibrated Labsphere LMS-100 

integrating sphere, connected to a USB 4000 CCD spectrometer supplied by a 400 µm 

UV/Vis fibre optic cable, under steady state conditions as detailed in 3.5.1). The other half 

were characterised using the transient method outlined in 3.5.3) with a HP8114A function 

generator, an Agilent Infiniium 1 GHz 4 GSa/s oscilloscope and a standard Si-PIN-PD 

detector, with attached DHPCA-100 variable gain high speed current amplifier. Layer 

thicknesses were measured using a J. A. Woolam VASE Ellipsometer, as described in 3.5.4). 

The non-uniformity of the organic layer thicknesses across the samples leads to a 5–10 % 

error in device efficiencies and all measurements were averages over at least four devices. 
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5.2.3). SETFOS Simulations: 

 The material parameters required by SETFOS, such as individual layer thicknesses, 

were obtained and repeatable to within ±5%. Values not directly obtained by experimental 

methods were acquired from the literature or estimated using Table 4.9 in the SETFOS 4.0 

User Manual. These values were entered into SETFOS using the graphical user interface. 

 SETFOS was instructed to sweep over the same voltage range that was used for 

device characterisation, including the same voltage step size. Several parameters, including 

electron and hole mobility, were selected to be free parameters and varied in order to achieve 

a good fit. Using the free parameters SETFOS was aiming to fit its values to the device 

current densities using a built in optimisation algorithm, allowing the extraction of 

quantitative device data. 

5.3). Results and Discussion: 

5.3.1). Optical Properties: 

Table 5.1: Photophysical data for the OLED materials. 

Material λmax
abs / nm λmax

PL / nm CIE (x, y) J(λ) 

PVK 354 403 0.17, 0.06  

OXD-7 294 360 0.20, 0.07  

DBFIr 372 655 0.70, 0.29 84±4 

Ir(ppy)3 385 517 0.31, 0.64 103±5 

FIrpic 299 470 0.14, 0.31 34±2 

 The photophysical data for the OLED materials is summarised in Table 5.1. The 

values for λmax
abs

 and λmax
PL

 for the three phosphorescent dopants, along with the absorption 

and emission spectra in Figure 5.4 and Figure 5.5, agree well with those on the 

manufacturer’s website [26-28]. The CIE coordinates for the three dopants have been plotted 

in Figure 5.4, and these can be readily compared to the CIE coordinates for OLED devices in 

Figure 5.7, Figure 5.9 and Figure 5.11. It is also worth noting here the difference in the colour 
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gamut obtained from the three phosphorescent dopants compared to the sRGB gamut in 

Figure 3.7 on page 69. Whilst DBFIr and Ir(ppy)3 are close to, if not better, than the sRGB 

values, the coordinates for FIrpic are very different, it being a sky blue emitter, meaning a 

large area of CIE space is inaccessible. This highlights the need for OLED devices capable of 

emitting light in the deep blue region of the visible spectra, which is something that will be 

discussed in more details in Chapters 6 and 7. 

 The overlap integrals, J, required for Förster and Dexter transfer have been 

determined for the three phosphorescent dopants using Figure 5.5. These values have then 

been given in Table 5.1, where it is possible to see that Ir(ppy)3 has the highest degree of 

overlap whilst FIrpic has the lowest. From this it could initially be assumed that Ir(ppy)3 and 

DBFIr will benefit most the from Förster and Dexter transfer, whilst FIrpic will benefit least. 

However, as the values for λmax
abs

 correspond to the absorption of the ligand centre whilst the 

smaller peaks at 505 nm and 440 nm for DBFIr, 450 nm and 410 nm for Ir(ppy)3, and 420 nm 

and 380 nm for FIrpic correspond to the transition from the ground state to the triplet and  

Figure 5.4: Plots of (a) Normalised thin film based PL emission spectra for the OLED materials, and (b) The CIE 

coordinates for the emission spectra, where the black triangle highlights the colour gamut produced by the three 

phosphorescent dopants. 
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 Figure 5.5: Plots of the absorption spectra for (a) DBFIr, (b) Ir(ppy)3 and (c)FIrpic with the emission spectra of PVK and 

OXD-7, where the shaded areas under the curves represent the overlap integral, J, for the three phosphorescent dopants, 

the values of which can be found in Table 5.1. 
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singlet MLCT excited states respectively [13], the overlap for these secondary peaks is also 

important. Therefore, despite FIrpic having the lowest overall overlap, it has potentially the 

best overlap for MLCT absorption peaks, resulting in efficient energy transfer from the host 

to some of the dopant’s most emissive states. 

5.3.2). Red Device Results: 

 DBFIr was used in nine devices of the structure Glass | ITO (150 nm) | PEDOT HIL 

1.5 (70 nm) | PVK : 40% OXD-7 : x% DBFIr (50 nm) | LiF (1 nm) | Al (100 nm), where x 

was equal to 0.15%, 0.5%, 1%, 2%, 5%, 8%, 12%, 18% and 24%. The results for these 

devices can be seen in Figure 5.6. 

 From the results, it can be seen that there is an initial steep increase in the device 

properties of E.Q.E., brightness and current efficiency. The increase peaks at 5% for the 

E.Q.E. and current efficiency and at 8% for the device brightness. After this peak, there is a 

slower decline in E.Q.E. and device efficiency whilst the maximum brightness remains 

steady between 80-90 cd.m
-2

. This is highlighted in parts .f., .g. and .h. of Figure 5.6, which 

show the maximum values of the different curves from parts .b., .c. and .d. of the figure. 

Corresponding to the initial increase in brightness is a decrease in the current density passing 

through the device at 12 V. This can be attributed to an increase in recombination between 

carriers increasing the device brightness and reducing the current density passing through the 

device. This is followed by the current density levelling off between 5-8%, consistent with 

the lack of change in maximum brightness. This can be seen in part .e. of Figure 5.6. 

 Also of interest are the emission spectra of the devices. From Figure 5.7 .a. it can be 

seen that at the concentration of 0.5%, in addition to the expected DBFIr emission in the 600-

800 nm range, there is also emission present from PVK in the 400-550 nm range at high 

voltages. This is revealed to be a phenomenon reserved for low dopant concentrations, as 
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Figure 5.6: Plots of (a) J-V curves, (b) E.Q.E. vs. J, (c) Luminance vs. J, (d) Device Efficiency vs. J for the polymers (e) J at 

12V vs. Concentration, (f) Maximum E.Q.E. vs. Concentration, (g) Max Luminance vs. Concentration and (h) Device 

Efficiency vs. Concentration for nine different concentrations of the phosphorescent dopant DBFIr. Inset to (c) shows the 

turn on voltages for the nine devices in a plot of Luminance vs. V.  
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Figure 5.7 .b. shows the migration of the CIE coordinates at peak brightness as the 

concentration of dopant is increased from 0.15% to 24%. It can be seen that at the lowest 

dopant concentration of 0.15%, due to the extra emission from the PVK host, the CIE 

coordinates have been skewed towards the blue area of the plot. As the concentration is 

increased to 5%, the coordinates shift towards the red area, corresponding to a reduction in 

the emission from PVK. This shift matches the increase in overall maximum brightness and 

device efficiencies discussed earlier. After 5%, the CIE coordinates stabilise deep in the red 

region, at a comparable point to that seen for pure DBFIr in Figure 5.4. As the PVK emission 

is only present at both low concentrations and high voltages, this is an indicator of Förster 

transfer [13] between the PVK and the DBFIr. At low concentrations the excited states of 

DBFIr are saturated, the excess carriers and excitons remain on the PVK and recombine 

there, so some emission comes from the PVK. 

 From the results shown in Figure 5.6 and Figure 5.7 it is possible to conclude that 

DBFIr is receiving excitation through a mixture of both Förster energy transfer and direct 

charge trapping, although it is not possible to identify the dominant mechanism. The evidence 

Figure 5.7: Plots of (a) The EL emission spectra for a device with 0.5% DBFIr at a range of voltages, of particular note is 

the emission between 400-550 nm that appears at high voltages that is from the PVK host and is a sign of Förster transfer, 

and (b) A CIE plot showing the migration of CIE coordinates as the concentration of DBFIr is increased from 0.15% to 

24% . 
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for direct charge trapping is the change in current density with increased dopant 

concentration [29] observed in Figure 5.6 .e., whilst the evidence for Förster transfer is the 

prescence of host emission at high voltages and low dopant concentrations in Figure 5.7. If 

direct charge trapping were the dominant mechanism then there would be no emission 

observed from the host, whilst if Förster transfer were dominant then there would be no 

significant concentration dependence for the current density of the devices; this will be 

discussed further in 5.3.4).  

 It has previously been shown that it is unlikely for Dexter transfer to occur [12] so this 

can be ruled out. Once the concentration approaches and exceeds 5% the DBFIr molecules 

are no longer saturated, resulting in no more emission from the PVK. As the brightness and 

current density remains constant after 5% it can be assumed that a different limiting factor 

has been introduced, most likely a limited availability of either holes or electrons. In this 

case, due to the LUMO of the dopant being slightly above that of the OXD-7 LUMO, the 

limited charge carrier can be assumed to be the electron; either due to poor charge transfer, or 

the possibility of thermally activated back transfer, as discussed further in 5.3.4). This is 

reinforced by the SETFOS simulations discussed in 5.3.6). 

5.3.3). Green Device Results: 

 Ir(ppy)3 was used in nine devices of the structure Glass | ITO (150 nm) | PEDOT HIL 

1.5 (70 nm) | PVK : 40% OXD-7 : x% Ir(ppy)3 (50 nm) | LiF (1 nm) | Al (100 nm), where x 

was equal to 0.15%, 0.5%, 1%, 2%, 5%, 8%, 12%, 18% and 24%. The results for these 

devices can be seen in Figure 5.8. 

 Initially the results follow the same pattern as for the red devices, featuring a steep 

increase in the device properties of E.Q.E., brightness and current efficiency. The increase 

peaks at 2% for the E.Q.E. and current efficiency and at 5% for the device brightness. After 
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Figure 5.8: Plots of (a) J-V curves, (b) E.Q.E. vs. J, (c) Luminance vs. J, (d) Device Efficiency vs. J for the polymers (e) J at 

12V vs. Concentration, (f) Maximum E.Q.E. vs. Concentration, (g) Max Luminance vs. Concentration and (h) Device 

Efficiency vs. Concentration for nine different concentrations of the phosphorescent dopant Ir(ppy)3. Inset to (c) shows the 

turn on voltages for the nine devices in a plot of Luminance vs. V.  
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 the peak, the results deviate from those of the red devices and there is an almost equally 

steep decline in E.Q.E., device efficiency and maximum brightness. This is highlighted in 

parts .f., .g. and .h. of Figure 5.8, which show the maximum values of the different curves 

from parts .b., .c. and .d. of the figure. As with the red devices, the current density at 12 V 

varies inversely with brightness and can again be attributed to a change in the degree of 

recombination between carriers and can be seen in part .e. of Figure 5.8. 

 As with the device characteristics, there are similarities between the migration of CIE 

coordinates at peak brightness for the red and green devices, as the concentration of dopant is 

increased from 0.15% to 24%. From Figure 5.9 .a. it can be seen that at the lowest dopant 

concentration of 0.15%, there is again emission coming from the PVK host rather than just 

the dopant, this can be identified by the significantly higher zero y-intercept for the 0.15% 

concentration devices. This again provides evidence for Förster transfer, as there is emission 

from the PVK at high voltages and low concentrations that disappears at higher dopant 

concentrations.  

Figure 5.9: Plots of (a) The EL emission spectra for devices with 0.15%, 5% and 18% Ir(ppy)3 at peak brightnesses, of 

particular note are the none zero y-intercept for 0.15% dopant due to emission from the PVK host, which is a sign of 

Förster transfer, and the increasing red-shifting of the spectra with concentration, and (b) A CIE plot showing the migration 

of CIE coordinates as the concentration of Ir(ppy)3 is increased from 0.15% to 24%. 
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 From Figure 5.9 .b. it can be seen that the migration of CIE coordinates is less 

pronounced on this diagram as the spectra are more heavily weighted towards the green in 

agreement with the luminosity function. As the dopant concentration is increased from 

0.15%, the emission from PVK decreases up until around 2-5% where the CIE coordinates 

are close to those for pure Ir(ppy)3 films, as seen in Figure 5.4. This shift again corresponds 

to the increase in overall maximum brightness and device efficiencies discussed earlier. After 

5% the emission shifts again but this time towards the red. From part .a. it can be seen that 

the peak emission from the Ir(ppy)3 shifts slightly to the red as concentration increases and 

the shoulders at around 550 nm and 600 nm increase in size. This is believed to be due to the 

aggregation of the Ir(ppy)3 at higher concentrations.  

 

 It is possible to conclude that Ir(ppy)3 is also acting primarily as a direct charge trap, 

due to the heavy concentration dependence, and receives some excitation through Förster 

transfer, due to the CIE shift. However, the LUMO of the Ir(ppy)3 is well above that of the 

OXD-7, making it unlikely for electrons to be directly trapped. This makes cationic complex 

formation followed by electron trapping the most likely mechanism for exciton formation in 

these devices. Unlike DBFIr, it has previously been established that Dexter transfer can occur 

but the exact degree is unknown [12]. 

 After 5%, the brightness and efficiency of the devices decrease significantly whilst 

the current density increases again and exceeds its original value for low dopant 

concentration. This is most likely due to aggregation of the Ir(ppy)3 molecules at higher 

concentrations which can be identified by an increase in the roughness of the layer 

morphology with concentration [30]. Aggregation is also believed to open up new long-range 

non-radiative decay channels, such as triplet-triplet annihilation, as well as short-range non-

radiative channels, such as the formation of non-emissive triplet excimers [31]. The degree of 

aggregation quenching can also assessed by using the red-shifting of the emission spectra in 
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Figure 5.9 with concentration. The main peak at approximately 510 nm is believed to be due 

to monomer emission whereas the shoulder at 550 nm is due to excimer formation that occurs 

when a monomer exciton is transferred to unexcited adjacent Ir(ppy)3 molecules via a 

thermally activated process [32].  

 It is also possible that at higher concentrations one of the non-radiative channels is 

that the Ir(ppy)3 molecules are acting as charge transporters [33]. This is believed to be 

possible due to the relatively high degree of overlap between the absorption and emission 

spectra of Ir(ppy)3, which would allow for Förster and Dexter transfer to occur between them 

[32], and explains why this is not observed for either DBFIr or FIrpic. This would also 

explain why the current is able to exceed that of the lowest concentration for the three 

dopants, where the current density would be limited by the properties of the PVK and OXD-7 

and relatively unaffected by the dopant molecules. 

5.3.4). Blue Device Results: 

 FIrpic was used in nine devices of the structure Glass | ITO (150 nm) | PEDOT HIL 

1.5 (70 nm) | PVK : 40% OXD-7 : x% FIrpic (50 nm) | LiF (1 nm) | Al (100 nm), where x 

was equal to 0.15%, 0.5%, 1%, 2%, 5%, 8%, 12%, 18% and 24%. The results for these 

devices can be seen in Figure 5.10. 

 From the results it can be seen that, unlike for DBFIr and Ir(ppy)3, there is a continual 

increase in the device properties of E.Q.E., brightness and current efficiency from 0.15% to 

24% dopant concentration. This is highlighted in parts .f., .g. and .h. of Figure 5.10. Also 

differing from the DBFIr and Ir(ppy)3 results are those of the current density. Previously the 

changes in brightness corresponded inversely to changes in current density. However, for 

FIrpic the current density remains mostly constant whilst the brightness increases, as can be 

seen in part .e. of Figure 5.10. This means that the number of carriers passing through the  
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Figure 5.10: Plots of (a) J-V curves, (b) E.Q.E. vs. J, (c) Luminance vs. J, (d) Device Efficiency vs. J for the polymers (e) J 

at 12V vs. Concentration, (f) Maximum E.Q.E. vs. Concentration, (g) Max Luminance vs. Concentration and (h) Device 

Efficiency vs. Concentration for nine different concentrations of the phosphorescent dopant FIrpic. Inset to (c) shows the 

turn on voltages for the nine devices in a plot of Luminance vs. V.  
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device must be increasing with concentration to counteract those lost due to the increased 

recombination. 

 This is most likely due to how close the energy levels of FIrpic are to those of the 

host, meaning that whilst the dopant is able to accept charge it is also able to donate it[14, 

23]. This means that, unlike for the other two dopants charges accepted by the FIrpic 

molecules are not trapped until recombination occurs. In addition, this means that the current 

density passing through the device is only limited by the ability of the PVK and OXD-7 to 

transport charge and unaffected by the addition of the dopant, reinforced by the observation 

that the current density at 12V remains at approximately 80 mA.cm
-3

, the same current 

density observed at the lowest dopant concentrations when it would have little effect on the 

transport properties. 

 Again, similar to the CIE figures for DBFIr and Ir(ppy)3, there is a migration of CIE 

coordinates from the region of PVK emission to the emission of the dopant as the 

concentration is increased from 0.15% to 24%. From Figure 5.11 .a. it can be seen that at the 

concentrations of 0.5% and 2%, emission is again coming from the PVK host as well as the 

Figure 5.11: Plots of (a) The EL emission spectra for devices with 0. 5%, 2%, 8% and 24% FIrpic at peak brightnesses, of 

particular note are the none zero y-intercepts for 0.5% and 2% dopant due to emission from the PVK host, which is a sign of 

Förster transfer and (b) A CIE plot showing the migration of CIE coordinates as the concentration of FIrpic is increased 

from 0.15% to 24%. 
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dopant, as demonstrated by the emission present in the 400-450 nm region. This is an 

indicator of Förster transfer between the PVK and the FIrpic, as at low concentrations the 

FIrpic is saturated at high voltages. From part .b. it can be seen that as the concentration is 

increased, the emission from PVK can be seen to decrease up until around 8% where the CIE 

coordinates stabilise in the sky blue region, close to the coordinates seen for a pure FIrpic 

film in Figure 5.4. From part .a. it can also be seen that there is a small red shift of the 

primary peak and an increase in the shoulder emission in a similar manner to that seen in the 

emission spectra for Ir(ppy)3 in Figure 5.9.  

 From the results shown in Figure 5.10 and Figure 5.11 it is possible to conclude that 

Förster transfer is now the dominant transfer mechanism and the lack of change in current 

density with concentration indicates that FIrpic is most likely no longer still acting as a direct 

charge trap, although this cannot be confirmed. The increase in Förster transfer is due to the 

high degree of overlap between the emission spectra of PVK and OXD-7, and the MLCT 

absorption peaks of FIrpic allowing for efficient energy transfer as discussed in 5.3.1). 

 As the concentration approaches and exceeds 8% the FIrpic molecules are no longer 

saturated, resulting in no more emission from the PVK. However, as discussed earlier there is 

likely to be a large degree of thermally activated hole back transfer between dopant and host, 

due to the proximity of the energy levels. This accounts for the slow and steady continuous 

increase in device properties and highlights the importance of selecting suitable host 

materials to match the dopants. In order to investigate at what dopant concentration the 

continuous increase in device properties ends, a further set of devices with concentrations of 

24%, 36% and 48% was produced. The device properties continued to increase and peaked at 

around 36% and then decreased again at 48%; the decrease is again most likely due to 

aggregation quenching, similar to that observed for Ir(ppy)3, opening new non-radiative 

decay channels. 
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5.3.5). Transient Electroluminescence Results: 

 The two remaining untested pixels from the red, green and blue devices were tested 

under transient conditions, as covered in 3.5.3) in more detail. Pulses of frequency 1 kHz and 

of width 50 μs were applied from 4 V to 20V in 1 V steps. The responses of the devices can 

be seen in Figure 5.12. 

 From Figure 5.12, it can be seen that the three different dopants produced similar 

results in that there is an increasingly quick initial response as the voltage is increased, 

followed by a second increase several orders of magnitude slower, and finally an exponential 

decrease once the pulse is complete. The two different increases are thought to be due to the 

difference in mobility between the two carriers [34]. The red and green devices in Figure 5.12 

.a. and .b. are especially similar and the figures are almost identical in their responses. The 

response for the blue devices, as seen in Figure 5.12 .c., is different to the other two in that 

after the initial sharp response the second increase, corresponding to the second carrier, is 

larger than that of the red and green devices, giving it a different shape. This is no doubt due 

to a change in one of the carrier mobilities; it is not possible to determine which carrier 

mobility, electron or hole, has changed but given the energy levels concerned it is most likely 

to be the electrons. 

 It can also be seen that the time taken for the EL intensity to decay to zero takes 

substantially longer for the blue devices than for the red and green devices. The natural 

lifetimes of Ir(ppy)3 and FIrpic are both approximately 1 µs at 300K [35, 36], so there 

shouldn’t be such a large difference between them. This implies that FIrpic’s ability to 

transfer energy back [14, 23] to the host provides a source of delayed emission, and is the 

most likely cause for the observed differences between the dopants. This has been confirmed 

in a separate study [37], which ascribes the delayed emission to repopulation of the dopant 
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from a long lived PVK and OXD-7 exciplex complex. The difference in magnitude for the 

three dopants is due to the use of different exposures on the detector to maximise detection 

whilst avoiding saturation of the detector.   

Figure 5.12: Plots of EL Intensity vs. Time for .a. DBFIr, .b. Ir(ppy)3,and .c. Firpic, showing the different transient 

responses at different voltages. 
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 After obtaining the raw transient responses they were then converted into mobilities 

using Equation 3.9, 𝜇 =
𝐿

(𝑡𝑑𝐹)
=

𝐿𝑑

𝑡𝑑𝑉
 from page 71. Here L is the thickness of the emissive 

layer in meters, d corresponds to the field thickness which can be approximated to that of the 

emissive layer, and F is the electric field in V.m
-1

 which is determined using 𝐹 = 𝑉 𝑑⁄ , where 

V is the applied voltage in volts. A value for 𝑡𝑑 is extracted from the transient responses in 

Figure 5.12 by plotting a line of best fit through the initial response to the voltage pulse and 

recording the x-intercept [29]. 

 The calculated mobilities for the different concentrations of the three dyes can be seen 

in Figure 5.13, although it is not possible to tell whether they correspond to the hole or 

electron mobilities. From these results it is possible to see that the carrier mobility increases 

with concentration for DBFIr and FIrpic but decreases for Ir(ppy)3. The base mobility for the 

three dopants at their lowest concentration is approximately the same, between 5-6x10
-7

 

cm
2
.V

-1
.s

-1
, providing an effective value for the base mobility of PVK and OXD-7 in these 

devices. Also of interest is how the mobility changes with F
1/2

 for the different concentrations 

of the different dopants. 

 From Figure 5.13 .a. and .e. it can be seen that for DBFIr and FIrpic there is typically 

an increase in mobility at low F
1/2

, corresponding to overcoming low-lying carrier traps, 

followed by a section where the mobilities stay fairly constant with F
1/2

. This is typical device 

behaviour [29], and is more pronounced at higher dopant concentrations and for FIrpic. At 

higher voltages there is a decrease in mobility, which is again more pronounced for FIrpic. 

The decrease at higher fields is likely due to an increase in the quenching of excited states at 

high fields. This is unlikely to be Förster or Dexter based, as they are field independent 

processes, but is instead likely to be polaron exciton quenching [38, 39], as at high field a lot 

more polarons are present, although the exact mechanism is unknown. 
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 It is possible that the mechanisms of site blocking and carrier scattering are involved 

[40-44]. Whilst singlet states are short-lived, the triplet states are relatively long-lived and 

can have an effect on carrier mobility within the device. Triplet states can block a site within 

a transporting molecule and potentially scatter carriers, reducing the carrier mobility within 

the layer. At higher fields, and therefore higher triplet populations, there can be an observable 

decrease in carrier mobility due to the decreased number of available hopping sites, as seen 

Figure 5.13: Plots of Mobility vs. F1/2 for different concentrations of .a. DBFIr, .c. Ir(ppy)3, and .e. FIrpic. Also featured are 

plots of Mobility vs. Concentration at 12 V for .b. DBFIr, .d. Ir(ppy)3, and .f. FIrpic. Here 12 V corresponds approximately 

to a value for F1/2 of 1550 (V.cm-1)1/2. 
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for DBFIr and FIrpic in Figure 5.13. Further investigation using magnetic fields [40] may be 

able to identify the different behaviour of the singlet and triplet states for the different 

dopants and perhaps highlight if there are concentration dependencies within these devices. 

 For Ir(ppy)3, as seen in Figure 5.13 .c., there is a linear increase with field for all but 

the two highest concentrations of dopant. The continuous linear increase in mobility with 

field for Ir(ppy)3 is typical of devices which feature heavy trapping [45]. Due to the poor 

solubility of Ir(ppy)3, and its subsequent aggregation, it is highly likely that there are high 

trapping regions within the emissive layer, this provides additional evidence for the trapping, 

or non-radiative decay, of charges at high dopant concentration discussed earlier.  

 Figure 5.13 .b., .d., and .f. show the change in mobility at 12 V for the DBFIr, Ir(ppy)3 

and FIrpic devices respectively with dopant concentration. From these figures it is possible to 

see that there is an increase of approximately 6x10
-7

 cm
2
.V

-1
.s

-1
 from 5x10

-7
 cm

2
.V

-1
.s

-1
 to 

1.1x10
-6

 cm
2
.V

-1
.s

-1
 for DBFIr, a decrease of approximately 3x10

-7
 cm

2
.V

-1
.s

-1
 from 5.5x10

-7
 

cm
2
.V

-1
.s

-1
 to 2.5x10

-7
 cm

2
.V

-1
.s

-1
 for Ir(ppy)3 and an increase of approximately 2x10

-7
 cm

2
.V

-

1
.s

-1
 from 6x10

-7
 cm

2
.V

-1
.s

-1
 to 8x10

-7
 cm

2
.V

-1
.s

-1
 for FIrpic. 

 The linear increases in mobility for DBFIr and FIrpic is expected due to the increase 

in the density-of-states (DOS) [29], associated with the increase in dopant concentration, 

which allows an increase in the density of charge carriers within the emissive layer. The 

increase in mobility with concentration for FIrpic is not as large as that of DBFIr due to the 

competition occurring for back transfer with the PVK host. The decrease in mobility for 

Ir(ppy)3 is likely due to the increase in deep traps associated with the increasing amount of 

aggregated Ir(ppy)3 present within the emissive layer. This has a large initial effect up to 2%, 

after which it is less steep until 12% dopant concentration. This is most likely the 

concentration after which it is possible for the Ir(ppy)3 to transfer charge as well, slowing the 
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decrease but still competing with the hosts causing an overall decrease. Above 12% the steep 

decrease resumes again as the increase in aggregation has potentially caused some phase 

separation [29] to occur within the emissive layer.   

5.3.6). SETFOS Analysis: 

 In order to calculate the less easily measured device properties, such as the density of 

states, and to verify those already calculated, such as the carrier mobilities, device 

simulations were carried out with SETFOS 4.0. This is an updated version of the software 

SETFOS 3.2 that was able to reproduce the effects of different PEDOT on devices with 

limited success as discussed in Chapter 4.  

 In total seven parameters were varied between simulations in order to model the 

effects of the different dopants, and their range of concentrations. These parameters included 

the hole and electron mobilities, the density of states (otherwise known as the number of 

chargeable sites), the density of acceptor states, the density of donor states and the density of 

hole and electron traps. The simulations were fitted to the J-V plots from .a. of Figure 5.6, 

Figure 5.8 and Figure 5.10. From these figures, it can be seen that not all of the plots are 

substantially different as concentration changes for the different dopants. For the red devices, 

the concentrations in the range 0.15%-2% have approximately the same J-V curve whilst the 

concentrations in the range 5%-24% have approximately the same J-V curve. As such, one 

concentration from each group, 0.15% and 5%, was chosen to be simulated. For the green 

devices, instead of the nine J-V curves occupying set regions, they instead followed a pattern. 

As concentration increases, the J-V curve initially shifts to the right of the 0.15% plot up to 

the 2% plot and then to the left past the 0.15% plot up to the 24% plot. As such, the initial 

middle plot, 0.15%, and the two other extreme plots, 2% and 24%, were selected to provide 
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the full range of values. For the blue devices, the J-V curves all occupy approximately the 

same region and as such, the 24% device was chosen, as it performed best. 

Table 5.2: The mobility parameters used by SETFOS 4.0 to produce the simulated J-V curves seen in Figure 5.14 for the 

different concentrations of the different dopants. 

Colour Conc. 
μp 

/ cm2.V-1.s-1 
μn 

/ cm2.V-1.s-1 

Red 
0.15% (2.52±0.03)E-4 (3.98±0.04)E-5 

5% (8.11±0.08)E-5 (2.06±0.02)E-5 

Green 

0.15% (3.69±0.04)E-4 (8.71±0.09)E-7 

2% (4.59±0.05)E-5 (2.01±0.02)E-5 

24% (8.38±0.08)E-4 (4.37±0.04)E-4 

Blue 24% (2.77±0.03)E-3 (2.05±0.02)E-6 

 The experimental J-V curves and their corresponding simulated J-V curves for the 

selected devices can be seen in Figure 5.14 and the parameters that were varied to produce 

the simulated J-V curves can be seen in Table 5.2 and Table 5.4. From Figure 5.14 it can be 

seen that fits with a reasonable degree of agreement have been produced for each of the 

selected devices. However, from the mobility parameters in Table 5.2, it can be seen that not 

only are the magnitudes of the values wrong, when compared to the experimentally 

determined values, but the patterns produced are also incorrect. From the red device 

simulation results it can be seen that a decrease in both hole and electron mobility is 

predicted. This is in direct contradiction to the results discussed in 5.3.5), where an increase 

in mobility with concentration was observed for the DBFIr doped devices. For the green 

devices there is a substantial increase in electron mobility, whilst the hole mobility decreases 

and then increases again, when an overall decrease was observed experimentally. For the blue 

devices the mobilities are constant when experimentally an increase is expected. 

 Whilst the difference in absolute values has been covered and explained in Chapter 4, 

the differences in the patterns observed for mobility have not. Previously in Chapter 4, 

although the absolute values were incorrect, the patterns observed fitted with those of the 

known values. Here, however, they do not; this can be attributed to the change in the amount 
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of recombination occurring in the devices of increasing dopant concentration. After 

incorporating the SETFOS parameter for the Langevin Recombination Efficiency, introduced 

in 4.1.1), into the simulations there was little change observed in the results, indicating that it 

was not being modelled successfully. However, if the recombination within the devices is 

Figure 5.14: Plots of the simulated J-V curves for (a) DBFIr, (b) Ir(ppy)3 and (c) FIrpic, produced using SETFOS 4.0, 

along with the experimentally determined J-V curves already seen in Figure 5.6, Figure 5.8 and Figure 5.10. 
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estimated empirically, using the sum of the carrier mobilities introduced in Equation 4.5 and 

the ratio of the current device brightness to the maximum observed device brightness for a 

particular dopant, more reasonable results can be produced. The results of this can be seen in 

Table 5.3. 

Table 5.3: The recombination weighted mobilities, produced using the simulated mobility values from SETFOS 4.0 from 

Table 5.2 and the ratio of device brightness to maximum device brightness as obtained from Figure 5.6 and Figure 5.8. 

Colour Conc. 
(μn + μp) 

/ cm2.V-1.s-1 
Brightness 

Ratio 
Weighted (μn + μp) 

/ cm2.V-1.s-1 

Red 
0.15% (2.92±0.03)E-4 0.05 (1.46±0.01)E-5 

5% (1.02±0.01)E-4 0.90 (9.15±0.08)E-5 

Green 

0.15% (3.70±0.04)E-4 0.10 (3.72±0.04)E-5 

2% (6.60±0.05)E-5 0.81 (5.37±0.04)E-5 

24% (1.28±0.01)E-3 0.02 (2.25±0.02)E-5 

 From Table 5.3 it can be seen that with the weighted mobilities there is now the 

expected increase for the red devices that was observed experimentally. The results for the 

green devices are not completely correct, however there is now a decrease in mobility 

between 0.15% and 24% instead of a substantial increase and the three values are of the same 

order of magnitude. If the same analysis is performed on the simulated blue mobilities and 

corresponding device mobilities a linear increase is observed, corresponding well to that 

observed experimentally. This indicates that whilst this crude method of weighting improves 

upon the results obtained from SETFOS, there are still unknown factors that contribute to the 

mobility in addition to recombination. 

 On a more general note, the values obtained from SETFOS highlight an important 

trend that has been predicted within these devices, lending quantitative credibility to it. In 

5.3.2), it was hypothesised that the limiting factor in device brightness after 5% was due to a 

shortage of electrons. From Table 5.2, it can be seen that the hole mobility is consistently 

higher than that of the electron mobility in the devices. This is expected due to the larger 
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energy gap between the work function of LiF and the LUMOs of PVK and OXD-7, when 

compared to that of the PEDOT work function and the HOMO of PVK. 

Table 5.4: The remaining parameters used by SETFOS 4.0 to produce the simulated J-V curves seen in Figure 5.14 for the 

different concentrations of the different dopants. 

Colour Conc. 
N0 

/ cm
-3

 
Acceptor 

/ cm
-3

 
Donor 
/ cm

-3
 

NTp 
/ cm

-3
 

NTn 
/ cm

-3
 

Red 
0.15% (1.41±0.01)E21 (1.51±0.02)E16 (2.55±0.03)E16 (2.02±0.02)E5 (2.02±0.02)E5 

5% (1.56±0.02)E21 (8.76±0.09)E16 (2.32±0.02)E15 (2.02±0.02)E7 (2.02±0.02)E5 

Green 

0.15% (5.46±0.05)E20 (2.43±0.02)E12 (4.87±0.05)E17 (4.17±0.04)E4 (4.17±0.04)E6 

2% (7.94±0.08)E20 (2.43±0.02)E16 (3.07±0.03)E17 (4.17±0.04)E4 (4.17±0.04)E6 

24% (6.05±0.06)E20 (3.83±0.04)E14 (3.21±0.03)E17 (4.17±0.04)E2 (4.17±0.04)E6 

Blue 24% (2.60±0.03)E21 (1.51±0.02)E15 (5.92±0.06)E17 (4.17±0.04)E8 (4.17±0.04)E6 

 Unfortunately, there are no direct experimental measurements of the other five 

properties that have been changed in order to produce the fits in Figure 5.14. As such it is not 

possible to verify the validity of the values in Table 5.4, but it is possible to discuss them. It 

could be expected that as the dopant concentration is increased the acceptor density would 

also increase, along with the DOS, whilst the donor density stays constant. Whilst this is 

generally true, to reasonable approximation, the values for 2% Ir(ppy)3 concentration do not 

fit this trend. This again indicates that there is something unaccounted for in the SETFOS 

model, related to the anomalous mobility values for the same concentration. The values for 

the acceptor and donor doping densities are used to directly supplement the local charge 

density, as shown in Equation 4.3, whilst N0 is directly related to the carrier mobilities as 

shown in 4.1.1) and 4.1.2). As such, more investigation is needed to determine the true 

relationships between these three values and the dopant colour and concentration, and 

confirm expected changes in the DOS discussed in 5.3.5). 

 The density of carrier traps have also not been measured directly. From the SETFOS 

results it can be seen that the density of hole traps increases by a factor of 100 from the 

0.15% dopant device to the 5% dopant device for red devices. This makes sense physically, 

as increasing the concentration of a dopant is likely to increase the amount of traps within the 
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emissive layer by introducing more defects. For green devices, the density of hole traps 

decreases by a factor of 100 from the 2% dopant device to the 24% dopant device. Initially, 

given the explanation above, this does not appear to be correct, especially considering the 

dramatic decrease in device performance and carrier mobility. However, at high 

concentrations Ir(ppy)3 molecules are likely to be operating as charge transport molecules in 

addition to the PVK and OXD-7, which would account for the increase in current density 

through the devices observed in Figure 5.10 .a., making this decrease appear reasonable 

within the context of the SETFOS model. The absolute values calculated by SETFOS are 

again not in agreement with the previously calculated values [46] in the literature. 

 As in Chapter 4, it has been found that whilst SETFOS is able to model and fit 

experimental J-V curves, the parameters extracted do not correspond well with 

experimentally determined ones. The qualitative trends observed appear to be mostly correct 

and in keeping with the observed experimental ones and can therefore be used to support the 

conclusions drawn from them, whilst the discrepancies can be accounted for by limitations in 

the models used by SETFOS. For the parameters with no direct experimental verification, 

further work is needed in order to assess their validity and check for further limitations within 

SETFOS. 

5.4). Conclusions: 

 Nine devices have been manufactured for three different phosphorescent dopants to 

investigate the effects of emission colour and dopant concentration on device performance 

and different device parameters. Each of the three dopants produced a series of devices that 

behaved in a different manner. This was due to a number of factors, including their energy 

levels, their effect on the layer morphology, and carrier availability. The red devices 

increased in device parameters quickly between concentrations 0.15% and 5% after which a 
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plateau was reached, most likely due to a shortage in availability of either electrons or holes. 

The green devices also had a quick initial increase in device properties between 0.15% and 

5%. However, after 5% there was a steep decrease in device properties attributed to 

aggregation of the dopant within the emissive layer and the position of its LUMO above 

those of PVK and OXD-7. For the blue devices there was a steady increase in device 

properties from 0.15% to 24% whilst the current density remained unchanged. This was 

attributed to the proximity in energy levels of the dopant and the hosts allowing back transfer 

to occur between them. 

 Each of the three dopants exhibited signs of Förster transfer at low concentrations, 

highlighted by the migration of their CIE coordinates with voltage. The red dopant DBFIr 

appears to gain excitation through a combination of Förster transfer and direct charge 

trapping. In comparison, the green dopant Ir(ppy)3 appeared to operate primarily through 

direct charge trapping, as evidenced by the high concentration dependency on current density, 

whilst the blue dopant FIrpic showed signs of acquiring excitation primarily through Förster 

transfer, as evidenced by the lack of change in J-V characteristics with concentration. This is 

likely due to the high degree of overlap between the emission spectra of PVK and OXD-7, 

and the absorption spectrum of FIrpic, allowing for efficient Förster transfer to occur. 

 Transient electroluminescence characterization was performed on the devices in order 

to determine their charge mobilities. It was shown that the charge mobility increased with 

concentration for both the red and blue dopants, whilst decreasing for increased 

concentrations of the green dopant. The increase in mobility for the red and blue devices is 

thought to be due to the increase in the DOS associated with an increase in dopant molecules, 

whilst the decrease for the green devices is thought to be due to the increased presence of 

deep charge traps caused by increasing amounts of aggregated Ir(ppy)3. 
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 SETFOS simulations were performed to model the J-V characteristics of a selection 

of the devices. After additional manipulation it was found that the qualitative trends mostly 

matched those of the experimentally determined mobilities, whilst their absolute values were 

not in agreement. This mirrored the conclusions drawn in Chapter 4, where SETFOS was 

found to be able to broadly match the trends but was unable to replicate the actual values due 

to limitations in the models used. Five parameters were also varied in the simulations that 

were unable to be verified experimentally and as such, more work is necessary to completely 

assess the abilities of SETFOS to accurately model device parameters and trends. 

 In conclusion, it has been shown that both the concentration and the energy levels of a 

phosphorescent dopant are important when selecting one for devices. The energy levels must 

be well matched to those of the hosts in order to maximise efficient energy transfer between 

them, but also avoiding thermally activated back transfer. Concentration is important to 

device performance as massive differences in efficiency can be observed for relatively small 

differences in concentration. This is especially pertinent if the dopant concerned aggregates at 

higher concentrations, which can negatively impact device performance to a significant 

degree. It has also been shown that despite a number of limitations observed within the 

SETFOS model, including how it handles recombination, it can be used to extract qualitative 

values and trends to back up experimentally deduced conclusions. 
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Chapter 6 Para and Meta Conjugated Polyfluorene Based Copolymers as 

High Triplet Hosts in OLED Devices: 

Sections of this chapter have been published: 

J. H. Cook*, J. Santos, H.Y. Li, H. A. Al-Attar, M.R. Bryce and A. P. Monkman, ‘Efficient 

deep blue fluorescent polymer light-emitting diodes (PLEDs)’, Journal of Materials 

Chemistry C, 28, 5587, (2014). 

6.1). Introduction: 

 As discussed in Chapter 5, phosphorescent dopants have been of substantial interest in 

the field of OLED and PLED devices for many years [1-8]. Associated with this is the need 

for new polymer host materials, especially those with high triplet levels, to manufacture even 

more efficient and brighter devices. High triplet levels and a wide energy gap between 

HOMO and LUMO are desirable as they allow more charge to be transferred efficiently to, 

and prevent the quenching of, the dopant [9, 10]. This is especially important for blue 

dopants, which have naturally high triplet levels and large gaps between the HOMO and 

LUMO and can cause back triplet energy transfer, negatively impacting the device efficiency 

[11, 12]. More recently OLEDs which emit from the deep blue through to the violet range of 

the spectrum have been subject to an influx in investigation [13-20]. Deep blue light is 

essential to achieve good colour rendering and high colour temperature in white OLEDs for 

lighting applications, and for greater colour contrast and a wider colour gamut in displays 

[21]. As such the development of high triplet hosts is extremely important to the field [22]. 

 Earlier works have focused on derivatives of poly(9,9-dialkylfluorene-2,7-diyl)s (pFs) 

which have long been recognised as promising constituents in electroluminescent devices. 

They are in possession of many desirable properties, namely blue emission, high charge-

carrier mobilities, good thermal and electrochemical stability, high photoluminescence 
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quantum yields (PLQY), and facile chemical modification [23, 24]. Previously, a wide range 

of fluorene-based copolymers were produced; these included several featuring various 

different varieties of dibenzothiophene-S,S-dioxide-3,7-diyl (S) units [25-31], which were 

observed to have enhanced blue stability and impressive colour tenability by chemical 

modification. S is an interesting acceptor unit, which is topologically similar to fluorene, and 

has a number of desirable effects including lowering the Lowest Unoccupied Molecular 

Orbital (LUMO) energy, thus improving electron injection; increased dihedral angles in the 

polymer backbone, disrupting the extended π-conjugation which blue-shifts emission; 

improved solubility for spin coating; and enhanced spectral stability. In particular, pF-S 

copolymers, with hexyl substituents attached to the S units (S6), displayed improved 

solubility and spectrally stable blue-shifted emission resulting from the twisted backbone 

structure, which disrupted the extended π−conjugation [32]. 

 The aim of this chapter is to build upon this prior work in order to explore novel 

methods of producing OLEDs with emissions peaking between 410-450 nm. High triplet 

Figure 6.1: Chemical structures of polymers P1-7. 
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polyfluorene based copolymers, with two new S derivatives, were produced and tested in 

OLEDs. The copolymers were also combined in devices with an electron transporting layer 

(ETL) of the small molecule 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene (TPBi) to 

produce hybrid OLED devices of dramatically improved efficiency, brightness and reduced 

turn on voltage over their pure polymer device counterparts.   

 In total seven new polymers were produced by Durham University Chemistry 

Department where the hexyl units on the S6 have been substituted for O-hexyl (SO6) or O-

methylenecyclohexyl (SOCy) groups. The structure of these polymers, P1-7, can be seen in 

Figure 6.1 and their properties are detailed in Table 6.1. The effect of linkage position within 

the copolymers on device performance has been considered, i.e. 2,7-para conjugated 

copolymers, or 3,6-meta broken conjugation copolymers. The feed ratios of the copolymer 

monomers have also been varied to investigate their effect on device performance. 

Table 6.1: Properties of the polymers P1-7 

Polymer ma na Mw
b Mn

b 

P1 50 50 25,700 13,600 
P2 70 30 15,200 7,800 

P3 85 15 17,500 7,000 

P4 50 50 20,900 7,500 

P5 70 30 88,900 27,200 

P6 50 50 26,800 10,400 

P7 70 30 62,000 21,400 
a 
Based on monomer feed ratios of F:SOCy or SO6 units. 

b
 Estimated by GPC analysis using polydispersity 

polystyrene standards obtained from Polymer Laboratories. 

6.2). Experimental: 

6.2.1). Optical Characterisation: 

 Solution and solid state absorption and emission spectra were obtained, using the 

methods described in 3.6.1) and 3.6.2). Solution based measurements were performed in 

solvents of different polarity, ethyl acetate and cyclohexane, to test for solvatochromism and 

were kept below 1.0 OD. Solid state photoluminescence quantum yields were measured using 
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a calibrated Labsphere integrating sphere in a spectrofluorimeter as covered in 3.6.3). 

Excitation wavelengths corresponded to the point of maximum absorbance for the polymer 

under investigation. The triplet energy of a film at a temperature of 17 K was calculated from 

a gated luminescent measurement of the polymer’s phosphorescence as described in 3.6.4). 

Solid state samples were drop-cast films, cast from a 1:1 mixture of 175 mg.mL
-1

 zeonex and 

0.5 mg.mL
-1

 of the polymer, both in chlorobenzene, and had a maximum absorbance of 2.0 

OD. 

6.2.2). Device Fabrication and Characterisation: 

 A number of devices were manufactured using the methods outlined in Chapter 3. 

These devices featured an ITO anode (150 nm, 16 Ω/) commercially pre-coated on a glass 

substrate (24 mm x 24 mm), a hole-injection layer (HIL) of the commercial PEDOT HIL 1.5 

from Heraeus (70 nm) and an active layer of polymers P1-7 (60 nm). The effect of different 

emissive dopants in the active layer on device performance was also investigated using the 

dopants iridium (III) bis[2-(2,4-difluorophenyl)-4-(2,4,6-trimethylphenyl)pyridinato-N,C2′] 

picolinate (VK-17-B, complex 5 [33], a blue emitter) and tris[2-phenylpyridinato-C2,N] 

iridium(III) (Ir(ppy)3, a green emitter). Finally, an ETL consisting of TPBi (20 nm) was 

introduced in an attempt to boost device performance. This layer was thermally evaporated 

directly on top of the polymer layers using the method outlined in 3.3.4). This was followed 

by a 1 nm thick electron injection layer (EIL) of lithium fluoride (LiF), or a 4 nm thick layer 

of barium (Ba), which was thermally evaporated using a shadow mask to produce parallel 

strips perpendicular to the ITO anodes, forming four individually addressable pixels per 

substrate each of area 5 mm x 4 mm. The LiF, or Ba, was capped with a 100 nm thick layer 

of aluminium cathode to protect it from oxidation. Evaporation pressure of the order of 10
-6

 

mbar and a rate of approximately 0.1 nm.s
-1

 were used for all of the evaporated layers 
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produced. The devices were then encapsulated with DELO UV curable epoxy (Katiobond) 

and a 12 x 12 mm glass cover slide. 

 The devices were characterised in a calibrated Labsphere LMS-100 integrating 

sphere, connected to a USB 4000 CCD spectrometer supplied by a 400 µm UV/Vis fibre 

optic cable, under steady state conditions as detailed in 3.5.1). Layer thicknesses were 

measured using a J. A. Woolam VASE Ellipsometer, as described in 3.5.4). The non-

uniformity of the organic layer thicknesses across the samples leads to a 5–10 % error in 

device efficiencies and all measurements were averages over at least four devices. 

6.3). Results and Discussion: 

6.3.1). Optical Properties: 

Table 6.2: Photophysical data for the polymers P1-7. 

Polymer Solvent/Film λmax
abs / nm λmax

PL / nm PLQY, ΦPL ET
onset / eV 

P1 Ethyl Acetate 345 414 
  

 Cyclohexane 351 427   

 
Film 350 424 0.59±0.06 2.44±0.02 

P2 Ethyl Acetate 346 412 
  

 Cyclohexane 347 413   

 
Film 350 420 0.77±0.08 2.49±0.02 

P3 Ethyl Acetate 346 412 
  

 Cyclohexane 346 422   

 
Film 350 420 0.75±0.08 2.49±0.02 

P4 Ethyl Acetate 379 426 
  

 Cyclohexane 377 424   

 
Film 390 448 0.58±0.06 2.57±0.02 

P5 Ethyl Acetate 381 429 
  

 Cyclohexane 404 442   

 
Film 390 450 0.62±0.06 2.55±0.02 

P6 Ethyl Acetate 382 425 
  

 Cyclohexane 394 432   

 
Film 395 450 0.58±0.06 2.54±0.02 

P7 Ethyl Acetate 384 426 
  

 Cyclohexane 379 429   

 
Film 390 452 0.55±0.06 2.51±0.02 
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 The spectroscopic data produced for all the polymers P1-7 is summarised in Table 

6.2. For polymers P1-3, where the SO6 units and the capping phenyl groups are bonded 

through the 3 and 6 positions (meta conjugated) with respect to the pF units, the polymer 

conjugation has been broken. This has resulted in a blue-shifted emission, by approximately 

30 nm, with respect to the para analogues, P4-7, and the comparable S6 polymers in the 

previous results[32].  

 Usually the increased ratio of S derivative compared to pF unit results in a blue shift 

in both the absorption maxima and the emission spectra observed, due to the increase in 

dihedral angle breaking the polymer’s extended π-conjugation. However, for these meta 

conjugated polymers there is no significant change in absorption maxima observed, for either 

solution or thin films, as the ratios of substituents are varied. It can even be seen in Figure 6.2 

that the reverse of the usual trend is observed with regard to the thin film emission spectra; 

increasing the ratio of pF:SOCy to 50:50 actually causes a slight red shift in emission. From 

this it can be deduced that the effect of meta substitution on reducing the conjugation 

Figure 6.2: Normalised PL emission spectra for polymers P1-3 in thin film form. Inset shows a magnification of the λmax 

region. 
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dominates that of the SOCy:pF ratio on the absorption and emission maxima. In addition to 

this it can also be concluded that the introduction of SOCy and SO6 side-chains leads to a 

reduction in the sterically-induced twisting of the polymer backbone, compared with the 

previous S6 analogues [32]. This is presumably due to the oxygen atom attached to the S unit, 

rather than the CH2 unit previously used. 

 Polymers P4-7 enable us to investigate the effects of different feed ratios along with 

two different S derivatives, namely SOCy and SO6, the results of which can be seen in Figure 

6.3. As expected the emission spectra for these polymers is strongly red shifted due to the 

change from meta to para bonding. They also behave more conventionally with respect to 

feed ratio. The increased ratio of S derivative compared to pF unit for polymers P4 and P6 

results in a slight blue shift in the observed thin film emission spectra over polymers P5 and 

P7; there is, however, almost no change in absorption maxima observed as the ratios of 

substituents are varied. Changing the S6 derivative from SO6 to SOCy has a very slight effect 

with regards to blue shifting the emission. Increasing the size of group from SO6, P6 and P7, 

Figure 6.3: Normalised PL emission spectra for polymers P4-7 in thin film form. Inset shows a magnification of the λmax 

region. 
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to SOCy, P4 and P5, has the effect of blue-shifting the emission by 2 nm for each ratio. This is 

expected due to the increased size of the pendant group increasing the polymer’s dihedral 

angle and reducing the π conjugation. It also has the effect of reducing the size of the 

shoulder present on the red edge of emission, this results in a narrower emission profile for 

polymers P4 and P5 compared with those of polymers P6 and P7.  

 No significant change is observed in the PLQY values for polymers P1-7 which are 

all within the range of 0.55-0.77. There is also no significant change in triplet level observed 

between the seven polymers, all being in the range of 2.44-2.57 eV, and they correspond well 

to the previously reported values for similar compounds [32]. The triplet emission spectrum 

of the polymer P2 is shown in Figure 6.4, the x-intercept of the red line of best fit yields the 

onset of the triplet level, ET
onset

. In this case the x-intercept occurs at 497 nm and can be 

converted into an energy value of 2.45 eV using the equation 𝐸 = ℎ𝑐 𝜆⁄ , where h is Planck’s 

Constant (6.626x10
-34

 m
2
.kg.s

-1
) and c is the speed of light (2.998x10

8
 m.s

-1
). Polymers P1-7 

also exhibited very little solvatochromism and the differences observed in the λmax
PL

 can be 

Figure 6.4: Normalised triplet emission spectra for polymers P2 in thin film form. The x intercept of the red best fit line 

gives the onset triplet level, ET
onset, in this case the intercept occurs at 497 nm corresponding to a triplet level of 2.45 eV 
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attributed to a change in refractive index between the two solvents cyclohexane and ethyl 

acetate. This again agrees well with the previous results for similar compounds.   

6.3.2). High Triplet Hosts: 

  After the optical characterisations were performed upon the seven polymers they were 

then tested in OLED devices. The aim was to investigate their viability as high triplet hosts 

for phosphorescent dopants. For this purpose the polymer P1 was chosen, due to its meta-

broken conjugation combined with the high 50:50 ratio of pF:SO6. P1 was used in two 

devices of the structure Glass | ITO (150 nm) | PEDOT HIL 1.5 (70 nm) | P1 : x% Ir(ppy)3 

(50 nm) | Ba (4 nm) | Al (100 nm), where x was either 0% or 5%. The results for these 

devices can be seen in Figure 6.5. 

Figure 6.5: Plots of (a) J-V curves and (b) Luminance vs. J for the polymer P1 with and without the phosphorescent dopant 

Ir(ppy)3 and plots of (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymer P1 without Ir(ppy)3. 
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 It can be seen that results for this investigation were not particularly encouraging, 

with the plain polymer device failing to reach turn on (10 cd.m
-2

) and the doped device 

failing to emit. The undoped device achieves a maximum current density of 9.5 mA.cm
-3

 at 

20 V. This is a relatively low value for devices of this architecture, and as such shows that the 

broken conjugation has negatively affected the carrier transport properties of the polymer. 

The broken conjugation appears to have led to the formation of isolated domains within the 

polymer chains that are potentially highly trapping. The addition of the phosphorescent 

dopant Ir(ppy)3 results in a substantial increase in current density passing through the device. 

It also, however, results in a complete quenching of all the emission from the device. This is 

thought to be due to an extreme mismatching between the HOMO and LUMO levels of the 

polymer, the dopant and the injection layers. 

 As discussed in Chapter 5, for efficient charge trapping to occur the energy levels of 

the dopant must lie within those of the host. Here it appears that the HOMO of the host is 

above the Ir(ppy)3 HOMO, so the direct charge trapping of holes is not possible. However, it 

should still be possible for the dopant to obtain electrons via direct charge trapping. As 

discussed in 2.4.3), the LUMO level of a material must be above that of the triplet level. 

Therefore, as the lowest triplet level for polymers P1-7 is 2.44 eV, their LUMOs should 

easily be above 2.8 eV, which is the LUMO of Ir(ppy)3, as stated in Chapter 5. Normally this 

would result in the formation of an anionic complex which is highly hole trapping. However, 

due to the lack of emission from the dopant it can be assumed that the holes are already 

trapped by the polymer host and even such a complex is not sufficiently strong to withdraw 

them. The dopant is therefore left to act as an electron transporter [34], as observed in 

Chapter 5, resulting in a high current density but no emission. There also appears to be very 

little, or no, Förster or Dexter transfer between the host and the dopant. This is no doubt due 

to poor spectral overlap and a lack of proximity. 
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 In order to investigate this further the experiment was repeated using the para 

conjugated 50:50 analogues P4 and P6. The device structure Glass | ITO (150 nm) | PEDOT 

HIL 1.5 (70 nm) | LEP : x% Ir(ppy)3 (50 nm) | Ba (4 nm) | Al (100 nm), where x was either 

0% or 2% was used and the results can be seen in Figure 6.6. 

 From the results it can be seen that the more conjugated para polymers have a 

substantially higher current density passing through them, with the undoped devices reaching 

values between 80-90 mA.cm
-3

. This shows that the increased conjugation has removed the 

trapping occurring in P1, allowing efficient carrier transport to occur. The addition of the 

dopant Ir(ppy)3 to the hosts this time results in a decrease in both current density and device 

brightness, indicating that it is acting as a non-emissive trap state. The change in conjugation 

is unlikely to have had a large effect on the hosts energy levels, implying that the Ir(ppy)3 is 

Figure 6.6: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymers P4 

and P6, with and without the phosphorescent dopant Ir(ppy)3. Inset to (b) shows the turn on voltages for the four devices in a 

plot of Luminance vs. V. 
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trapping electrons and is unable to obtain holes from the host, as observed for P1. This is 

reinforced by the results shown in Figure 6.7 where it can be seen that the device emission 

comes from the polymer and not the dopant. 

 It is also worth noting here the trends appearing between the SO6 and SOCy derivatives. 

It can be seen from Figure 6.6 that the SOCy derivatives are lower in both brightness and 

efficiency when compared to the SO6 derivatives, this is despite having similar current 

densities when undoped. This is likely due to the relative size difference between the 

derivatives. The larger SOCy derivatives change the packing arrangement and morphology of 

the emissive layer compared to the SO6 derivative, due to their increased steric bulk. This has 

the effect of hindering the charge and energy transfer occurring between host polymer 

strands, potentially introducing more trap states. 

 Having compared the hosting abilities of the 50:50 ratios for the meta and para 

analogues and the SOCy and SO6 derivatives, it was decided that the next step would be to 

compare the 50:50 polymers P1 and P4 with their 70:30 counterparts P2 and P5. This would 

see if an intermediate conjugation between the meta and para analogues could be found for 

P1 that wouldn’t be so strongly trapping. It would also be possible to investigate the effect of 

increased conjugation on P4, the best of the para hosts tested so far, to see if the device 

performance could be further improved. Device structures of Glass | ITO (150 nm) | PEDOT 

Figure 6.7: Normalised EL emission spectra for polymers P4 and P6, with and without Ir(ppy)3 at peak device brightness. 
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HIL 1.5 (70 nm) | LEP : 2% Ir(ppy)3 (50 nm) | Ba (4 nm) | Al (100 nm), were used to 

investigate this and the results can be seen in Figure 6.8.  

 From the results in Figure 6.8 it can be seen that the switch from 50:50 to 70:30 has 

had a drastic effect on the maximum device properties with phosphorescent dopant added. 

For the meta polymers P1 and P2 there is a decrease in current density when changing from 

50:50 to 70:30 ratio of pF:SOCy. This corresponds to a large increase in emission, going from 

no emission with dopant for the 50:50 ratio to 45 cd.m
-2

 for the 70:30 ratio, accounting for 

the decrease in current density through the device with a large increase in carrier 

recombination. Whilst this is a large increase in brightness, and seems close in maximum 

brightness to that of the undoped P4 in Figure 6.6, it has been largely influenced by the 

luminosity function as discussed in 3.5.1). This shift means that whilst the brightness of the 

Figure 6.8: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymers P1, 

P2, P3 and P4, with the phosphorescent dopant Ir(ppy)3. Inset to (b) shows the turn on voltages for the four devices in a plot 

of Luminance vs. V. 
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P2 device is comparatively high, the actual power output by the device is still relatively low, 

especially when compared to the similarly doped devices in Chapter 5. 

 As seen in Figure 6.9, the emission is split between the polymer (400-500 nm) and the 

phosphorescent dopant (500-600 nm), with the peak emission occurring at 400 and 520 nm 

compared to 460 nm for P4 and P5. This indicates that the holes in P2 are not trapped as 

strongly as those in P1, due to the increase in conjugation associated with the increased ratio 

of pF:SOCy. There is therefore, a limited amount of emission from the dopant as it is in direct 

competition with the host. The dual emission, combined with the unexpectedly high E.Q.E., 

indicates that whilst this has not been wholly successful it might be possible to produce a 

viable high triplet host from at least the meta polymers and signifies the first time that these 

polymers have achieved an efficiency of over 1%. 

 For the para polymers there is a substantial increase in current density passing through 

the device when changing from the 50:50 to 70:30 ratio; this is accompanied by a 

corresponding increase in maximum brightness. The increase in conductivity is likely due to 

the increased conjugation when going from 50:50 to 70:30. There is a small decrease in 

efficiency, as the magnitude of the increase in brightness does not match up to that of the 

increase in current density. The emission spectra remain essentially the same despite the 

Figure 6.9: Normalised EL emission spectra for the polymers P2, P4, P5 and P6 with the dopant Ir(ppy)3 at peak device 

brightness. 
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change in pF:SOCy ratio, as can be seen in part .b. of Figure 6.9. From the spectra in Figure 

6.7 and Figure 6.9 it can also be seen that there is no change in the emission source, with the 

Ir(ppy)3 still acting as a non-emissive charge trap unable to harvest the additional carrier 

needed for emission to occur. 

 After the partial success of the P2 doped device, and in an attempt to better match the 

energy levels between the meta polymers, the phosphorescent dopant VK-17-B, a blue 

phosphorescent emitter, has been used in devices instead of the green emitter Ir(ppy)3. A 

higher dopant concentration of 8% was selected in an attempt to completely quench the host 

emission and boost the dopant emission. In Chapter 5 it was observed that emission from the 

host had disappeared at this concentration as the dopant was no longer saturated. In addition, 

a polymer with the ratio 85:15 has been introduced to investigate the effects of further 

conjugation. A device structure of Glass | ITO (150 nm) | PEDOT HIL 1.5 (70 nm) | LEP : 

Figure 6.10: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymers 

P1-3, with and without the phosphorescent dopant VK-17-B. 
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x% VK-17-B (50 nm) | Ba (4 nm) | Al (100 nm), where x was either 0% or 8%, was used and 

the results can be seen in Figure 6.10. 

 From Figure 6.10 it can be seen that the current density passing through the devices is 

only slightly above that of the undoped P1 device. That device was limited by the extremely 

broken conjugation hindering charge transport. Here it can be seen that the addition of VK-

17-B does little to improve the current density through the device. Unlike the previous 

addition of Ir(ppy)3, it appears that VK-17-B lacks the ability to transport charge and as such 

the host is trapping one carrier and the dopant another with no recombination occurring 

between them. This is reinforced by the unchanged current density between the three doped 

devices, despite the changes in conjugation. 

  Most of the devices did not reach the turn on brightness, as with the results in Figure 

6.5, with the P3 device being the exception. From these results, it can be assumed that the 

previous dual emission was the result of direct charge trapping on an anionic complex and 

not the result of Förster transfer between the host and the dopant. As such, the dual emission 

was only possible due to the charge transport properties of the Ir(ppy)3 dopant, despite the 

highly charge trapping properties of the meta polymers. From this it can be concluded that it 

is unlikely that the meta polymers will make suitable high triplet hosts for the variety of 

phosphorescent dopants currently available, due to a combination of a relatively high 

HOMO/LUMO levels compared to the dopants, poor native charge transport capabilities 

complete with an extremely trapping nature, and an inability to Förster or Dexter transfer 

energy to the dopants. 

 After concluding that the meta polymers are unsuitable to be used as high triplet hosts 

for phosphorescent dopants another investigation was made into the viability of the para 

polymers as high triplet hosts. The most emissive of the previously tested para polymers was 



Chapter 6  Polyfluorene Based High Triplet Hosts 

150 

 

combined with an increased concentration of Ir(ppy)3 dopant and an ETL of the evaporated 

small molecule TPBi, forming a hybrid OLED. TPBi was primarily selected due to its hole 

blocking properties, ensuring that more holes would remain in the emissive layer to 

recombine with the Ir(ppy)3 dopant. 

 To this end a device structure of Glass | ITO (150 nm) | PEDOT HIL 1.5 (70 nm) | P5 

(50 nm) : x% Ir(ppy)3 | TPBi (y nm) | LiF (1 nm) | Al (100 nm) was used, where x was either 

0% or 8% and y was either 0 nm or 20 nm. The results for this investigation can be found in 

Figure 6.11. In order to evaporate the TPBi layer a switch in evaporation chamber was 

necessary. This also forced a change in EIL from barium to lithium fluoride, which has 

resulted in a shift in cathode work function from 2.7 eV [35] to around 3.6 eV [36], which is 

a large enough shift to affect the device results making direct comparison with previous 

results difficult. 

Figure 6.11: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymer P1 

with and without the Ir(ppy)3 or the ETL TPBi. 
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 It can be observed from Figure 6.11 that there is a decrease in current density with the 

addition of the TPBi layer which is likely caused by the confinement of the holes in the 

emissive layer. It can be seen that, even with the addition of the ETL, there is still a 

substantial decrease in device properties upon the addition of the phosphorescent dopant. The 

Ir(ppy)3 is again acting as a non-emissive charge trap, reducing the device brightness as 

determined previously and negatively impacting the device efficiency. With the addition of 

TPBi the current density, with and without dopant, remains almost constant whilst the 

brightness increases significantly. 

 From Figure 6.12, it can be seen that the majority of the emission is coming from the 

polymer host and not the phosphorescent dopants at peak device brightness. This matches the 

data observed previously and shows that, despite improved electron injection and hole 

trapping within the emissive layer, the carriers are still not efficiently being transferred to, or 

trapped directly by, the Ir(ppy)3 dopant. There is now, however, a noticeable shoulder to the 

peak emissions at approximately 500 nm, corresponding to emission from the dopant. This is 

Figure 6.12: Normalised EL emission spectra for the polymer P5 with and without TPBi and Ir(ppy)3 at peak device 

brightness. 
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especially pronounced for the device without the TPBi ETL. This will be discussed in more 

detail below. 

  From Figure 6.13 it can be seen that as the voltage through the device is increased the 

emission shifts from just that of P5 at low voltages, through emission from both the polymer 

and the dopant, up to emission primarily from the dopant at high voltages. As the voltage 

increases the polymer host becomes saturated with holes allowing the remaining ones to be 

harvested by the Ir(ppy)3, enabling more and more emission to occur from the dopant. 

Unfortunately, with this shift also comes a substantial decrease in device properties, meaning 

that this is definitely not a valid method of getting emission from the dopant. It also 

reinforces how highly trapping these pF based copolymers are and highlights how unlikely it 

is that they will be suitable for use as high triplet hosts. 

 From all of the device results above, it can be safely concluded that the seven 

polymers are unlikely to make viable high triplet hosts for phosphorescent dopants. However, 

from the results in Figure 6.11 for the undoped devices, the polymers have displayed great 

Figure 6.13: Normalised EL spectra for P5 doped with Ir(ppy)3 and a TPBi EIL showing the change in emission as the 

voltage across the device is increased. 
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potential as deep blue fluorescent polymers in Polymer Light Emitting Diodes (PLEDs), 

being amongst the best in the literature at this time. As such, this will be investigated in more 

detail in Chapter 7. 

6.4). Conclusions: 

 Devices have been manufactured using seven new polymers synthesised by Durham 

University Chemistry department. These included three meta conjugated polymers of 

different pF to SOCy ratios and four para conjugated polymers with 50:50 or 70:30 ratios of 

polyfluorene to SO6 or SOCy groups. The polymers were combined in devices with different 

phosphorescent dopants in order to assess their potential as new high triplet hosts for deep 

blue dopants. 

 It was found that the three meta polymers all had restricted carrier transport 

capabilities due to the extremely broken conjugation within the polymer backbone, whilst the 

para polymers were less restricted. It was also concluded that the polymers all had relatively 

high HOMO/LUMO levels compared to the phosphorescent dopants. This led to the direct 

charge trapping of electrons on to the phosphorescent dopants, whilst leaving the holes 

trapped on the host polymers. As a result little, or no, emission was observed from the 

phosphorescent dopant. 

 Changing the ratios of pF to SO6 or SOCy was investigated in an attempt to promote 

energy transfer from the polymer host to the phosphorescent dopant and to increase the 

carrier mobilities within the devices. Increasing the pF:SO6, or pF:SOCy, ratio from 50:50 to 

70:30 increased the carrier mobilities within the polymer hosts, allowing for increased current 

density or brightness from the device, by increasing the conjugation along the polymer 

backbone. This resulted in emission from both the polymer host and the phosphorescent 



Chapter 6  Polyfluorene Based High Triplet Hosts 

154 

 

dopant simultaneously for the meta polymer P2, but it was not possible to isolate the 

emission from the phosphorescent dopant. 

When comparing the SO6 and SOCy derivatives directly it was found that the devices 

with the bulkier SOCy derivative performed worse than the less bulky SO6 derivative. This was 

thought to be due to the bulkier group hindering charge and energy transfer between the host 

polymer strands, and potentially introducing more trap states. 

 Using the blue emitting phosphorescent dopant VK-17-B instead of Ir(ppy)3 was not 

successful , despite the change in energy levels in an attempt to better match those of the host 

polymer. The introduction of the electron transporting layer, TPBi, in an effort to hold more 

holes for the phosphorescent dopant within the emissive layer was met with limited success. 

Emission was observed from the phosphorescent dopant, but only at high voltages and after 

saturation of the polymer host. 

 In conclusion, it has been shown that the seven polyfluorene based copolymers are not 

suitable for use as high triplet hosts. Despite possessing a relatively high triplet level, they are 

also in possession of relatively high HOMO and LUMO levels which do not match up well 

with a number of commonly used phosphorescent dopants. This results in the electrons being 

trapped on the dopant whilst the holes are trapped on the host polymer. There is little or no 

energy transfer between the two, resulting in very low emission, primarily from the host and 

not the dopant. In addition to this the meta polymers have severely hindered charge transport 

abilities and rely on those of the dopant to pass a current density through the device. As such, 

they are inferior to PVK, or other polyfluorene derivatives. 

 However, despite their limited abilities as high triplet hosts, the seven polymers have 

been found to be very good deep blue fluorescent polymers. This is especially true when 

combined with an evaporated electron transport layer of the small molecule TPBi. As such, 
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these polymers will be investigated further in this capacity, along with four other analogous 

polymers, in Chapter 7. 
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Chapter 7 Novel Conjugated Polyfluorene Based Copolymers for Deep-

Blue or Violet Fluorescent PLED Devices: 

Sections of this chapter have been accepted, or submitted, for publication: 

J. H. Cook*, J. Santos, H.Y. Li, H. A. Al-Attar, M.R. Bryce and A. P. Monkman, ‘Efficient 

deep blue fluorescent polymer light-emitting diodes (PLEDs)’, Journal of Materials 

Chemistry C, 28, 5587, (2014). 

J. Santos*, J. H. Cook, H. A. Al-Attar, A. P. Monkman and M. R. Bryce, ‘Fluorene 

Copolymers with High Efficiency Deep-Blue Electroluminescence’, Journal of Materials 

Chemistry C, 3, 2479, (2015). 

J. H. Cook*, J. Santos, H. A. Al-Attar, M.R. Bryce and A. P. Monkman, ‘High brightness 

violet fluorescent OLEDs’, submitted to Journal of Materials Chemistry C. 

7.1). Introduction: 

 The vast majority of OLED research to date has concentrated on the visible spectrum, 

primarily for display and lighting applications [1-8]. More recently OLEDs which emit from 

the deep blue, through to the violet, range of the spectrum have been subject to an influx in 

investigation [9-16]. Deep blue or violet light is essential to achieve good colour rendering 

and high colour temperature in white OLEDs for lighting applications, and for greater colour 

contrast and a wider colour gamut in displays [17]. Previously maximum external quantum 

efficiencies (E.Q.E.s) of 3-6% for emission peaks in the range 400-480 nm have been 

reported, featuring both small molecule and polymer based devices [18, 19].  

 In the previous chapter polyfluorene-thiophene derivative based copolymers were 

investigated in order to assess their abilities as high triplet hosts. Unfortunately, their 

prospects as high triplet hosts were not good; they were, however, promising deep-blue 
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emitters in their own right and warranted further investigation. This is largely due to their 

abilities to function in PLED devices without the addition of any extra transport or emissive 

dopants. The properties and structures of polymers P1-7 can be found in Chapter 6, along 

with further information on previous research into similar compounds[20-29]. 

 In addition to the seven polymers from the previous chapter, four new polyfluorene 

based copolymers, P8-11, were produced by Durham University Chemistry Department. The 

structure of these polymers can be seen in Figure 7.1. The rationale behind this was to 

attempt to achieve even deeper blue device emission using the lessons learnt from the 

polymers P1-7 in Chapter 6. These lessons included the inclusion of bulky side groups into 

the polymer chain and using meta or para conjugated polymers, which twist the polymer 

backbone, reducing the conjugation length across the polymer [30], leading to blue shifted 

emission. 

Figure 7.1: Chemical structures of polymers P8-11. 
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 For P8 two pF units are linked to a 9,9-diphenylfluorene unit via its phenyl rings, this 

reduces the minimum conjugation length to these three units. For P9, the pF units are again 

linked to a 9,9-diphenylfluorene unit via their phenyl rings, this time however, two N-linked 

3,6-di-tert-butylcarbazole units are attached to the 9,9-diphenylfluorene unit at its 2 and 7 

positions to form a large pendant group. This reduces the minimum conjugation length 

further by removing it from the polymer backbone and it is instead restricted to the attached 

pendant groups. 

 Polymers P10 and P11 again investigate the effect of meta and para linkage on 

conjugation lengths and device performance using polyfluorene-carbazole based copolymers. 

These polymers consist of pF units linked to 9-hexyl-9H-carbazole (pC) units at their 3 and 6 

positions. The pC units are linked to the pF units at their 2 and 7 positions for the para 

copolymer P10 and at the 3 and 6 positions for the meta copolymer P11. Carbazole 

derivatives have been used in polymers P9-11 due to their history of deep blue emission, high 

triplet levels, previous usage in OLED devices and their hole transporting abilities[31-34]. 

 The aim of this investigation was to use polymers to produce PLEDs with emissions 

peaking between 410-450 nm. In addition to this, there was also a focus on using novel 

device manufacturing methods in order to boost fluorescent device performance. During the 

previous chapter, devices were introduced where an electron transporting layer (ETL) 

consisting of the small molecule 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene (TPBi) was 

added, to produce hybrid OLED devices of dramatically improved efficiency, brightness and 

reduced turn on voltage over their pure polymer device counterparts. In this chapter that idea 

has been taken to the next level and devices with a solution processed 4,4′-

cyclohexylidenebis[N,N-bis(4-methylphenyl) benzenamine] (TAPC) hole transporting layer 

(HTL) between the PEDOT and LEP layer were trialled. Despite it not being standard 

practice to spin coat small molecules, this process has resulted in an increase in device 
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performance for those tested, and shows that multilayer solution processed devices combined 

with evaporated layers to form hybrid devices are a viable option for fluorescent PLEDs. 

7.2). Experimental: 

7.2.1). Optical Characterisation: 

 Solution and solid state absorption and emission spectra were obtained, using the 

methods described in 3.6.1) and 3.6.2). Solution based measurements were performed in 

solvents of different polarity, ethyl acetate and cyclohexane, to test for solvatochromism and 

were kept below 1.0 OD. Solid state photoluminescence quantum yields were taken using a 

calibrated Labsphere integrating sphere placed within a spectrofluorimeter as covered in 

3.6.3). Excitation wavelengths corresponded to the point of maximum absorbance for the 

polymer under investigation. The triplet energy of a film at a temperature of 17 K was 

determined from a gated luminescent measurement of the polymer’s phosphorescence as 

described in 3.6.4). Solid state samples were drop-cast films, cast from a 1:1 mixture of 175 

mg.mL
-1

 zeonex and 0.5 mg.mL
-1

 of the polymer, both in chlorobenzene, and had a 

maximum absorbance of 2.0 OD. 

7.2.2). Device Fabrication and Characterisation: 

 A number of devices were manufactured using the methods outlined in Chapter 3. 

These devices featured an ITO anode (150 nm, 16 Ω/) commercially pre-coated on a glass 

substrate (24 mm x 24 mm), a hole-injection layer (HIL) of the commercial PEDOT HIL 1.5 

from Heraeus (70 nm) and an active layer of polymers P1-11. An ETL consisting of TPBi (20 

nm) was introduced in an attempt to boost device performance in accordance with the 

developments made in the previous chapter. This layer was thermally evaporated directly on 

top of the polymer layers using the method outlined in 3.3.4). This was followed by a 1 nm 
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thick layer of lithium fluoride (LiF) cathode which was thermally evaporated using a shadow 

mask to produce parallel strips perpendicular to the ITO anodes, forming four individually 

addressable pixels per substrate each of area 5 mm x 4 mm. The LiF was capped with a 100 

nm thick layer of aluminium cathode to protect it from oxidation. Evaporation pressure of the 

order of 10
-6

 mbar and a rate of approximately 0.1 nm.s
-1

 was used for all of the evaporated 

layers produced. The devices were then encapsulated with DELO UV curable epoxy 

(Katiobond) and a 12 x 12 mm glass cover slide. 

 The devices were characterised in a calibrated Labsphere LMS-100 integrating 

sphere, connected to a USB 4000 CCD spectrometer supplied by a 400 µm UV/Vis fibre 

optic cable, under steady state conditions as detailed in 3.5.1). Layer thicknesses were 

measured using a J. A. Woolam VASE Ellipsometer, as described in 3.5.4). The non-

uniformity of the organic layer thicknesses across the samples leads to a 5–10 % error in 

device efficiencies and all measurements were averages over at least four devices. 

7.3). Results and Discussion: 

7.3.1). Optical Properties: 

Table 7.1: Photophysical data for the polymers P8-11. 

Polymer Solvent/Film λmax
abs / nm λmax

PL / nm PLQY, ΦPL ET
onset / eV 

P8 Ethyl Acetate 363 412   

 Cyclohexane 360 412   

 Film 375 427 0.44±0.04 2.38±0.02 

P9 Ethyl Acetate 344 394   

 Cyclohexane 344 392   

 Film 367 425 0.52±0.05 2.38±0.02 

P10 Ethyl Acetate 348 399   

 Cyclohexane 344 394   

 Film 350 421 0.20±0.02 2.34±0.02 

P11 Ethyl Acetate 300 400   

 Cyclohexane 304 399   

 Film 287 401 0.17±0.02 2.34±0.02 
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 The spectroscopic data produced for all the polymers P1-7 is summarised in Chapter 

6 in Table 6.2 on page 138. The spectroscopic data for polymers P8-11 is summarised in 

Table 7.1and the photoluminescence spectra for the polymers are shown in Figure 7.2. The 

polymers are all deep blue or violet emitters. They exhibit very little solvatochromism and 

the small differences observed can be attributed to a change in refractive index between the 

Figure 7.2: Plots of (a) Normalised solution based PL emission spectra for polymers P8 and P9 in Ethyl Acetate, (b) 

Normalised solution based PL emission spectra for polymers P8 and P9 in Cyclohexane, (c) Normalised thin film based PL 

emission spectra for polymers P8 and P9, (d) Normalised solution based PL emission spectra for polymers P10 and P11 in 

Ethyl Acetate, (e) Normalised solution based PL emission spectra for polymers P10 and P11 in Cyclohexane, (f) 

Normalised thin film based PL emission spectra for polymers P10 and P11. The insets show a magnification of the λmax 

region. 
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solvents. This agrees well with the previous results for analogous materials [29, 30]. 

 We previously showed that a significant blue shift in both the absorption and emission 

maxima (in both solution and thin film) can be produced by incorporating bulkier groups 

within the polymer. This blue shift can be ascribed to an increase in the dihedral angle 

breaking the polymer's extended π conjugation. From the data in Table 7.1 it can be seen that 

the addition of the two carbazole units to P9, and the steric bulk associated with them, causes 

a substantial blue shift of 15-20 nm over P8 in solution and a reduced blue shift in thin film 

form. In this case, it is believed that the blue shift is due to a reduction in conjugation length. 

 The addition of the carbazole units to the pendant group of P8 to form P9 has also 

introduced a new peak in the solution based PL emission spectra. This is especially easy to 

observe in part .b. of Figure 7.2 where the spectrum is well resolved in the solvent 

cyclohexane, showing an additional peak at 371nm. This corresponds well to emission 

spectra previously documented in the literature for carbazole groups of a similar size [31] to 

those featured in P9. 

 It was also previously demonstrated that a significant blue shift in both the absorption 

and emission maxima (in both solution and thin film) can be produced by incorporating a 

twist within the polymer backbone. This again increases the dihedral angle, breaking the 

polymer's extended π conjugation. From the data in Table 7.1, and the information in Figure 

7.2, it can be seen that the change in bond position between the fluorene and carbazole 

groups, from para to meta, causes a substantial blue shift of 20 nm from P10 to P11 in thin 

film form and a similar shift in spectra in solution but without the change in λmax
PL

.  

 No significant change is observed in the film PLQY values for the polymers P8 and 

P9, with values of 0.44 and 0.52 respectively. A large decrease is observed in the film PLQY 

values for the polymers P8 and P9, with values of 0.20 and 0.17 respectively. This is likely 
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due to the incorporation of the carbazole unit within the polymer chain; as discussed in the 

literature [31], addition of large groups to carbazole units can result in a decrease in PLQY. 

The observed triplet levels for polymers P8-11 are all in the range of 2.34-2.38 eV, which 

corresponds well to the reported values for similar polymers which possess restricted 

backbone π-conjugation [29, 30]. The triplet emission spectrum of polymer P8 is shown in 

Figure 7.3, the x-intercept of the red line of best fit yields the onset of the triplet level, ET
onset

.  

 In this case the x-intercept occurs at 522 nm and can be converted into an energy 

value of 2.38 eV. From the inset to Figure 7.3, it can be seen that there is another area of 

intensity to the left of the line of best fit. As this feature is above the noise of the system, it is 

possible that this may be the 0-0 peak instead of the one previously measured. If this were 

true, the triplet onset would instead occur at 490 nm, giving an energy of 2.53 eV, a shift of 

0.15 eV. 

  A low intensity 0-0 transition peak is observed when there is a large geometric shift 

between the ground and excited states of a molecule. This implies that the molecule is 

Figure 7.3: Normalised triplet emission spectra for polymers P8 in thin film form. The x intercept of the red best fit line 

gives the onset triplet level, ET
onset, in this case the intercept occurs at 522 nm corresponding to a triplet level of 2.38 eV 
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relatively flexible and easily distorted upon excitation. This area of intensity is also observed 

for the other polymers P8-11 and as such, the values quoted in Table 7.1 may be 

approximately 0.15 eV lower than they actually are. 

7.3.2). pF:S Derivative Based Fluorescent Deep Blue PLEDs: 

Table 7.2: Electroluminescent device data for polymers P1-7. 

Polymer 
Von  

/ V
a
 

Brtmax 

/ cd.m
-2

 

E.Q.E.max  

 / % 

Dev Effmax 

/Cd.A
-1

 

Lummax 

/ lm.W
-1

 

CIEon 

(x, y)
b
 

CIEmax 

(x, y)
c
 

P1 7.2 28 1.7 0.91 0.47 0.17, 0.11 0.18, 0.13 

P2 6.8 37 2.7 1.2 0.70 0.17, 0.10 0.17, 0.11 

P3 6.6 81 1.3 0.72 0.34 0.16, 0.09 0.17, 0.12 

P4 4.4 740 2.1 2.7 1.7 0.16, 0.15 0.17, 0.17 

P5 3.4 2500 3.2 4.4 3.4 0.16, 0.18 0.16, 0.18 

P6 4.3 320 2.5 2.1 1.5 0.16, 0.16 0.17, 0.20 

P7 3.7 1400 2.8 3.7 2.7 0.16, 0.17 0.16, 0.18 
aVon is the turn on voltage, the voltage required for a device brightness of 10 cd/m2 to be reached. bCIE coordinates at turn on 

brightness, 10 cd/m2 . c CIE coordinates at maximum device brightness. 

Figure 7.4: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymers 

P1-3. Inset to (b) shows the turn on voltages for the four devices in a plot of Luminance vs. V. 
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 Devices were made for each of the polymers from Chapter 6, P1-7, using the 

structure: Glass | ITO (150 nm) | PEDOT HIL 1.5 (70 nm) | LEP (60 nm) | TPBi (20 nm) | 

LiF (1 nm) | Al (100 nm). For all of the devices the LEP layer consisted of just one of the 

polymers P1-7 without any other dopants or transporters added. The results for each can be 

seen in Table 7.2 but initially the results for polymers P1-3 will be focused on, the results of 

which can be found in Figure 7.4. It can be seen in Figure 7.5 that each of the three polymers 

emits in the deep blue, with a peak emission in the range of approximately 415 nm, and have 

a reasonable turn on voltage (the voltage required for a device brightness of 10 cd/m
2
 to be 

reached). The exact peak is difficult to identify due to the noise present in the spectra, 

because of the low relative brightness of the emissive polymers, but the CIE coordinates for 

the peak emissions are P1(0.18, 0.13), P2(0.17, 0.11) and P3(0.17, 0.12). CIE diagrams for 

these polymers can be found in Figure 7.13 in 7.3.5). 

 From Table 7.2 it can be seen that decreasing the ratio of SOCy to pF from 50:50 to 

30:70 and again to 15:85 has the effect of increasing the maximum brightness from 28 cd.m
-2

 

Figure 7.5: Normalised EL emission spectra for polymers P1-3. Inset shows a magnification of the λmax region. 
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to 37 cd.m
-2

 to 81 cd.m
-2

. The maximum efficiencies initially increase when the ratio 

decreases from 50:50 to 30:70 but after peaking there, they then decrease again when the 

ratio is decreased to 15:85. It can also be observed that increasing the amount of SOCy present 

in the polymer decreases the current density passing through the device. This is consistent 

with the increased proportion of SOCy decreasing the polymers extended π conjugation and 

thus reducing its carrier transporting properties up to a certain threshold. Once this threshold 

is reached the current density remains more or less constant, hence the similarity between P1 

and P2 in Figure 7.4a. It also appears that increasing the concentration of SOCy reduces the 

amount of emissive species formed accounting for the drop in brightness at comparable 

current densities and thus the drop in efficiency. 

 For the para polymers P4-7, similar trends to the meta polymers P1-3 are observed in 

Figure 7.6. The major differences between the two sets of polymers are the maximum current 

Figure 7.6: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymers P4-

7. Inset to (b) shows the turn on voltages for the four devices in a plot of Luminance vs. V. 
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densities and the emission spectra. Whilst polymers P1-3 have a peak emission of 

approximately 415 nm the other four polymers P4-7 have EL emission spectra peaking 

around 450 nm as seen in Figure 7.7. Both this and the change in maximum current density 

can be explained by the conjugation of the polymers being broken for P1-3 due to the meta-

linkage. Similar to polymers P1-3, it can be seen that reducing the concentration of S6 

derivative from 50% to 30% increases the maximum brightness and efficiency of the devices 

as well as substantially decreasing the turn on voltage. The decrease of S6 derivatives has the 

effect of increasing the current density through the device, which can be explained by an 

increase in π conjugation, as well as substantially increasing the quantity of emissive species. 

 Changing the S6 derivative from SOCy, to the smaller SO6 derivative, results in an 

overall decrease in device performance. It would be expected that using a larger S6 derivative 

within the copolymer would result in a decrease in conjugation, and whilst evidence of this is 

observed when the EL emission is slightly blue-shifted for P4 and P5, the conductivity of P5 

is higher than that of P7. This is unexpected, as ordinarily a polymer with a more broken 

Figure 7.7: Normalised EL emission spectra for polymers P4-7. Inset shows a magnification of the λmax region. 
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conjugation would be expected to conduct less, this indicates that other factors must be taken 

in to account when considering the effect of substituent size on polymer conjugation and 

OLED device performance.   

7.3.3). pF:Pendant Based Fluorescent Deep Blue PLEDs: 

Table 7.3: Electroluminescent device data for polymers P8-9. 

Polymer 
Von  

/ V
a
 

Brtmax 

/ cd.m
-2

 

E.Q.E.max  

 / % 

Dev Effmax 

/Cd.A
-1

 

Lummax 

/ lm.W
-1

 

CIEon 

(x, y)
b
 

CIEmax 

(x, y)
c
 

P8 3.75 167 3.3 1.6 1.39 0.16, 0.07 0.17, 0.10 

P9 4.25 274 3.9 1.3 0.99 0.16, 0.06 0.17, 0.07 
aVon is the turn on voltage, the voltage required for a device brightness of 10 cd/m2 to be reached. bCIE coordinates at turn on 

brightness, 10 cd/m2 . c CIE coordinates at maximum device brightness. 

 Devices were fabricated for polymers P8 and P9 using the structure: glass | ITO (150 

nm) | PEDOT:PSS HIL 1.5 (70 nm) | LEP (P8 70 nm, P9 30 nm) | TPBi (20 nm) | LiF (1 nm) 

| Al (100 nm). For all of these devices, no other dopants or transporters were added to the 

LEP layer. The thicknesses of the two LEP layers were determined after prior thickness 

Figure 7.8: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymers P8-

9. Inset to (b) shows the turn on voltages for the four devices in a plot of Luminance vs. V. 
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optimisation for device performance was completed. 

 The device results can be found in Figure 7.8 and Table 7.3. Devices containing P8 

showed deep blue EL with λmax of 422 nm and maximum E.Q.E. of 3.3%  and good CIExy 

coordinates (turn on CIExy (0.16, 0.07) and peak CIExy (0.17, 0.10)), whereas the carbazole 

containing material P9 showed violet emission (λmax of 402 nm) with a higher E.Q.E. of 3.9% 

and outstanding colour coordinates (turn on CIExy (0.16, 0.06) and peak CIExy (0.17, 0.07)). 

CIE diagrams can be found in Figure 7.13 in section 7.3.5). 

 Both polymers show a remarkably blue shifted emission, below 450 nm, with 

excellent efficiencies and good brightnesses, when compared to P1-7. In the case of P8 we 

observe that film EL emission peaks at 422 nm with a small shoulder at 440 nm whilst for P9 

the emission in blue shifted even further, peaking at 401 nm with a small shoulder at 424 nm. 

The EL spectra can be seen in Figure 7.9. This blue shifting of emission between P8 and P9 

is expected due to the breaking of P9’s extended π conjugation through the addition of the 

sterically bulky carbazole groups to the pendant group. 

Figure 7.9: Normalised EL emission spectra for polymers P8-9. Inset shows a magnification of the λmax region. 
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 The addition of the carbazole groups to the main pendant group also has the effect of 

increasing the current density passing through the device, the maximum brightness and the 

maximum E.Q.E. of the device. We have shown in the previous chapter that breaking the 

conjugation of a polymer typically reduces its conductivity resulting in a limited maximum 

brightness for the devices. This, however, seems to have been overcome by the intrinsic 

conduction properties of the carbazole groups incorporated into P9, which have caused the 

current density to double with respect to P8 and the maximum brightness to almost double 

too. This is especially impressive when you consider that this measure of brightness is 

affected by the luminosity function.  

 The increase in E.Q.E. is most likely due to an increase in hole mobility from the 

addition of the carbazole groups. This would result in a more balanced proportion of carriers 

recombining in the LEP layer, reducing the amount of wasted carriers reaching the 

electrodes. The decrease in current efficiency from P8 to P9 is expected, despite the reverse 

trend in E.Q.E., as this value depends heavily upon the luminosity function and P9 produces 

a significantly deeper blue emission than P8. 

7.3.4). pF:pC Based Fluorescent Deep Blue PLEDs: 

Table 7.4: Electroluminescent device data for polymers P10-11. 

Polymer 
Von  

/ V
a
 

Brtmax 

/ cd.m
-2

 

E.Q.E.max  

 / % 

Dev Effmax 

/Cd.A
-1

 

Lummax 

/ lm.W
-1

 

CIEon 

(x, y)
b
 

CIEmax 

(x, y)
c
 

P10 3.40 565 1.4 0.65 0.63 0.16, 0.07 0.16, 0.07 

P11 4.50 16 0.35 0.25 0.99 0.18, 0.12 0.20, 0.15 
aVon is the turn on voltage, the voltage required for a device brightness of 10 cd/m2 to be reached. bCIE coordinates at turn on 

brightness, 10 cd/m2 . c CIE coordinates at maximum device brightness. 

 Devices were fabricated for polymers P10 and P11 using the structure: glass | ITO 

(150 nm) | PEDOT:PSS HIL 1.5 (70 nm) | LEP (20 nm) | TPBi (20 nm) | LiF (1 nm) | Al (100 

nm). As before, for all of these devices, no other dopants or transporters were added to the 

light emitting polymer (LEP) layer. In addition to the ETL of TPBi evaporated on top of the 
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LEP layer a solution processed HTL of different thicknesses, consisting of the small molecule 

TAPC, was trialled between the PEDOT and the LEP layers for P10. 

 The device results for P10 and P11 can be found in Figure 7.10 and Table 7.4. 

Devices containing P10 showed violet/deep blue EL with λmax of 409 nm and maximum 

E.Q.E. of 1.4% and good CIExy coordinates (turn on CIExy (0.16, 0.07) and peak CIExy (0.16, 

0.07)), exhibiting excellent photostability under operation. P11 also showed violet/deep blue 

emission, again with a λmax of 409 nm but with a substantially reduced E.Q.E. of 0.35% and 

poorer colour coordinates (turn on CIExy (0.18, 0.12) and peak CIExy (0.20, 0.15)) with a 

much reduced photostability. The EL spectra for P10 and P11 can be found in Figure 7.11 

and the CIE plots can be seen in Figure 7.13 in 7.3.5).  

 P10 produced an excellent maximum brightness of 565 cd.m
-2

, for a device of these 

CIE coordinates. This region is heavily affected by the luminosity function (the eye 

Figure 7.10: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymers 

P10-11. Inset to (b) shows the turn on voltages for the four devices in a plot of Luminance vs. V. 
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sensitivity here is very low) making such a high value notable. Combining this with an 

extremely low turn on voltage (3.40V), and potential operating voltage, it is easy to see that 

this polymer is suitable for a wide range of potential uses including display and medical 

devices [35]. P11 has a heavily reduced maximum brightness of 16 cd.m
-2

, barely achieving 

the turn on brightness. In addition, despite there being a deeper blue area of spectrum over 

P10 and the same λmax of 409 nm, the CIE coordinates are poorer than those of P10 due to a 

small tail into the green on the spectrum in Figure 7.11, skewing the coordinates. 

 As with the polymers P1-3, the introduction of the twist in the backbone for P10 has 

had the effect of decreasing the current density passing through the device, due to the broken 

conjugation of the polymer reducing its conductivity. This has lowered both the maximum 

brightness and the maximum E.Q.E. of the device, whilst causing no substantial blue shift in 

EL emission. 

 To further investigate P10, devices of the structure glass | ITO (150 nm) | 

PEDOT:PSS HIL 1.5 (70 nm) | TAPC (60 nm or 90 nm) | LEP (20 nm) | TPBi (20 nm) | LiF 

Figure 7.11: Normalised EL emission spectra for polymers P10-11. Inset shows a magnification of the λmax region. 
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(1 nm) | Al (100 nm) were fabricated. The TAPC layer was solution processed and acted as a 

hole transport and electron blocking layer. Whilst these TAPC thicknesses are both high 

relative to the LEP thickness, it was assumed that a portion would be washed away during 

deposition of the LEP layer leaving a more reasonable thickness behind that could be 

assessed by ellipsometry.  The results of this investigation can be seen in Figure 7.12. Despite 

the device properties not being as good as those for P10 in Figure 7.10, due to a bad batch of 

devices, the general trends observed are still valid. Using the device structure above led to a 

substantial 55% increase in maximum E.Q.E. over the initial device with no TAPC layer. It 

did however result in a 25% increase in turn on voltage, due to the increased device 

thickness, and a 13% decrease in the maximum brightness observed. 

Figure 7.12: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for the polymer P10 

with different thicknesses of the HIL TAPC. Inset to (b) shows the turn on voltages for the four devices in a plot of 

Luminance vs. V. 
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 The changes in turn on voltage and brightness were initially believed to be the result 

of increased device thickness and potential absorption by the TAPC layer respectively. 

However, ellipsometry of the multilayer structures returns a combined thickness for the two 

layers between 19-20 nm. This indicates that the majority, if not all, of the TAPC layer has 

been washed away when the LEP layer is deposited. Despite this, the observed changes in 

device properties fit with those expected for the addition of an electron blocking layer and so 

further investigation will be required to fully explain whether either a very thin film of TAPC 

remains, or whether the two layers have blended. 

7.3.5). CIE Plots and General Device Trends: 

 The CIE plots for the polymers P1-11 are shown in Figure 7.13. Using this figure it is 

possible to see the evolution of the electroluminescence spectra with the different techniques 

used to produce deeper blue emission. From plots a and b it is especially easy to see that a 

large shift towards the blue can be achieved by changing the polymer from para conjugated to 

meta conjugated. A shift in y-coordinate of approximately 0.04-0.09 is observed when 

switching from polymers P4-7 to polymers P1-3. Whilst this is a substantial blue shift, it 

comes at the cost of a heavily reduced maximum brightness and a reduced efficiency, due to 

the reduced transport properties of the polymer caused by the more broken conjugation, 

which makes this technique of limited potential for producing deeper blue PLEDs. 

 A similar effect is seen when the polymer is switched from para to meta conjugation 

between the polymers P10 and P11 in plots e and f of Figure 7.13. This time, however, the 

shift is in the opposite direction, despite there being a large area of deeper blue emission. A 

drastic decrease in device properties is again observed, reinforcing the limited potential of 

using meta conjugated polymers for fluorescent PLEDs. 
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Figure 7.13: Plots of (a), (c) and (e) turn on CIE coordinates (10 cd.m-2) and (b), (d) and (f) peak brightness CIE 

coordinates for the polymers P1-11. 
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 A more subtle shift in CIE coordinates is caused using feed ratio changes between 

polymers P1-3 and polymers P4-7. Opposite shifts are observed depending upon whether the 

polymer is para or meta conjugated and the reasons for this were discussed in 7.3.2) and 

6.3.1). This slight blue shift is again accompanied by a decrease in device properties for 

polymers P4 and P6, when compared to P5 and P7, which again reduces its potential 

effectiveness for producing deeper blue emitting PLEDs. 

 A more successful technique for blue shifting emission is shortening the domain 

length of the polymer by introducing pendant groups of different sizes, and can be seen in 

plots c and d of Figure 7.13. This and the introduction of carbazole units into the copolymer 

as seen in e and f, has the effect of blue shifting the EL emission by around 0.04 along the y-

axis compared to polymers P1-3 into the violet/deep blue regions. This shift is combined with 

either extremely high efficiency devices for P9, or high brightness devices for P10, making 

this a viable technique for engineering violet/deep blue polymers for PLED devices. 

7.4). Conclusions: 

 Eleven polyfluorene based copolymers have been synthesised and used in violet/deep 

blue fluorescent devices. Polymers P1-7 had previously been tested as high triplet hosts and 

were produced with varying ratios of two different S6 derivatives. Also investigated was the 

effect of meta or para bonding the polymers with respect to the pF unit. For the meta 

polymers P1-3 deep blue emission peaking around 415 nm was observed. The ratio of 70:30 

pF to SOCy was observed to have the highest maximum efficiency reaching 2.7 % E.Q.E. 

whilst the ratio of 85:15 had the highest maximum brightness of 81 cd.m
-2

. For the para 

polymers P4-7 deep blue emission peaking around 450 nm was observed. The ratio of 70:30 

pF to SOCy was consistently observed to produce better devices than the 50:50 polymers. It 

was also observed that the bulkier SOCy derivative produced more efficient and brighter 
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devices with polymer P5 producing results of maximum efficiency 3.2% E.Q.E. and a 

maximum brightness of 2500 cd.m
-2

. 

 Polymers P8-9 were new polyfluorene based co-polymers incorporating 9,9-

diphenylfluorene as a conjugation disrupter unit. For P8 the minimal conjugated domain is in 

the main chain whereas for P9 the minimal structure is isolated from the polymer main chain 

by carbazole pendant groups. For P8 deep blue emission peaking at ca. 422 nm is observed 

with a peak E.Q.E. of 3.3% and brightness of 167 cd.m
-2

. For P9, the larger conjugation 

disrupter unit leads to the highest maximum efficiency reaching 3.9% E.Q.E., the highest 

maximum brightness of 274 cd.m
-2

 and violet emission peaking at ca. 401 nm.  

 Polymers P10-11were new fluorene and carbazole based co-polymers where between 

P10 and P11 the carbazole bonding positon to the fluorene group has been changed to 

introduce a twist in the polymer main chain. For P10 violet/deep blue emission peaking at ca. 

409 nm is observed with a peak E.Q.E. of 1.4% and brightness of 565 cd.m
-2

. For P11, the 

disrupted meta conjugation leads to a reduced maximum efficiency of 0.35% E.Q.E., a 

reduced maximum brightness of 16 cd.m
-2

 and a similar emission profile, also peaking at ca. 

409 nm. The efficiency of P10 can be increased by 50%, upon addition of a solution 

processed hole-injection layer of TAPC, but this also results in a decrease of 13% in the 

maximum device brightness. This demonstrates that a substantial boost in efficiency can be 

produced at a slight cost to maximum brightness, whilst still retaining a relatively simple 

solution processed hybrid device structure; further investigation is required to determine 

whether either a very thin film of TAPC remains, or whether the two layers have blended. 

 In conclusion, it has been shown that the polymers P1-11 are capable of producing 

extremely bright violet/deep blue emission at low voltages and with exceptional colour 

stability whilst using a simple PLED architecture. Different chemical engineering techniques 
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have been used to develop polymers in an attempt to produce deeper blue emitting PLED 

devices, with varying degrees of success. Switching from para conjugation to meta 

conjugation has been successfully shown to blue shift emission by approximately 20 nm but 

this comes at the price of heavily reduced device properties making this a less attractive 

technique. Incorporating large pendant groups or carbazole units into the polyfluorene 

copolymer has a higher success rate, producing violet/deep blue devices with high 

efficiencies and brightnesses. 
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Chapter 8 Conclusions: 

 This thesis has focused on using novel methods, such as the simulation software 

SETFOS, to analyse OLED devices and extract important intrinsic parameters that would be 

difficult to obtain otherwise. After establishing the viability of SETFOS as a modelling tool it 

was used in conjunction with previously well documented materials to investigate the effects 

of both phosphorescent dopant colour and concentration on device performance and extract 

important parameters, such as the density of states and carrier mobilities. The information 

gathered from this investigation was then used in the characterization of novel high triplet 

host polymers for OLED applications. When these polymers proved unsuitable hosts for 

phosphorescent dopants they were instead assessed on their ability to perform as deep blue 

fluorescent polymers in undoped PLED devices. These devices were found to have some of 

the highest device characteristics currently detailed in the literature and represent a variety of 

new ways of achieving efficient deep blue emission using PLED devices. 

 In Chapter 4 it was shown that it is indeed possible to reproduce the electronic 

characteristics of physical device using the drift diffusion simulations available in SETFOS 

3.2. SETFOS, however, required the use of parameters from outside the correct range to 

produce the best fits. This highlighted potential limitations within the models used by 

SETFOS which are thought to include a combination of factors. The cross-sectional area of 

the pixels involved and the resistivities of the ITO and aluminium layers were not included 

and SETFOS is believed to be unable to account for the leakage current that occurs in 

devices. Despite this, quantitative values for important device parameters have been extracted 

that fit with the experimentally observed trends. It has therefore been concluded that careful 

SETFOS analysis can be used to successfully support conclusions drawn from experimental 
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device data. In the future it may be possible with further refinements to predict experimental 

device behavior or extract qualitative values for important device parameters. 

 In Chapter 5, nine devices were manufactured for three different colors of 

phosphorescent dopants to investigate the effects of their concentration on device 

performance and different device parameters. Each of the three dopants produced a series of 

devices that behaved in similar, yet individual, manners. Each of the three dopants exhibited 

signs of Förster transfer at low concentrations. The green dopant appeared to operate 

primarily through direct charge trapping; the blue dopant showed signs of acquiring charge 

primarily through Förster, whilst the red dopant appeared to use a combination of the two.  

 The devices were characterized using transient electroluminescence experiments in 

order to determine their carrier mobilities. The carrier mobility increased with concentration 

for both the red and blue dopants, and decreased for increasing concentrations of the green 

dopant. SETFOS simulations were performed to model the J-V characteristics of a selection 

of the devices. The qualitative trends mostly matched those of the experimentally determined 

mobilities whilst their absolute values were not in agreement. This mirrored the conclusions 

drawn in Chapter 4, where SETFOS was found to be able to broadly match the trends but due 

to limitations in the models used was unable to replicate the actual values. 

 Both the concentration and the energy levels of a phosphorescent dopant are 

important when selecting one for devices. The energy levels must be well matched to those of 

the hosts in order to maximise efficient energy transfer between them, but also avoid 

thermally activated back transfer. Concentration is important to device performance as 

significant changes in efficiency are observed for relatively small differences in 

concentration. Despite a number of limitations observed within the SETFOS model, it can be 

used to extract qualitative values and trends to back up experimentally deduced conclusions. 
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 In Chapter 6, seven new polymers synthesized by Durham University Chemistry 

Department were used in devices to assess their viability as high triplet hosts. These included 

three meta conjugated polymers, P1-3, of different polyfluorene (pF) to O-

methylenecyclohexyl (SOCy) ratios and four para conjugated polymers, P4-7, with 50:50 or 

70:30 ratios of polyfluorene to O-Hexyl (SO6) or SOCy groups. The three meta polymers all 

had restricted carrier transport capabilities whilst the para polymers were less restricted and 

achieved much higher current densities. The polymers all had relatively high HOMO/LUMO 

levels compared to the phosphorescent dopants, leading to direct charge trapping of electrons 

on to the phosphorescent dopants, leaving the holes trapped on the host polymers. Little, or 

no, emission was observed from the phosphorescent dopant. 

 Changing the ratios of pF to SO6 or SOCy was investigated in an attempt to promote 

energy transfer from the polymer host to the phosphorescent dopant and to increase the 

carrier mobilities within the devices. Increasing the pF:SO6, or pF:SOCy, ratio from 50:50 to 

70:30 increased the carrier mobilities within the polymer hosts, allowing for increased current 

density or brightness from the device. Simultaneous emission from both the polymer host and 

the phosphorescent dopant was observed for the meta polymer P2, but it was not possible to 

isolate the emission from the phosphorescent dopant.  

 The SO6 and SOCy derivatives were compared directly and it was found that the 

devices with the bulkier SOCy derivative performed worse than the less bulky SO6 derivative. 

Using the blue emitting phosphorescent dopant VK-17-B instead of Ir(ppy)3 was not 

successful, and devices failed to achieve the turn on brightness. The introduction of the 

electron injecting layer TPBi was met with limited success. Emission was observed from the 

phosphorescent dopant, but only at high voltages and after saturation of the polymer host. 
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 The seven polyfluorene based copolymers were found to be unsuitable for use as high 

triplet hosts. Despite possessing a relatively high triplet level, they are also in possession of 

relatively high HOMO and LUMO levels which do not match up well with a number of 

commonly used phosphorescent dopants. There is little or no energy transfer between the 

two, resulting in very low emission, primarily from the host. In addition to this the meta 

polymers have severely hindered charge transport abilities and rely on those of the dopant to 

pass a current density through the device. As such, they are inferior to PVK, or other 

polyfluorene derivatives. 

 In Chapter 7, the seven polyfluorene based copolymers and four new copolymers 

were characterised and used in violet/deep blue fluorescent devices. For the meta polymers 

P1-3 deep blue emission peaking around 415 nm was observed. The ratio of 70:30 pF to SOCy 

was observed to have the highest maximum efficiency reaching 2.7 % E.Q.E. whilst the ratio 

of 85:15 had the highest maximum brightness of 81 cd.m
-2

. For the para polymers P4-7 deep 

blue emission peaking around 450 nm was observed. The ratio of 70:30 pF to SOCy was 

consistently observed to produce better devices than the 50:50 polymers. It was also observed 

that the bulkier SOCy derivative produced more efficient and brighter devices with polymer P5 

producing results of maximum efficiency 3.2% E.Q.E. and a maximum brightness of 2500 

cd.m
-2

. 

 Polymers P8-9 were new polyfluorene based co-polymers incorporating 9,9-

diphenylfluorene as a conjugation disrupter unit. For P8 deep blue emission peaking at ca. 

422 nm is observed with a peak E.Q.E. of 3.3% and brightness of 167 cd.m
-2

. For P9 the 

larger conjugation disrupter unit leads to the highest maximum efficiency reaching 3.9% 

E.Q.E., the highest maximum brightness of 274 cd.m
-2

 and violet emission peaking at ca. 401 

nm. Polymers P10-11were new fluorene and carbazole based co-polymers. For P10 

violet/deep blue emission peaking at ca. 409 nm is observed with a peak E.Q.E. of 1.4% and 
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brightness of 565 cd.m
-2

. For P11 the disrupted meta conjugation leads to a reduced 

maximum efficiency of 0.35% E.Q.E., a reduced maximum brightness of 16 cd.m
-2

 and a 

similar emission, also peaking at ca. 409 nm. The efficiency of P10 can be increased by 50% 

upon addition of a solution processed hole-injection layer of TAPC but this also results in a 

decrease of 13% in the maximum device brightness.  

 The polymers P1-11 are capable of producing extremely bright violet/deep blue 

emission at low voltages and with exceptional colour stability whilst using a simple PLED 

architecture. Switching from para conjugation to meta conjugation has been successfully 

shown to blue shift emission by approximately 20 nm but this comes at the price of heavily 

reduced device properties making this technique less attractive. Incorporating large pendant 

groups or carbazole units into the polyfluorene copolymer has a higher success rate, 

producing violet/deep blue devices with high efficiencies and brightnesses. 

 


