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Abstract 

This thesis reports nano eng ineerg ing of the emission and transport properties of 

organic light-emitting diodes (LEDs). This is achieved by a control of the electronic 

material properties and the photonic device properties. A novel class of conjugated 

materials for electrolurnmescence (EL) applications is presented, based on 

successively branching, or dendritic, materials comprising an emissive core and a 

shielding dendritic architecture. Exciton localisation at the centre of these dendrimers 

is observed in both luminescence and absorption. A detailed quantum chemical 
investigation using an exciton model supports these findings and accurately describes 

the energies and oscillator strengths of transitions in the core and branches. 

The dendrimer generation describes the degree of branching and gives a direct 

measure of the separation and interaction between chromophores. Increasing 

generation is found to lead to a reduction in red tail emission. This correlates with an 

increase in operating field and LED efficiency. Dendrimer blends with triplet 

harvesting dendritic phosphors are also investigated and found to exhibit unique 

emission properties. A numerical device model is presented, which is used to describe 

the temperature dependence of single layer polymer LEDs by fitting the field- 

dependent mobility and the barrier to hole injection. The device model is also used to 

obtain mobility values for the dendrimer materials, which are in excellent agreement 

with results obtained from time-of-flight measurements. The dendrimer generation is 

shown to provide a direct control of hopping mobility, which decreases by two orders 

of magnitude as the dendrimer generation increases from 0 to 3. 

The photonic properties and spontaneous emission of an LED are modified by 

incorporating a periodic wavelength scale microstructure into the emitting film. This 

is found to double the amount of light emitted with no effect on the device current. An 

investigation of the angular dependence and the polarisation of the emission shows 

that the increase in efficiency is due to the scattering out of lossy waveguide modes in 

the organic film. 
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South of Hadrian's Wall: 

Caelum crebris imbribus ac nebulis foedum; asperitas frigorum abest. [... ] nox clara et 

extrema Britanniae parte brevis, ut finem atque initium lucis exiguo discrimine 

internoscas. [ ... ] (solis) nec occidere et exsurgere, sed transire adfirmant. Scilicet 

extrema et plana terrarum humili umbra non erigunt tenebras, infraque caelurn et 

sidera nox cadit. 

C. Tacitus, Agricola, Opera Minora, ed. by: M. Winterbottom and R. M. Ogilvie, Clarendon Press 
(1975) 

Tacitus writing on life in the North: "The climate is objectionable, with its frequent rains and mists, but 
there is no extreme cold. [... ] The night is bright and, in the extreme North, short, with only a brief 
interval between evening and morning twilight. [ ... J (The sun) does not set and rise, but simply passes 
along the horizon. The reason for this must be that the ends of the earth, being flat, cast low shadows 
and cannot raise the darkness to any height. - 

Adapted from H. Mattingly. Tacitus on Britain and Germany, Penguin Classics (195 1) 
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Chapter 1.1niroduction. 

Conducting polymers and electroactive organic materials ha\ýe been at the centre ofboth 

theoretical and applied research for a number of decades. Much research effort has been 

focused on the de\, elopment and the understanding of conducting plastics such as 

polyacetylenes and polyaniline [1-2]. However. the discovery of efficient 

electrolurninescence (EL) in organic materials [3-7] sparked an explosion of interest [8- 

9] in this area of condensed matter physics previously only associated voth high 

temperature superconductors. With the discovery of electrically driven lasing [10] and 

the observation of superconductivity [I I] and the fractional quantum Hall effect [ 12] in 

organic materials, organic electronics must be taken as a serious extension if not an 

entirely new branch of semiconductor physics. Indeed, it has even been shmý-n that 

organic semiconductors are ubiquitous in nature [131 in the form of the reaction centre 

of a photosynthetic light-harvesting complex, . k-hich suggests that there still remains 

much to be explored in this exciting field. 

One reason why organic semiconductors have attracted so much attention over the past 

years, in particular with regards to display applications, is their relative ease in 

processing with respect to conventional inorganic semiconductors. In particular in view 

of large area display, lighting or signalling applications, the potential to cover large, 

even flexible, surfaces with soluble polymers or organic molecules has attracted wide 

ranged interest. The success of readily processable conducting polymers in applications 

such as electrostatic shielding or as antifouling agents, culminating in the award of the 

Nobel Prize in chemistry, has been seen as an indication of the potential behind 

semiconducting organics. 

Low-dimensional electronic and photonic structures are of considerable interest as they 

enable new areas of physics inaccessible with bulk materials to be explored and alloý\ a 

wide range of novel applications previously inconceivable [14]. Polymers and organic 

molecules naturally fall into the category of lo,, N- dimensional materials due to their 

inherent anisotropy and the preferential delocalisation of7r-electrons along the polymer 

backbone. In addition, it has also been demonstrated that organic semiconductors can 

readily be formed to take physical structures of dimensions of the x\avelength of light. 

which is a significailt result [ 15]. Since the proposition of photonic band gaps [ 16] there 

has been considerable interest in creatino periodic -vNavelength scale structures to control 

the interaction of pliotoiis xvith matter [ 17-18]. The organic materials used iii I- F_Ds niav 
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hence be seen as suitable candidates for performim, nanoscale en, -, ineering both of the 
electronic properties as \ý ell as the photonic and optical properties. 

In addition to the prospect of creating physically unique devices out of wavelength scale 

processable molecular semiconductors, a whole nex\ range of de\'ice and material 

physics has become accessible. There are a number of differences in principle betNAeCII 

inorganic and organic semiconducting materials. which are primarily related to the 

nature of bonding in the solids. Most inorganic semiconductor crystals are lield together 

by strong covalent bonds. The intrinsic population of free carriers is hence lo\\ and 

carriers have to be added by doping impurities. Organic semiconductors on the other 
hand are held together bý' weak van-der-Waals bonds in the bulk, whereas co\'alent 
bonds give rise to the intramolecular bonding. The electronic densitý' of states in organic 

semiconductors is hence highly anisotropic and may. to a first approximation, be treated 

as being one-dimensional. Charge carriers hence experience \'erý' different interactions 

with the lattice and are generally much more strongly coupled to lattice deformations. In 

addition, the nature of the 7r-bonds, giving rise to the free charge carriers. results in 

strong electronic couplings. A consequence of this and of the large anisotropy is an 

abnormally strong exciton binding energy, which can be orders of magnitude greater 

than in inorganic materials. Due to the large splitting between singlet and triplet levels, 

singlet and triplet excitons are not freely interchangeable in these materials through 

interactions with the lattice. An important demonstration of this is the liar\'esting of 

triplet excitations out of a light-emitting diode (LED) by using a phosphorescent dopailt 

[ 19]. This was shown to substantially increase the device efficiencý'. 

Significant improvements to the operation efficiency, brightness and lifetime of organic 

LEDs have been made thus far by the development of new materials and cleaner 

synthetic routes. The comparatitive investigation of different materials has led to all 

improved understanding of the photophysical and electronic material properties 

responsible for EL. An important new class of macromolecular materials. bridging the 

gap between polymeric and molecular compounds. are dendrimers, X\hlcll possess a 

fractal rather than a linear geometry. Although dendrimers have been studied 

extensively as noNcl nanoscopic molecules [20] with molecular ý\eigfllts achieNtble 

\\-hich are greater than those of any naturally OCCUrrino macromolecular arranoement. it 

was not until recei-itly that 1, L was dernonstrated in fliese compounds [21-22]. 
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Three current key issues may be identified in the field of organic EL. Fi stly. and most tl ir 

importantly, there is still no sound understanding of the correlation between chemical 

structure and material properties. It has been shown that the degree of interaction 
between conjugated units leads to a strong modification of the emission spectrum in the 

solid state and also to luminescence quenching [23]. This effect is known to be stronglN, 
dependent on the material. Also, the charge transport properties are known to vary 

widely between seemingly related materials [24]. An understanding of the origin of 

these material dependent properties is imperative for the dcsign of new and improved 

materials. 

Secondly, the nature of excitations generated in organic materials is still not fully 

understood. Exciton theory is used to account for most effects observed, but there are 
few accurate theories predicting material properties based on exciton models. Also, 

triplet excitons form a significant contribution to the excitations present in LEDs [25]. 

Although methods have been proposed as to how to generate useful luminescence from 

these excitations [19], there is no full understanding of the exact processes of energy 

transfer due to a poor knowledge of the triplet levels in organics. It is hence of interest 

to investigate both the electronic nature of excitations in organic materials as well as the 

dynamics of triplet excitations. 

Thirdly, organic LEDs are intrinsically extremely small structures with layer 

thicknesses significantly smaller than the wavelength of light. Due to the large 

difference in refractive indices of the materials comprising the LED, strong 

waveguiding effects occur which can give rise to a substantial loss in overall efficiency 

[26]. Although recent devices have yielded efficiencies far above those previously 

thought possible under the limits imposed by waveguide losses and triplet formation 

[27], there is still a significant energy loss within the LED. L- 

This thesis aims to give new insight into the three main issues addressed above. Firstly. 

the nature of charge transport in organic LEDs and the relationship between chemical 

structure and macroscopic device properties. This is illuminated by the use of a nowl 

class of clectroluminescent materials, conjugated dendrimers. Secondly. the nature of 

electronic excitations in dcndrimers is investigated using , pcctroscopic as well a,, 

ouantum chemical technILILICS. The ener2v transfer in orý, anic LEDs is exr)lored further 
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and a dendrimer-based sý-stem designed to harvest triplet excitations in LFDs is 

presented. Finally, a vm'elength scale modulation of the opticallý and electrically active 
layer of the LED is presented, which is a novel and effective approach to directIN 

control the spontaneous emission from an LED. 

The basic physics of devices is reviewed in chapter 22. after which the experimental 
techniques used are described in chapter 3. In chapter 4a novel class of conjugated 
dendrimers are presented, which allow a direct control of the intermolecular interactions 

and the charge carrier mobility through the degree of dendrimer branching and 

chromophore separation. Exciton localisation is observed, \\hich can account for the 

generation dependent features found in the charge transport and the emission. A coupled 

electronic oscillator model is applied to further investigate the system, and is found to 

yield a direct confirmation of exciton localisation in conjugated dendrimers. 

In chapter 5a detailed temperature dependent device model is presented, which can 

account for the observed features of a single layer MEH-PPV LED. Arrhenius type 

activation is observed for the mobility parameters derived from the device model, and 
the barrier to charge carrier injection is found to decrease with temperature in a similar 

manner to the band gap of the polymer. 

In chapter 6, this model is used to further investigate the charge transport properties of 
the dendrimers presented in chapter 4. The majority carrier mobility in films of the 
dendrimer is measured using the time-of-flight technique and compared to ý'alues 

obtained using the device model. The increase in chromophore spacing regulated bý' the 

dendrimer generation is found to lead to a decrease in charge carrier mobility bý- 2 

orders of magnitude. The scaling with the dendrimer hydrodynamic radius is in 

agreement with small polaron hopping theory. 

A novel electrophosphorescent dex, ice is presented in chapter 7. which relies on a 
dendrimer architecture for both the fluorescent host molecule as \\ell as the 

phosphorescent Uucst molecule. The emission properties of the de\-Ice are ilivestigated 

as a function of the driving pulse period. Whereas the steady state emission properties 

can be attributed to preferential charge trapping on the phosphorescent doparit. the 
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dependence on pulse period arises from interactions between long-lived triplet 

excitations. 

Finally, chapter 8 addresses a novel device structure consisting of an LED fabricated mi 

a Bragg grating. The optical as well as the electrical properties of this device are 

discussed. The Bragg grating structure is found to lead to a doubling of efficiency with 

respect to planar devices. 
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2.1 Introduction 

10 

In this chapter the most important physical aspects relevant to organic 

electroluminescence are reviewed, which are later drawn on in the analysis of the 

results. It begins by summarising the photophysics of conjugated materials and the 

electronic processes giving rise to absorption and emission. The specific case of 

intermolecular interactions and excimer formation, which leads to a modification of the 

electronic material properties, is addressed. The dendrimer concept is presented, which 

allows a unique control of the level of interaction between adjacent chromophores 

through the control of the molecular size. Turning to organic LEDs, the device 

operation is discussed in detail and a temperature dependent model for device operation 
is presented. Finally, optical waveguiding effects In LEDs are discussed and a method 

of reducing the loss due to reabsorption by incorporating aB ragg- grating -like structure 
into the device is presented. 

2.2 Photophysics of conjugated materials 

Conjugated materials are a particularly interesting class of organic compounds, which 

exhibit a wide variety of material properties. The term conjugation describes the 

bonding and a simple example is the case of ethene, shown in Fig. 2.1. 

HH 

HH 

Fig. 2.1. Chemical structure of ethene. 

The orbitals of the two carbon atoms forming the ethene compound with the double 

bond are shown in Fig. 2.2. There are four electrons on the outer shell of the carbon 
2-), 2-)P2 

atom, which is in the Is 2s - ground state configuration. In this case the outer most 

two p electron orbitals are unpaired and can mix with the 2s orbitals to give three I 
equivalently hybridised orbitals in the configuration sp 2. These three orbitals lie in a L- 

plane at angles of I-10' to each other. The two carbon atoms in the ethene molecule are 
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bonded together through the (5-orbitals by bonds known as G-bonds. The remaining ý- p 

orbital, which is described as a p, orbital, remains unhybridised and is normal to the 

plane of the (5-bonds. However, due to the close proximity of the two carbon atoms the 

two p, orbitals can also interact forming a further bond, known as a 7i-bond. It is these 

7r-bonds which provide loosely bound electrons which are free to move along the 

backbone of the polymer and give rise to a host of optical and electrical material 

properties. 

Fig. 2.2. Electronic orbitals oj'ethylene. 

Small conjugated molecules provide a close analogy for the electronic structure of 

oligomers and polymers, as seen in Fig. 2.3. The overlap of 7r-orbitals also occurs in 

polymers, leading to electron delocalisation along the polymer backbone. However, it 

turns out energetically preferable to have alternating single and double bonds rather than 

providing a n-bond across the whole of the molecule. This phenomenon, which is 

known as the Peierls' distortion, gives rise to slightly varying single and double bond 

lengths and the opening up of a band gap in the material. The length over which 

electronic delocalisation occurs in a polymer chain is referred to as the conjugation 

length. It is limited by twists and other defects on the polymer backbone as well as by 

impurities such as carbonyl groups [1,21. It is much smaller than the molecular chain 

length, which can have lengths of tens of thousands of repeat units. 

HHH 
III 

c 

c 
ýIe, \ 

ccc 

HH 

Fig. 2.3. Structure of'polvacetylene. 
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The electronic structure of conjugated polymers has often been likened to that of 

inorganic semiconductors with delocalised states forrrung conduction and valence bands 

[3]. However, it has been realised that band theory can only provide a limited 

description of the optical and electronic properties of a small range of conjugated 

polymers. The Su-Schrieffer-Heeger model [3] has been used to successfully describe 

the band-gap of degenerate ground state polymers such as polyacetylene and predict the 

formation of exotic excitations such as solitons. However, these band based theories 

neglect electron- electron interactions, which are generally very strong in conjugated 

systems. A contrasting picture, which has provided explanations of many experimental 

observations, is the molecular exciton model. Rather than forrming free or weakly bound 

electron-hole pairs upon optical excitation, electrons and holes experience a mutual 

Coulornbic attraction resulting in a characteristic exciton binding energy. Furthermore, 

strong confinement to the polymer structure as well as mixing of the excited state with 

the continuum may lead to strong exciton binding [4]. This reduces the energy of single 

photon excitations with respect to the electron-hole band gap. The significant energy 

levels in an excitonic material are shown in Fig. 2.4. 

Free electron-hole pair, no lattice relaxation 
I 

Eb 
I Er(P+)+E, (P-) 

Bu P, + p- 
Eb' 

cz Polaron pair 13Bu 

A 
u 0x 4ý 

Ground state 

Fig. 2.4. Important energy levels in conjugated polymers. The band gap is defined as 

the vertical transition to a free electron-hole pair. A one photon excitation fonns a 

bound electron-hole pair, an exciton of binding energy Eb. Eb 'is the triplet exciton 

binding energy and E,. is the energy required to fonn a radical (also known as polaron 

binding energy) [51. 
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As a change in the charge distribution generated on the backbone of a polymer results in 

a molecular distortion, charge carriers exist in the form of polarons or radical cations or 

anions. Under electrical excitation, bound carrier pairs are hence pairs of positive and 

negative polarons. In PPV derivatives the EL spectra generally closely follow the 
fluorescence spectra, which leads to the conclusion that the joint electron-hole polaron 
binding energy is smaller than the exciton binding energy and electrically generated 

excitations hence relax to the I 'Bu state before emitting [5]. Excitonic effects become 

apparent in a number of spectroscopic measurements, such as photocurrent, 

electro absorption and site selective fluorescence [4,5]. However, depending on the 

degree of the extent of the exciton, excitonically bound electron-hole pairs may be 

expected to yield hydrogenic excitation spectra, which are observed in weakly bound 

excitons in silicon, germanium and some metal oxides, but not in conjugated materials 
[5]. 

In polymers, the emission spectra are generally broadened for two reasons, which makes 

an identification of excitons on the basis of their energetic spectrum complicated. 

Firstly, electronic correlations are generally very strong in conjugated materials. Even a 

small change in charge distribution can lead to molecular distortion which gives rise to 

an exceptionally strong electron-phonon coupling, typically in the order of 0.2 eV. The 

dominant modes of this coupling are carbon-carbon stretch modes, which are visible in 

many spectra. Electronic correlations also exist between carriers on polymer chains, 

which arise in part from the strong anisotropy inherent to the quasi one-dimensional 

density of states of these materials. Secondly, polymeric materials are inherently 

disordered, which gives rise to a distribution of energy levels, typically approximated 

by a Gaussian. Disorder may be manifest both spatially as well as energetically. 

Whereas a spatial distribution in the transport sites has a strong effect on charge 

transport, a distribution in effective conjugation lengths will result in a distribution 

around the band edges which will be manifest in spectroscopic observables. 

The simplest means of investigating the electronic characteristics of a conjugated 

material is by determining the absorption and enussion properties. A common wa of y 

representing electronic transitions is in configuration co-ordinate diagrams through plots tý' 
of the molecular potential energy versus molecular co-ordinate. This is shown in Fig. 

2.5. The ground state wavefunction is shown in the sketch as well as the %vavc fu nct ions 
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of the lowest vibronic (zero phonon) level of the first excited state and the fourth level 

of the first excited state (v=3), which has 3 nodes. Excitations occur from the lowest 

(v=O) vibrational level of the ground state, with the transition amplitude depending on 

the conformation of the molecule. The conformation with the strongest transition 

amplitude is at the equilibrium nuclear co-ordinate position Ple. The shift of the 

equilibrium position between the excited and the ground state represents a 

configurational co-ordinate displacement of the upper state relative to the ground state, 

which is related to the electron-phonon coupling. Transitions occur according to the 

Franck-Condon principle, which states that electronic transitions take place on a much 

shorter time scale than nuclear rearrangements. Transitions are hence drawn as vertical 

lines. 

Fig. 2.5. Configuration co-ordinate representation of optical absorption in organic 

molecules [6]. 

Luminescence occurs following a similar principle and is described schematically in 

Fig. 2.6. In the simplest cýise. the lun-finescence spectrum is a mirror image of the 

IL 4-I I- ... ýI-- 
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absorption spectrum with a certain red shift, corresponding to the Stokes' shift. 

Absorption occurs from the populated v"=O level of the So electronic ground state to 

the various vibrational levels of excited state S1. The excited state can then undergo 

radiationless vibrational relaxation, leading to population of the v'=O level of the 

excited state. Radiative transitions can then occur from this level to the manifold of 

vibrational levels of the ground state. Relaxation may also occur through non-radiative 
decay routes, such as through lattice interactions, which give rise to luminescence 

quantum yields significantly below unity in the solid state. In theory, the relative 

strengths of the specific transitions in absorption and luminescence are similar and the 

emission and absorption spectra should hence have similar shapes. However, due to the 

vibrational relaxation shown in the diagram, the emission spectrum appears as a mirror 
image of the absorption spectrum. The zero phonon transitions do not completely 

overlap due to the effect of the Stokes' shift between luminescence and absorption. 

so 

E 
C( 

Fig. 2.6. Cmifigitration co-ordinate representation of'absorption and emission [4]. 

S. absorpLion S, - S,, emisý*W. ll 
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In many conjugated materials, deviations from the simple mirror image relationship are 

observed. According to the Franck-Condon principle, any nuclear rearrangement occurs 

after electronic transitions. However, the excited state lifetimes in many conjugated 

molecules are in the order of I ns, which provides ample time for a nuclear 

rearrangement of the molecule and a dramatic alteration of the excited state potential 

energy surface. An example of this is free-base porphyrin, where a narrow absorption 
band is found at 420 nm, yet emission occurs in the red in the region of 650 nm. Such a 
large shift between absorption and luminescence is much greater than any possible 

effect through phonon scattering (the Stokes' shift) but can be attributed to a 

conformational change of the molecule upon excitation. In addition, in polymers exciton 

migration may give a contribution to both the red-shift of emission with respect to the 

absorption as well as an asymmetry between luminescence and absorption. Due to the 

weakly interacting nature of excitons, they generally act as rather mobile quasi-particles 

and can move relatively freely along the polymer backbone. Given the comparatively 
long lifetime of excitations, excitons may migrate to lower energy sites in the material 

and accumulate there. The ermssion spectra, such as in PPV, hence appear narrower 

than the absorption, which probes the entire molecular conformation, and are also 

shifted to the red. As mentioned above, electronic couplings and disorder effects may 

lead to strong broadening which also reduces the resolution of the vibrational peaks in 

the emission and absorption spectra. 

Depending on the spins of the excited electron and the vacant hole, excitations may 

exist as triplets or as singlets as described in (2.1). The singlet state is defined as having 

an antisymmetric spin wavefunction, whereas the triplet spin wavefunction is 

symmetric. There are hence three combinations of spins fori-rung a triplet and only one 

possible superposition giving rise to the singlet. 

singlet =I [(TI) 
- (IT)] 

V -2 

triplet (TT) 

I [(T 1) + (IT)] 
V2 

(2.1) 
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Only singlet excitations are dipole coupled to the ground state and can decay 

radiatively. However, both singlet and triplet levels exist in organic materials. The 

difference between singlet and triplet levels is highlighted in Fig. -1.7. Upon 

photoexcitation, charge carriers are raised into the singlet excited state level, from 

which they can decay radiatively. In some materials, in particular in the presence of 
heavy metal atoms, which allow strong spin-orbit coupling, intersystem crossing can 

occur between the singlet and the triplet state, as shown in the right hand side of the 

figure. The emission from the triplet state occurs through phosphorescence, which is 

much slower than straight fluorescence due to the selection rules prohibiting this 

transition. In general, phosphorescence in polymers is extremely inefficient and has 

only recently been observed [7]. The long lifetime, which can be in the range of 

milliseconds to seconds, facilitates quenching of the excitation through impurities, 
defects and bimolecular processes between the mobile excitations. 

Fig. 2.7. Fluorescence (left) and intersystem crossing leading to phosphorescence 

(right) [4]. 

The basic photophysical processes discussed above are highly relevant to the operation 

of LEDs. Singlet excitons may be generated either through optical absorption of a 

photon or through injection of positive polarons and negative polarons at the anode and 

cathode of the device, respectively. This is shown schematically in Fig. -1.8. PositiVe Z-- - 

and negative polarons meet up and combine to form an exciton, which can then decaý- 
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radiatively. However, injected polarons may be equally likely of either spin, so that 

under electrical injection of charge carriers, due to the spin statistics in (2.1 ). only 25 % 

of the excitations generated are singlets. Although this number is currently subject to 

heated debate [8-10] and more recent measurements suggest almost equal formation of 

singlets and triplets, triplet excitations nevertheless play a significant role in the 

operation of LEDs. Due to the presence of charge carriers in conjugated polymer LEDs, 

however, all triplet excitations decay non-radiatively and the phosphorescence is 

quenched. Through a suitable choice of phosphorescent dopant with significantly 

shorter lifetimes, the triplet excitations may be harvested from the device and turned 

into useful radiation, as was demonstrated by the Princeton group [I I]. 

Photoexcitation 

hv 

Photoluminescence 

Singlet Exciton 

hv' 

-. I, 

*"4ý 

Metal Electron Injection Hole Injection 
......... 

e 

* h 
EM01 

ý 
AL", 

ITO 
Negative Polaron Positive Polaron 

Fig. 2.8. Basic processes leading to luminescence in conjugated materials [ 121. 

A problem commonly associated with excitons is the bimolecular interaction between 

like excited state species which can lead to quenching of the excited state and hence of 

the luminescence [4]. These bimolecular reaction processes are well known from the 

study of chemical reactions [13]. Neutral excitations are known to interact with one 

another. This has been studied intensively in the context of photosynthetic systems [14- 

16]. Bimolecular interactions can lead to quenching of excitations which reduces the 

luminescence yield. This has been demonstrated, for example, in the context of polymer 

lasers, where the linear relationship between the pump and the emission intensity breaks 

down above a certain pump intensity [171. The critical parameters in bin-iolecular 

Electroluminescence '0011ý 
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annihilation processes are the concentration, interaction rate and excited state lifetime. 

For triplet excitations, the lifetime is much increased, so effects due to bimolecular 

annihilation are expected to be enhanced. 

Bimolecular decay can be described through the bimolecular rate equation [ 15] given in 

(2.2). 

- -y, n - r2 11 
2 

dt 2 
( ". 

Here, n is the concentration of excitons, 71 is the excited state decay rate of the system 

and 72 is the interaction rate or bimolecular decay constant. The non-linear differential 

equation can be solved through standard numerical techniques such as Euler's method 

(see section 2.5). The solutions for the decay of the excited state population with time 

for different parameters are shown in Fig. 2.9. For 72=0, the decay is single exponential. 

However, for a strong bimolecular decay rate 72=1, the initial decay is strongly 

accelerated, corresponding to a quenching of excitations through mutual interactions. At 

longer times the decay becomes single exponential. This is because the level of 

interaction depends on the concentration of excitons and is reduced at low 

concentrations. The intermediate case shows a more gradual approach to the single 

exponential decay. 

_0 
c 
0 

76 
.6 
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Fig. 2.9. Exciton depopulation with varying degrees of biniolecidar interaction (initial 

concentration no=JO). 
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The measurement of the decay dynamics of excitons requires time resolved detection 

techniques. However, a signature of quenching may also be seen in an integrated 

detection, such as the fluorescence yield measurement, as a function of concentration of 

excitations. In numerical terms, equation (2.2) can be solved for varying initial Z-ý 

concentrations no and the integrated excitation density f 
n(t)dt is computed, which 

0 

corresponds to the fluorescence yield. The results are shown in Fig. 2.10 for a number 

of different parameters. There are three universal features visible. At low 

concentrations, the integrated decay scales linearly with the exciton concentration. 

Above a certain concentration a deviation is observed, giving rise to an average 

dependence of the integrated decay on the square root of the exciton concentration. This 

is in full agreement with the observations by Denton et al. [171. For very high 

concentrations, the integral approaches saturation and the exponent is reduced below 

0.1. It is also seen that for a reduced ratio of radiative to bimolecular decay rate, 

quenching occurs at lower concentrations. 
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Fig. 2.10. Exciton quenching resultingfrom bitnolecidar interaction. 
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The problem of bimolecular decay has attracted considerable attention in the literature. 

An analytical solution was shown to exist by Campillo et al. [16] following the form Z:, 
(2.3) 

(p, (n) (p 
max r In(] +n fnr (2.3) 

where (pf is the fluorescence yield, and r=271/, y2. In Fig. 2.11 it is demonstrated that the 

numerical simulations of the bimolecular interactions agree with this solution. The 

luminescence yield is normalised to be I and defined as the ratio of the calculated 
integrated decay to the linear region in Fig. 2.10. 

1 

_0 0.1 

0.01 

0.001 

71 =1'72=0*01 

0 

Y1=O. O1,21 

0.001 0.1 10 1000 
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Fig. 2.11. Analytical solution of bimolecular decay (2.3) (lines) compared to the 

numerical calculation above (sYmbols). 

It has hence been shown that quenching effects amongst excitons can have a significant 

effect on the detected light en-fission. As the critical density decreases with increasing 

radiative lifetime, excitation densities approachable in LEDs may suffice to give rise to 

quenching, between triplet excitations. Indeed, this has previously been suggested on the 

basis of a strong decrease in electrophosphorescent device efficiency with current 

density [I I]. 
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2.3 Intermolecular interactions 

22 

For any physical system the observable properties of an isolated complex are modified 

when bulk materials are formed. This is a simple consequence of the quantum 

mechanical splitting arising from electronic correlations and exchange interactions. In 

conjugated organic materials as in many organic dye systems, the photophysical 

properties are vastly modified in the bulk with respect to the relatively isolated case in 

solution. There are two important classes of intermolecular states arising from 

interactions, which shall be discussed in the following. The first are aggregates, which 

may be considered as physical dimers, and the second are excimers, which are excited 

state dimers. 

Aggregates result from the overlap between the wavefunctions of two identical closely 

spaced molecules. The ground and excited state wavefunctions of the aggregate system 

are formed through a mixture of the individual molecular wavefunctions. This 

modification of both ground and excited state results in a change of the absorption and 

emission spectrum. In general, aggregation effects are concentration dependent and may 

be observed in highly concentrated solutions as well as in films. An example of a 

polymer in which aggregates form is polyfluorene, where a low energy feature is 

observed in both absorption and luminescence [18]. The luminescence firom aggregate 

states tends to be broad and featureless. The energy levels of the monomers and the split 

dimers which give rise to aggregate states are shown in Fig. 2.12. The coulombic 

binding energy W of the dimer pair is calculated through the expectation value of the 

product of the two monomeric wavefunctions operated on by the intermolecular 

interaction operator. The resulting excitation can be thought of as oscillating coherently 

between the two molecules, rather than being localised on one. 
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Fig. 2.12. Energy levels of monomers and physical dimers. (p, and (p2* denote 

equivalent excited electronic states of two identical molecides interacting with each 

other. In the absence of an interaction energy, ýol*ýo2 and ýplýo2* have the same 

electronic energy, and the excitation will remain on the molecule initiallY excited. A 

non-zero interaction term results in a splitting of the joint levels and the formation of a 

red-shifted or blue-shiftedftature. W' is the coulombic energy of interaction of the 

charge distribution of the excited state of molecule I with the ground state of molecule 2 

[4]. 

The aggregated state exhibits a splitting with respect to the monomer state. However, 

due to the effects of exciton migration emission will often occur from the lowest energy 

site. The relative contributions of the two lines of the doublet depend on the orientation 

of the dipoles, as shown in Fig. 2.13. For dipoles aligned in parallel, the lower energy 

level becomes dipole forbidden, whereas for dipoles aligned head-to-tail the higher 

energy level is forbidden. Randomly oriented dipoles result in a split band with 

contributions from both lines of the doublet. Forbidden transitions result from the 

vectorial nature of the monomeric dipoles, which add up to zero as seen in the figure. 
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Fig. 2.13. Exciton splitting in dimers having the two extreme geometries. The short 

arrows depict the orientations of the monomer transition dipoles. The dotted lines 

denote dipoleforbidden transitions 14]. 

There is a second class of intermolecular species that exhibit the optical absorption 

characteristics of a monomer but reveal a broad, structureless fluorescence spectrum, 

which is a feature of the physical dimer association. These are known as excimers, 

which form between an excited molecule and a molecule in the ground state, despite the 

repulsive ground state potential between them. The reactions that give rise to excimer 
formation are shown in equations (2.4)-(2.6). 

Cleary, as is shown in the upper panel of Fig. 2.14, the lowest excited molecular singlet 

state can decay emitting normal fluorescence: 

S 1* --> So +hV, j, (2.4) 
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Alternatively, collisional quenching of the Sj* state by a ground state So produces the 

excimer state El*: 

Sl* + So ---> EI* (2.5) 

Finally, the excimer may decay radiatively: 

El* --ý SO + SO + hVEv(imer (2.6) 

The ernission from an excimer state to a repulsive ground state which causes a spectral 

broadening is shown in Fig. 2.14 in comparison to the case for the ground state dimer 

complex. 
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Fig. 2.14. Electronic transitions in ditners. Upper panel: absorption and emis. ýion froill 

an aggregated ýystem with stable ground and excited states. Lower panel: emission into 

the repulsive groundstate of an excimer [191. 
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There has been considerable interest in the identification of the contribution of 

intermolecular interactions to the luminescence of conjugated polymers [20-26]. There 

is also a considerable body of theoretical work which has been devoted to the excimer 

problem and the nature of such an excited state [27-30]. Excimer emission is generally 

inefficient and excimer states hence act as quenching sites for luminescence. Recent 

calculations by Tretiak et al. [30] confirm this and demonstrate that low-lying modes 

with weak oscillator strengths are formed between PPV chains at proximities of less 

than 4 A. 0 

2.4 The dendrimer conce 

Organic semiconductors can generally be divided into two classes of materials, small 

organic molecules and polymeric materials. However, there is an interesting class of 

macromolecular materials in between, with a branching exponential rather than a linear 

geometry. These materials are known as dendrimers. Over the past decade there has 

been rapidly increasing interest in dendritic molecules from a large variety of research 

areas [31-41]. A large number of publications and patents were produced by Tomalia 

and co-workers [3 1 ], who identified dendrimers as materials suitable to imitate naturally 

occurring light-harve sting complexes important to photosynthesis. Further interest in 

dendrimers has been as molecular drug delivery systems, employing molecular 

recognition features incorporated in the branches, or dendrons [31-32]. A remarkable 
feature of dendrimers is the ability to localise energy on the centre of the molecule 

through correct choice of the energy gradient between core and dendrons [33] 

Dendrimers can be constructed to consist of a luminescent conjugated core region - 

either monomeric, polymeric or molecular - surrounded by hyperbranched, conjugated 

side groups or dendrons. This is shown schematically in Fig. 2.15. The conjugation is 

broken between the different conjugated units, which can be achieved by ineta- 

conjugations or carbonyl linkers, for example. Excitations are hence not delocalised 

across the entire molecule. 
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Fig. 2.15. Schematic structure of conjugated dendrimers. A conjugated core is 

surrounded by doubly branched conjugated dendrons, forming a second generation 

dendrimer. The different conjugated groups are linked through linker units (L). The 

dendrimer is surrounded by sur 11 face groups (S), wluch control the i teraction with the 

environment. 

Energy localisation at and funnelling to the centre of dendrimers has been demonstrated 

in a number of systems [33,40-43], although to date no practical applications have been 

found. The fact that the dendrons posses three contact points within the dendrimer, two 

of which point away from the core, suggests from a mere statistical argument that 

excitation energy should diffuse from the core to the periphery [44]. Indeed, such 

systems, where the enussive centres are localised on the dendron periphery, have been 

demonstrated [32]. However, dendrimers can also possess a unique shielding effect, 

which protects excitations from interactions with the environment. This has been 

demonstrated conclusively by the encapsulation of emissive centres in a dendrimer 

architecture. In work carried out by Meijer and co-workers, a reduction in aggregate 

emission was observed for Bengal Rose shielded in this way [45]. A most remarkable 

effect of energy localisation has been demonstrated by Aida and co-workers, who found 

that their dendritic macromolecules could be photolsomeriscd by the absorption of a 
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number of infrared photons rather than a single ultraviolet photon [41-42]. This result. 

which is yet to be reproduced in the literature, suggests that the dendrImer architecture 

inhibits all radiative and non-radiative decay modes for excitations at the core, so that 

quanta of infrared radiation can simply add up, finally leading to photo iso merisat ion. 

Although dendrimers are optically fascinating systems and may well find applications in 

artificial light-harve sting devices, no applications have been demonstrated as yet. A 

further area of interest has hence been in electroactive dendrimers [46-47] and the effect 

of the dendritic architecture on oxidation and reduction. Dendritic or starburst materials 

have also been used as charge transporting materials [48-53], in particular for organic 

LEDs. However, the possibility to independently control the emissive core and the 

dendrimer architecture, the potential shielding and localisation of excitations as well as 

the possibility for energy funnelling make conjugated dendrimers extremely interesting 

as materials for organic LEDs [54-57]. In effect, conjugated dendrimers allow a 

nanoscale control of the electronic properties of organic semiconductors. The wide 

range of emission colours available to organic LEDs has frequently been cited as a key 

benefit of these devices over conventional devices. Using conjugated dendrimers, Halim 

et al. demonstrated that the emission spectrum of dendrimers in a common architecture 

can be tuned throughout the visible spectrum [56]. The dendrons provide a means of 

controlling the ordering and microscopic packing of the emissive chromophores, which 

is extremely important in the operation of LEDs, as it affects both charge transport and 

interchromophore coupling of the emissive dipoles. Finally, the interaction of the 

molecule with the environment is of great importance. The surface groups of the 

dendrimers provide a method of controlling the solubility, which can be extremely 

useful in the fabrication of solution processed multilayer devices. 

2.5 Primary photoexcitations in dendrimers -a guantum 

chemical approach 

The development of quantum theory and the phenomenal success of describing the 

properties of atoms fuelled the desire to be able to calculate and predict the 

characteristics of molecules and even solids. Yet ewn the simplest approximations 

made in theories of bulk systems have only recently become practical due to the 
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enormous increase in computational power. A complete quantum mechanical 
description of a molecule requires the calculation of all orbitals as well as the interaction 

between all of these orbitals and the states resulting from electronic splitting. Depending 

on the parameters which are to be predicted, calculations may hence contain a vast 

amount of redundant information. A number of frameworks have been developed within 

the field of quantum chemistry, suitable for different applications [58]. In the field of 

conjugated organic semiconductors, one of the parameters of greatest interest is the 
band gap of the material, which ultimately controls the emission colour. In the previous 

section the benefits of the dendrimer concept were discussed, which provides a 

molecular framework for a controlled variation of the emission properties of molecules 
for EL applications. It would be highly desirable to be able to predict these emission 

properties merely on the basis of the chemical structure of the molecule. 

There is an extensive body of work on the application of quantum chemical techniques 

to polymers and other organic materials. Both semi-empirical (e. g. intermediate neglect 

of differential overlap sum over states (INDO-SOS) [59,60]) and ab-initio calculations 
[61] have provided rather good predictions of the electron-hole separation in PPV. 

However, experimental data on polymers are statistical in nature due to the intrinsic 

distribution of conjugated lengths, which can be a factor of 1000 shorter than the actual 

chain length of the polymer. In contrast, conjugated dendrimers provide ideal systems to 

apply the methods of quantum chemistry to, due to their well defined cherru*cal structure 

and distinct chromophore. Yet to date there have been few attempts to calculate the 

electronic properties of dendrimers as they are simply too big for most current 

approaches to deal with. Whereas the polymers are linear systems and can be broken 

down into oligomeric components, the dendrimers are exponential and can hence be 

separated into different units only under special conditions. 

Recently, a novel approach to calculating the spectroscopic properties of organic 

molecules and polymers was developed by Mukamel and co-workers in Rochester [62- 

66]. The coupled electronic oscillator (CEO) method is designed to calculate the excited 

state rather than the around state or the perturbed ground state, by implicating the Z-- Zý' 

creation of a coupled hole and electron forming an exciton. This idea is particularly 

relevant to organic materials with large exciton binding energies and molecules with L- Z7 

strong electron correlations, such as conjugated molecules. L- 
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The optical response of a quantum system is determined by the associated set of many- 

electron eigenstates lv>, lfl>, 
... and the corresponding energy ei-jenvalueS E\,, Efl, ... The 

many-electron wavefunctions hence describe all n-body properties of the material. 
However, even for the smallest of molecules computational limits are soon reached. 
Fortunately, most of the information contained in the quantum states of the system is 

redundant, as the observable optical properties of a material depend only on the 

expectation values of one- and two-electron quantities. An accurate picture of the 

relevant physical processes may hence be gained with a much reduced description of the 

quantum mechanical parameters governing the system. This idea of a reduced variable 

set is the basis of density-functional theory, which employs only the ground state charge 
density profile to give the ground state energy [67]. The CEO technique uses a similar 

concept of a reduced variable set, i. e. a functional rather than a wavefunction basis set, 

yet with the important difference that the excited state energy is calculated rather than 

the ground state energy. The CEO single-electron density matrix is hence defined as 

(VICn 
Cm 177) (2.7) 

where Iv> and Ifl> are global electronic many-electron eigenstates of the molecular 

system and c,, ((-,, ) are the electron annihilation (creation) operators for the basis set 

describing the electron on the n-th orbital. n and m are indices denoting the atomic basis 

functions, i. e. the wavefunctions describing the electrons in the individual atoms 

comprising the molecule. For v=fl, p is the reduced single-electron density matrix of the 

state v, whereas for v#ij, p describes the density matrix resulting from a transition 

between the states v and TI. 

Under optical excitation, the time-dependent global wavefunction of the molecule 

becomes a coherent superposition of states following the Fourier series 

E (t)l V) (2.8) 
v 
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The corresponding time-dependent density matrix describing an electronic tran,. Itlon of 

the molecule from v to il is then given by 

(t)lc' Y (t)) a* (t) a, 7(t) p "I nv nm 
V, 77 

(2.9) 

It is hence possible to relate the time-dependent single electron density matrix resulting 

from an external driving field to the molecular density matrix. 

The optical response involves only reduced information about the global eigenstates, 

which is contained in the matrix subset p"v defined In (2-7). The above definition of the 

single-electron density p'lv implies that it is necessary to first calculate the molecular 

eigenstates 171> and lv>. Fortunately, the matrices p -qv and frequencies ý2v can be 

calculated directly using the time-dependent Hartree-Fock theory. The calculation of the 

many-body eigenstates, which is complicated and virtually impossible for larger 

molecules, can hence be avoided. The time-dependent Hartree-Fock approximation 

states that the many-body wavefunction is determined by a single Slater deterrminant for 

all times and can hence be described by a closed equation of motion involving only the 

single-electron density matrix. In summary, this approximation results in an oscillator, 

or quasiparticle, picture of the optical excitation of the molecule. 

The closed equation of motion for a molecule under excitation by an optical field E can 
be described in terms of the commutators of the Hartree-Fock Hamiltonian F, the dipole 

moment, u and the single-electron density p. By expanding p(t)=po + 5p(t), one obtains 

at at 
[F (p) p] (t) ýI, (2.10) 

which yields a set of KxK equations, where K is the number of aton-uc orbitals. The 

ground state single-electron density, which is the effective input to the CEO calculation, 

is obtained from INDO/S (spectroscopy) calculations involving all open shell orbitals 

(e. g. I orbital for hydrogen, 4 orbitals for carbon). The INDO/S orbitals are 

parameterised to reproduce the band-gap of polyacetylene at room temperature. The 

solution of the equation of motion can be greatly simplified h\ restricting the equations, 
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to those containing only occupied (electron) - unoccupied (hole) pairs of orbitals. To do 

this, 8p(t) is decomposed into two components 

(5p (t) =ý (t) (2.11) 

where 4 represents the electron-hole part of the transition matrix, the interband 

transition, and T(4) represents electron- electron or hole-hole transitions, i. e. transitions 

within a band. The matrix elements of the interband transitions are hence given by 

(ý, ),,,, =v lcm ( +c,, (2.12)) 

The two components of the density matrix are shown schematically in Fig. 2.16. 

2LP T 

K 

Fig. 2.16. The single-electron density matrix in terms of the possible electronic 

transitions: particle-particle (p-p), particle-hole (p-h), hole-particle (h-p) and hole-hole 

(h-h). The dimensions of the matrix p are defined by the size of the basis set K (which is 

generally IxNo of H atoms + 4xNo of C atoms). In this representation there are N 

occupied orbitals and K-N unoccupied orbitals [66]. 

The complete expansion of the electronic density matrix in terms of the electronic 

normal modes 4, takes the form 

i5p + a, * (2.13) 

where each ý, - has a corresponding eigeneneray 91, The electronic modes descr'bc 
L- 1: 7 1 

collective motions of electrons and holes but carry much les, ý information than the 
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many-body molecular eigenstates. The diagonal elements (40nn represent the net charge 

induced on the n-th atomic orbital in the presence of the driving electric field. whereas 

the off-diagonal elements (40mn m#n define the joint amplitude of an electron being on 

orbital m and a hole on orbital n. Electronic modes are hence directly related to the 

motions of optically induced charges and electronic coherences. The correspondence 
between the optical excitation and the real-space CEO picture is shown in Fig. 117. r__ - 

Delocalization ofoptical excitation 

hv DiaLollal "I/C L, j 
Cohcroncc ýIlc Lc Hectron-hole 

pair (ewilon) 

N 

(N. N) 
I 'r11 Ill 

(1.1) _______ In (eIecroii 

no clim ge (ranster 

1ý, Tllll 

1ý11111 j<<j, ', 
l)lnj hole tiallsfer (III ---ý 11) 

Fig. 2.17. Real space representation of optical excitations in an NxN matrix, where N 

corresponds to the number oj' charge carriers. III the single-electron approximation 

only one electron per carbon atoni is considered, so N hence corresponds to the number 

ofcarbon atoms or the molecular size. The exciton generated bY an incident photon can 

be characterised in terms of the coherence length and the diagonal length. The 

coherence length Lc is given by the anti-diagonal ividth oj the density matrix and defines 

the distance the electron and hole ('an move apart. The diagonal size Lj defines the 

distance over which the excitation can reside within the molecule, as illustrated above 

Jor the case ofpol. vacet. vlenc. An asymmetn' within the transition niatrix is indicative of 

. 
1e a chaqe tran, ý ýrstate /66/. 
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Two important quantities are defined in Fig. 2.17: the coherence size Lc and the 
diagonal size Ld- Whereas the coherence size measures the coherence between electrons 

and holes on different atomic sites within the molecule, the diagonal size describes the 
degree of localisation of optical excitations. This form of representation is hence ideally 

suited to investigate the concept of energy localisation in conjugated dendrimers. 

The eigenfrequencies Q, and the time dependent Hartree-Fock equations provide the 

optical transition frequencies [65]. The linear polarisability cc(w) is then given by 

Mv,, u 
a(co) =E 

v 
g2 2_ (Co + jr, ) 2v n2 

_ 
(C t + jr, ) (2.14) 

where f, is the oscillator strength of the g (ground state) to v transition, F is the line 

width (or relaxation rate/dephasing), and [t is the dipole moment operator. The dipole 

moment is a single-electron operator which may be written in the form 

,u=+ (2.15) 
Y,, 

UnmCn Cn 

nm 

The transition dipole operator can hence be written as 

v (2.16) 
lugv 

(g A V) P, 
M 

AIM 

nm 

The single-electron density matrix and the corresponding eigenvalue ý2v hence contain 

all the information needed to calculate the linear optical response. 

2.6 Device models 

2.6.1 Introduction 

In spite of the remarkable progress in the field of organic electrolurmne,, cence and the 

larue ranae of improvements made to device structures and materiak chemistr\ and L- - 
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purity, organic devices remain inherently complicated in operation in contrast to their 

simplicity in fabrication. For example, the nature of charge transport I nj , 
in co *UGated EL 

polymers is a current key interest. Time-of-flight measurements have shown that the 

mobility can change by orders of magnitude in seemingly related compounds. and so 

can the exhibited dependence on the applied field [68]. In most cases the electron 

mobility is smaller than the hole mobility, yet recent space charge limited current 

measurements on MEH-PPV suggest that electron and hole mobilities are virtually 

identical [69] -a result which is not matched by time-of-flight data [70]. Some devices I L- 

exhibit a strong dependence on temperature, and whereas some structures have shown 

an increase in efficiency with increasing temperature [71], others show a decrease. (An 

example of this is discussed in Chapter 4, where the single layer device efficiency is 
found to decrease 50-fold as the device is heated from 10 K to 300 K). Overall, there 

has been remarkably little work on the temperature dependence of LEDs, although the 

temperature dependence is a standard tool of investigating charge transport in 

semiconductor physics. Most EL polymers are intrinsic semiconductors, but can exhibit 

a varying degree of doping, which is particularly strong for precursor materials [72,73]. 

Yet there appears to be no intrinsic limit to the current density a device can support, 

provided the electrical excitation is sufficiently short to allow ohmic heat to dissipate. 

However, whereas the Cambridge group have suggested that the mobility decreases at 

high currents [74], results from Los Alamos suggest the opposite [75]. 

A significant complication in understanding the operation of LEDs comes from the 

nature of the polymer/metal interfaces in the device [76-79]. Generally, a polymer LED 

is fabricated by spin-coating a polymer film onto an ITO substrate and then evaporating 

a metal cathode on top, forming two very different interfaces. Whereas the ITO/polymer 

interface is extremely sensitive to ambient impurities trapped between the polymer and 

the electrode as well as impurities introduced by the ITO itself, the polymer/cathode 

interface is sensitive to the evaporating conditions such as rate and base pressure. 

Organic materials are chemically very sensitive and can hence decompose or react with 

the metal upon evaporation. Thinking in terms of a ricyid band offset as for inorganic Cý Z__ - 

metal/semiconductor interfaces is hence an oversimplification. Furthermore, the 

polymers are amorphous molecular materials and hence possess no equivalent to a hand 

continuum. Charge transport is -v, cr\, different to the case of inorganic materials. where 

scattering effects dominate in single crystals. In the case of pok niers. the bands are 
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generally very narrow, which reduces the scattering effects. but due to the disorder 

inherent in these materials there is a broad distribution of energy levek. which 4: D 
considerably complicates the view of charge carrier injection and transport. 

An extensive body of experimental and theoretical work has focused on the effect of 

energetic and spatial disorder on the charge transport in conjugated polymers. The most 

noteworthy model resulting from this research is the Gaussian Disorder Model which 

was developed by Bdssler and co-workers on the basis of Monte Carlo simulations [80]. 

The key feature of this model of Miller-Abrams type hopping transport in a disordered 

medium is an exponential square root dependence of the mobility on electric field. This 

dependence, which is also known as the pseudo Poole-Frenkel effect due to the 

conceptional and functional similarity to the increase in conductivity in ionic media by 

the presence of an electric field as described by Poole and Frenkel [81], has been 

observed in numerous mobility measurements on polymers and other organic materials. 

Although the idea of a field-dependent mobility is counter intuitive and contradictory to 

the conventional semiconductor theories of Sommerfeld and Bloch, it has been shown 

to be a direct consequence of disorder. Recent analytical work has also confirmed the 

universality of the field dependence of the mobility in hopping transport in disordered 

media [68,82]. 

It has recently been shown that the current-voltage characteristics of ITO/MEH-PPV/Al 

LEDs can be described by a model, which considers single carrier transport (hole 

polarons only) [83]. The model combines the injection processes of the tunnelling, 

thermionic emission and the interface recombination currents [84] with the bulk 

transport through the diode. Although the authors demonstrate that the injection terms in 

their model adapt well to varying work functions [85] of different injecting electrodes, 

the temperature dependence has not been considered [86] and comparison with data is 

only at room temperature. 

In this section the operation of single carrier diode structures is reviewed briefly and a 

device model is presented, which is later used to describe the device operation of LEDs 

made of different materials. 
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2.6.2 Analytical models 

The Fowler-Nordheim or field emission tunnelling theory has been widely used to 

analyse current-voltage characteristics in terms of the barrier to injection for majority 

charge carriers although its shortcomings have been discussed at length in the literature 

[87]. Following Parker [88], for carriers tunnelling through a triangular barrier, the zlý 
logarithm of RE 2 is proportional to the inverse of the field. which allows the 

determination of the barrier height: 

J=CXE 2 xe (2.17) 

C 3e 2 

8Ah ýp 

8. Nr2- 
-em 3 

3h 
(p 2 (2.19) 

where e is the modulus of the electron charge, h Planck's constant, m the effective mass 

of the hole polaron which is taken to be the electron mass and T the barrier height to 

injection in eV. 

Initial studies by Parker [88] on MEH-PPV clearly correlated the device performance, 

current-voltage characteristics and efficiency, with the work function of the injecting 

contact, highlighting the importance of charge carrier injection in the description of 

organic LEDs. Fowler-Nordheim tunnelling theory has found much attention as an 

explanation of the observed current-voltage characteristics in polymer diodes [88-91]. 

There are a number of problems with models based on tunnelling: the fits are poor in 

the sense that they typically only follow the measured data over one order of magnitude 

of current density, the tunnelling theory overestimates the current density by many 

orders of magnitude [90,92] which implies the presence of other processes such as 

image charge effects and carrier recombination; and the barrier heights determined by a 

Fowler-Nordheim analysis are typically smaller than values calculated from direct 

measurements of the built-in electric field and the offset between the metal work 

function and the highest occupied molecular orbital (HOMO) of the polymer [93-95]. 
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In contrast, thermionic emission has been invoked to explain the characteristics 

observed in a number of LEDs, most notably precursor PPV devices studied by the 

Bayreuth group [721. Impedance spectroscopy was combined with I-V measurements to 

determine the width of the depletion zone of LEDs, which implied a certain level of 

doping [73]. Interesting results have also been obtained by combining these experiments 

with measurements of thermally stimulated currents [96]. The trap distributions 

obtained from both these techniques were found to be in remarkable agreement. Internal 

photoemission and electro absorption measurements have confirmed the presence of a 

Schottky contact formed at the metal/polymer interface [931, although for many systems 

it appears that the depletion region is larger than the actual device [97]. In contrast to 

tunnelling, a current governed by therrnionic ern-ission is thermally activated and has an 

exponential bias dependence of the form 

J=J, (exp eV 
nkT 

(2.20) 

where J, is effectively a constant depending only on temperature and effective electron 

mass and n is the ideality factor which is -1 at high temperature. Additionally, the 

Schottky effect describes the image force barrier lowering induced by the electric field 

present at the barrier. Although a rigorous analysis of this is complicated, a recent 

derivation combining Langevin type recombination and the Schottky effect specifically 

for the case of a metal/polymer interface led to a functional dependence of the current 

on the applied field which is approximated by a square root relationship [98]. 

An alternative approach to modelling devices by considering the injection current is to 

assume an ohmic contact and view the low mobility of the material as the current 

limiting factor. Analytical models have been used successfully to describe space charge 

limited conduction in ITO/PPV/AI(Ca) LEDs [97,99-101]. Using either an exponential 

distribution of traps in the material or the universal concept of a field and temperature- 

dependent hopping mobility in the trap free limit or a combination of both. good L- 
agreement with experiment has been found. Although capacitance-voltage 

measurements on MEH-PPV [102] and PPV [73] clearly demonstrate the prescnce of 

traps in polymer LEDs and the creation ot' a Schottky barrier with a charge carrier 

depletion region, the contributions of these trapping sites to the actual conduction I 
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process ýemains as yet unclear and appear to be linked to the variation of mobility with 

applied field. Conwell et al. [87] obtained equally good fits to ITO/MEH-PPV/Ca 

devices considering both the trap-free and the trap-filled limits. 

Conjugated polymers have low mobilities in the order of 10 -6 CM2/VS which tend to 

limit the current flow when sufficient current is injected through or over the barrier. 

This phenomenon is known as space charge limited current flow. Detailed models well 

known from inorganic semiconductor structures as presented by Lampert and Mark 

[103] have been applied successfully to PPV LEDs to explain IN characteristics, 

transient and static capacitance voltage measurements and temperature dependence. The 

best fitting models assume an exponential distribution of traps around the conduction 

band, which is in accord with the predictions made by the disorder model [80,97]. 

Space charge limited current is manifest through a voltage rather than a field 

dependence of the current, which is usually expressed in the form of a power law. A 

frequently cited form of this dependence is given by Child's law in the trap free 

insulator [103] 

3 

reo V2 

;j e0 (2.21) 

A further important case of space charge limited currents is the trap filled limit, where 

traps with a single energy level are present in the material. This results in the often cited 

bias squared dependence of the space charge limited current. 

j= 
9EEOJUV2 

8d' 
(2.22) 

In many systems the trapping levels are described by an exponential distribution, which 

results in more complicated power-law dependencies of the current on the blas. As will 

be discussed below, it is not possible to obtain a full physical picture of traps in a 

semiconductor merely from the I-V characteristics. as the concept of a field-dependent 

mobility is not compatible with large distributions of traps. 
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2.5.3 A combined device model 

40 

The calculations presented in chapters 5 and 6 of this thesis are based on the device 

model for single carrier organic diodes by Davids et al. [83]. The model gives a good 
description of MEH-PPV devices with various metal contacts [85] over a wide range of 

current densities. The creation of a Schottky barrier [102] and the resulting band 

bending and image charge effects are taken into account in the injection current. Due to 

the low mobility of the material there is a recombination current at the interface which 
depends on the degeneracy of the polymeric semiconductor. An extension of the model 

is presented here to account for the temperature dependence of device operation. Also, a 

number of simplifications are made to the model without impairing its physical 

accuracy by neglecting both the time dependence and the diffusion term of the current 
density, as has also been proposed by Kawabe et al. [92]. In the model by Kawabe et al., 
however, no experimental data are presented and the injection is described only 

qualitatively in the high field regime by applying the tunnelling formalism and 

neglecting the field dependence of the mobility. 

The temperature dependence is accounted for both in the injection terms (the thermionic 

emission and the interface recombination current) and in the transport (through the 

mobility). It is assumed that other physical parameters of the material remain constant 

with temperature, in particular the dielectric constant, the effective charge carrier mass 

and the hole polaron degeneracy, which determines the charge carrier density injected 
into the polymer. 

The model does not explicitly take into account the presence of traps in organic diodes 

or the effect of structural and energetic disorder. The mobility is described through the 

field-dependent variable range hopping process from one localised state to the next. As 

remarked by Pai [104], the field-dependent mobility includes the effects of charge 

trapping sites phenomenologically, which has previously led to difficulties combining 

both an exponential trap distribution and field-dependent mobility in analytical models 

[97]. Also, it has been demonstrated that a field-dependent mobility arises naturally 
from the disorder of an organic semiconductor [68,82]. 
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The model and calculation is based on work published by Guminel and Scharfetter 

[105] on inorganic diodes. It has a complete time dependence and is numerically rather 

intensive. For hole only devices the model may be simplified to the three equations 

Lp 
+1 

aj 
=G-R (2.23) 

at e ax 

J= eu(PE - 
kT ap 

(2.24) 
e ax 

aE e (p - n) (2.25) 
ax E 

Where J is the current density, x the distance from the hole injecting anode, E the 

electric field, e the magnitude of the electron charge, F_ the dielectric constant, ýt the hole 

mobility, p the hole density, n the electron density (=O), G the carrier generation and R 

the carrier recombination rate. The continuity equation (2.23) is based on the 

assumption that generation and recombination is bimolecular in the absence of traps. 

This is an important statement, as it implies that the model physically neglects the 

influence of traps in the current flow. However, practically some contributions of the 

effect of traps on transport are included in the field-dependent mobility. 

Neglecting the time dependence and the minority current, the equations take the form 

W_0 (2.26) 
dx 

dE e 
=-P (2.27) dx c 

J= eupE (2.28) 

The presence of electrons in the device is ignored, as the barrier height to electron 

injection from aluminium (approx. 1.4 eV [83]) is more than twice the barrier height for 

hole injection from ITO [93]. On the basis of the internal quantum efficiency of the 

device which is in the order of 0.05% [88], it is estimated that the electron current is of 
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order I% of the hole current for these contacts. For more efficient device configurations 

with calcium cathodes the electron current wiH contribute to the overall device current, 

and the effect of negative space charge on the injection of holes at the anode is likely to 

be of greater importance when simulating device operation. In the case of these devices 

with ITO and aluminium contacts the built-in potential in the LEDs is small compared 

with the large operating biases and has been neglected. These simplifications for 

effectively single carrier devices with high turn-on fields, low charge carrier 

concentrations and relatively high barriers to injection have no effect on the calculation 

of the charge carrier mobility as a function of temperature. 

In the simple treatment of the diode as a parallel plate capacitor, the boundary condition 

at the anode, the electric field at x=O, is given by the charge density per unit area Q 

present on the injecting anode. This charge may be chosen arbitrarily to calculate the 

current for a certain boundary field and hence for a given voltage, the integral of the 

electric field across the device. 

E(, =O)=Q/E 
(2.29) 

The charge carrier density at the interface is given by the current injected at the 

interface, which is a superposition of the tunnelling current, thermionic emission and 

interface recombination, the time reversed thermionic emission: 

J(x=O)=JFN+JTfE-JfR (2.30) 

where JFNis the tunnelling current taking into account the image force barrier lowering, 
JTrE is the thermionic emission over the Schottky barrier and JrR is the interface 

recombination current. 

The low mobility and resulting interfacial build-up of space charge also results in a 

lowering of the injection barrier height through image force effects [106,107]. This is 

expressed in a field-dependent form of the barrier height: 
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El, (2.31) 

43 

where (D is the offset between the HOMO level of the polymer and the metal work 
function. 

The thermionic emission current hence takes the form 

E, 

JTIE=AT 2eU 

with A being Richardson's constant. 

(2.32) 

The recombination current is proportional to the carrier density at the interface but is 

otherwise of the same form as the thermionic emission current: 

JIR :- 
AT 2 

P(., 
=O) 

no 
(2.33) 

no is the density of conjugated chain segments times the number of ways that a chain 

segment can be occupied by an electron or hole, i. e. its degeneracy. It can be estimated 

by density of states calculations and a value of 10 21 CM-3 has been suggested [83]. It is 

by no means clear how this quantity depends on temperature. Whereas conventional 

semiconductors ideally display an exponential dependence of the number of charge 

carriers on temperature, resulting from thermal excitation of electrons from valence to 

conduction band, adding or removing an electron from a polymer will not generate free 

electrons or holes at the conduction or valence band edges [1081. The physical reason 

for this is that the electronic degrees of freedom couple strongly to structural 

deformations due to the one-dimensional electronic structure, so that charge transfer 

leads to molecular distortion, which is known as a polaron. This effect has been widely 

studied in electronic energy calculations of polymers. Campbell et al. have suggested a 

value of 1020 CM-3 for the effective density of states but claim that the product of ýtno is 

apparently temperature independent [97], indicating a temperature-dependent variation 
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of no. The dielectric constant is taken to be in the order of 3co and is not thought to 

qxhiýit 4 ýignifiqpt tqmpqrgVrq Oqpqnoqnqq, 

The tunnelling current can be expressed in a simple form as suggested in equation 

(2.17), however neglecting the effects of image force. A more complete model uses the 

WentzelýKramers, Brillouin (WKB) approximation to calculate the tunnelling current 

under the effect of barrier lowering [106,109]. The resulting current takes the form: 

JFN = J, exp 
E, v(y) (2.34) 

E, t(y) E, 
O) 

Where 

EI= 
4-\le(P 2 

(2.35) 
3a, -JR 

it = 
2me 3(1)2 

(2.36) 
9 (ma 0)2 hR 

Where R is the Rydberg, ao the Bohr radius. Here 

eE(, O) 

V=c (2.37) 
(D 

and 

(I + , )112 [E( FI+- 
I', 

yK( (2.38) 

t(Y) + Y) [(I + Y) E( yK( (2.39) 
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where K(r) and E(r) are complete elliptic integrals of the first and second kind, 

respectively. 

It is clear that the model for injection is not complete. A rough calculation will show 

that at low biases thermionic emission is by far the dominant injection mechanism. 

However, as the temperature is lowered, JUE is greatly reduced and so is p(, =o). As the 

form of the tunnelling current used here is temperature independent, the model does not 

account for sufficient carrier injection below approx. 250 K. The inclusion of an ideality 

factor at low temperatures remedies this deficiency and physically implies a temperature 

dependence of the image charge. Indeed, the literature suggests an influence of 

temperature on the image force for both the tunnelling expression [103] and the 

thermionic emission expression [106]. It should also be noted that a temperature 

dependence arises for the tunnelling current by inclusion of higher orders of the electron 

distribution function, which is commonly approximated as a step function by setting 

T=O. Koehler et al. [91] demonstrated that this expansion of the model can include a 

moderate variation of current with temperature at high fields, but it is unlikely to be able 

to account for the currents at low biases and low temperatures. 

Also, modifications to the above expressions have been suggested by Scott et al. in 

order to account for the hopping type injection process characteristic of metal/polymer 

contacts [98]. Furthermore, there is no continuum into which injection occurs. Instead 

the states are localised. In contrast to inorganic materials with rigid band offsets there is 

a distribution of energy sites into which injection can occur, which is due to the inherent 
disorder of conjugated polymers. This practically invalidates the concept of an effective 

electron mass, which is a further complication in the applicability of thern-tionic 

emission and tunnelling theory. 

For constant temperature the field-dependent mobility takes the form [80,82,99- 

100,104,1101 

rE 
P(E) == P(E=O) eXP( (2.40) 
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The single carrier device model hence relies on three fitting parameters at constant 
temperature: the barrier to charge carrier injection; the mobility as the field tends to 

zero; and the field dependence of the mobility. No functional dependence of the fitting 

parameters on temperature is assumed so that the fitting procedure is designed to 

explore the whole parameter space. The temperature set in the device model merely 

controls the thermionic emission current at the anode. Previous measurements of the 

temperature dependence of the mobility in polymers through the time-of-flight 

technique [104,1111 and space charge limited currents [99,100] yielded a functional 

dependence following 

A 
P(E=O) =, uo exp 

kBT 
(2.41) 

and 

=B (2.42) ý-Eo kBT kBTO 

where ýto, A, To and B are material constants related to the morphology of the material 

and have been studied extensively in the context of the Gaussian Disorder Model [68, 

80,82,110]. 

Neglecting the diffusion terms the equations are straightforward to solve numerically. 
For an initial value of the electric field at the anode the resulting steady state current 
density is found. The voltage is determined by integrating the electric field across the 

device. 

The coupled non-linear differential equations were solved in chapter 5 of this thesis by 

standard first order numerical integration techniques, the simplest of which is Euler's 

method. The electric field, charge density, current and mobility are discretised. The 

requirements for number of lattice points increases with decreasing temperature and 
decreasing barrier height, as the field becomes less uniform when approaching the space 

charge limit. It was found that results were insensitive to the number of lattice points 

above 500 lattice points at room temperature and 5000 points at 100 K. In the steady 

state, the injected current is equal to the drift current, J=epýtE at x=O, so from the 
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expressions for the injected current and an initial electric field value a charge carrier 

density at the interface is calculated. This value is then used to solve Poisson's equation 

for the next value of the electric field on the lattice, from which the charge carrier 

density one step on is calculated, taking into account the gradient of both the electric 

field and the mobility. 

Rearranging the injection terms (2.30), the hole density at the interface is obtained as 

Jtu + JTIE 

2 (2.43) 

eE, u d 
AT 

no 

Next, Poisson's equation is integrated up for the next lattice point using the Euler 

formalism 

E(i + 1) = E(i) +, ýx e 
P(, ) 

where i is the lattice index and Ax is the step size. 

(2.44) 

The continuity equation has to be written out to include the full spatial differentials of 

the mobility, field and hole density: 

ai- 
0= 

a(eEpp) 
=e pu 

aE 
+ Ep 

ap 
+ pE 

a'u 
ax ax ax ax ax 

(2.45) 

which can be rearranged, substituting Poisson's equation (2.27), in terms of the hole 

density gradient 

aP 
2e 

ax =_p 
cE+ ýýEEO (2.46) 

The hole density can hence be integrated numerically following 
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p(i + 1) = p(i) - Ax p" (i) 
I+1 

(2.47) E(i) 2VEOE(i) 

The main steps of the routine are summarised in Fig. 2.18 in a block diagram. r-I 

I Calc 

FOR i: =O to L-1 

solve Poisson for E(i+1) (E, p, i) 

solve Continuity for p(i+1) (E, p, i) 

LOOP 

Calc J=eEpýt] 

ý 
Calc V=Ei=o L-1 

48 

Fig. 2.18. Block diagrain of'the modelling algorithm. L is the number of lattice points 

(L=dlAx). 

Neglecting the time dependence and the diffusion current greatly simplifies the fitting 

process and reduces the computational power required. As the RC time constants for 

polymer diodes are typically in the order of 0.1 to I gs in the operation regime of 

interest [ 112], the temporal evolution of charge carrier and current density is of little 

interest to the steady state operation of the device. Due to the relatively low charge 

carrier density and high barriers to hole injection in the LED systems studied here. the 
diffusion current is not thought to play a major role in the transport through the polymer 
layer, but may become more important for low barriers to injection and at low 

temperatures. 

2.7 Waveguiding ffects in LEDs 

Organic LEDs hLive opened up novel areas of physics not only in terms of injecti -t) - ion and 

charge transport in a quasi one-dimensional density of states. but also in terms of optics 



Chapter 2. PhYsical principles of light-emiting diodes. 49 

and thin film photonics. In contrast to conventional LEDs, which are point emitters with 

emission occurring from the p-n junction, organic LEDs are surface emitters and can 

potentially emit over large areas. However, the optically active materials are generally 

sandwiched between dielectrics and hence form an optical cavity of dimensions 

significantly below that of the wavelength of light. The relatively high refractive index 

of semiconductors, which is typically around 2 for polymers and can be in the excess of 

3 for inorganic materials, gives rise to photon confinement in the form of waveguide 

modes in the device [113,114]. Although for certain applications, such as optical 

communications, thin film waveguiding effects are highly desirable, in the context of 

organic LEDs they are detrimental to the device operation. As for most materials there 

is a significant overlap of absorption and emission, waveguided light can only travel a 

limited distance through the film before it is reabsorbed by the material, resulting in a 

reduction in the luminous efficiency. 

The three main modes a photon can emit into in a polymer/metal structure are shown in 

Fig. 2.19. 

Metal Contact 

Organic Layer 

ITO 

Substrate 

Fig. 2.19. The three main modes an emitted photon can enter in an LED. (1) Direct 

emission in theJOrward elirection, - (2) Off-angle emission, giving rise to waveguiding in 

the substrate; (3) emission above the critical angle of the organiclITO interface leading 

to waveguiding in the organic laver. 
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Due to the overlap of the absorption and emission band of most organic materials. the 

mode (3) trapped in the organic layer is the most lossy and will result in a considerable 

reduction of the emission efficiency of this kind of photonic structure. There have been 

a number of attempts to establish the ratio between the number of photons generated 

within the film and the number of photons actually emitted. Initial estimates suggested 

that as little as 1/(2n 2) of the light generated is emitted from an LED [ 114]. In a more 

recent analysis, Kim et al. suggested that the actual out-coupling efficiency is a very 

sensitive function of dipole orientation as well as location within the LED structure and 
distance to the reflecting cathode [9]. They found that in ideal structures, which their 

LEDs are believed to be, the outcoupling efficiency can be as high as 1.2/n 2 or 40 % for 

a refractive index of 1.8. However, even these numbers show that there is still 

considerable scope for improving the efficiency of LEDs, although the current peak 
device performances appear to have surpassed the theoretical limits imposed by the 1: 3 

spin selection rules (equation 2.1) [9-10,7 1 

There are a number of methods of directly controlling the photonic properties, and 

hence the photon density of states, of an LED. The use of microcavities has attracted 

considerable attention over the past years, as they provide a very simple way of 

achieving much enhanced colour purity as well as colour tuneability in broad band 

organic emitters [115-120]. Standard device structures are basically planar 

microcavities, and it has been demonstrated that angular dispersion effects observed in 

LEDs result purely from weak n-iicrocavity effects [ 12 1 ]. Most microcavity structures to 

date have relied on the use of dielectric mirrors or Bragg stacks, which are expensive to 

make and hard to combine with injecting contacts. Although the most striking uses of 

the microscopic control of the photon density of states through the use of microcavities 

are continuous colour tunability [118] and the possibility of achieving low threshold 

lasing [ 117], comparatively efficient organic microcavity LEDs were not demonstrated 

until very recently [120]. These novel device structures employ alternating layers of 

differently doped conducting polymers, which provide sufficient refractive index 

contrast to act as a Bragg reflector. However, as the physical structure of these devices 

is rather different to that of conventional devices, it is hard to determine whether planar 

microcavities can actually lead to a reduction in lossy waveguide modes in the de\'ice 

and hence an overall increase in the external efficiency. 
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A new approach in the context of organic LEDs to modifying the photonic properties of 

a thin polymer/metal waveguide is the use of lateral microstructure by Imposing a 

periodic corrugation on the optically active area. This technique has been used with 

great success in both organic [122-124] and inorganic [125] distributed feedback lasers 

where the gain is achieved in the plane of the film and stimulated emission is scattered 

out into the forward direction. In the context of organic LEDs this microstructure allows 

a novel control of spontaneous rather than stimulated emission. 

The use of periodic microstructure in LEDs as a way of reducing the loss through 

waveguide modes in the organic layer is conceivable in two ways. Firstly, as drawn 

schematically in Fig. 2.20, waveguide modes can be blocked by imposing a corrugation 

with a period of half of the wavelength of the guided mode. Such a technique has been 

employed previously in inorganic materials and has been shown to lead to an increase in 

light extraction efficiency [126]. However, to date this concept has not been applied to 

electrically driven LED structures. An alternative approach is to use a periodic 

corrugation with a period equal to the wavelength of the trapped light to Bragg-scatter 

the mode out of the plane of the film into the forward direction as seen in Fig. 2.21. This 

technique will be employed in chapter 8 to control the emission properties of LEDs and 

increase the external emission efficiency. 

Polymer 

Substrate 

Fig. 2.20. Blocking of'waveguide modes in the organicfilln by a corrugation of period 

half the wavelength oj'the waveguide mode. 
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Polymer 

Substrate 

Fig. 2.21. Scattering out of lateral waveguide modes in the organic film into the 

forward direction. The period of the grating is ideally equal to the wavelengili of the 

waveguide mode. 

The basic processes of light scattering are shown in Fig. 2.22. Scattering off a single 

scattering centre can be thought of as absorption and re-ermission of a photon. However, 

incident unpolarised light propagating in the z-direction will scatter into light 

propagating in the x-direction with polarisation in the y-direction and light propagating 

in the y-direction with polarisation in the x-direction. An ordered array of scattering 

centres separated by a distance d gives rise to constructive interference of the scattered 

wavefronts provided the angles of incidence and emission are identical. This condition 

can be written in terms of the Bragg condition as 

2dsin(O)=Nll (2.48) 

where 0 is the angle of incidence and N is the order of the scattered peak. 
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Single scattering centre. Bragg scattering. 

Fig. 2.22. Scattering of unpolarised light on a scattering centre re-emitting light 

polarised in the x and Y direction. A regular array of scattering centres gives rise to 

constructive interference of the scattered wavefrontsfor equal angles of incidence and 

emission, the Bragg-scattering condition. 

Emissive species embedded in the emissive layer of an LED structure emit their energy 

into the available modes of the structure. These modes are primarily radiative modes, 

which produce useful radiation and trapped guided modes. Guided modes may be in the 

form of waveguide modes or surface plasmon polariton modes associated with the metal 

contacts. Emissive species may also lose their energy through non-radiative decay 

routes, such as through the generation of phonons. The different radiative modes are 

characterised by their frequency and in-plane wavevector. Modes having in-plane 

wavevectors less than the free space photons of the same frequency may escape the 

LED structure and are responsible for the useful radiation from planar LEDs. Modes 

with higher wavevectors are not able to radiate into free space, and are thus trapped, or 

waveguided, in one (or a number) of the layers making up the LED. Although the exact 

contribution of these modes is currently still a matter of dispute. there is strong 

experimental and theoretical evidence that the contribution of these modes to the 

radiative emission in LEDs lies above 50 % [9.127]. 

Through B ragg- scattering a microstructured corrugation imposed on the emitting layer IIII Z__ 

may change the in-plane xvavevector of guided modes. as shown in Fig. 2.23. A mode 1ý7 -- 

with the free space wavevector ko and an in-plane wavevector kg propagates throuGh the 

polymer film ývith an angle of propagation 0. The thickness of the organic la\cr is L_ - ltý - 
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labelled t. The presence of a periodic corrugation with a Bragg vector G results in the 

mode being scattered into the forward direction. The external angle of detection is 
labelled P. The vectoral nature of the Bragg- sc atteri ng process also results in a direct Z: ý 
control of the polarisation state of the emitted radiation. 

Scattered mode Detector 

Silica substrate 
....... ..... -* ................................ Photoresist 

Polymer 

film 
kg 

Mode propagation 

Semitransparent 
contact 

Reflective contact 

Fig. 2.23. Propagation of waveguide modes in the organic film of the LED. The 

photoresist Bragg groting, which modulates the polyinerfilm, allows scattering into the 

forward direction. The angle of emission 8 is determined experimentall. y. The internal 

angle 0 is related to the refractive index of the organic. 

In reciprocal space, the wavevector of the enutted light, ko, is related to the in-plane 

wavevector of the guided mode kg, and the angle of emission P by 

ko sin(, B) = Ag 
---IJVG 

(2.49) 

This scattering condition gives rise to an angular dependence of the wavelength of the 

scattered peak characteristic of Brao, u-scattering. As there are four possible C, L_ 

combinations of adding the in-plane wavevector to the Bragg vector, the angular 4-- -_ C, 
dispersion of the scattered peak results in four branches which are generally plotted in a 

characteristic X-shape as seen in Fig. 2.24. 
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Fig. 2.24. Plot of'peak wavelength against angle of detection. A scattered peak splits 

I. nto two peaks as the angle of detection is moved off-normal. 

The above splitting of the peak in real space can be converted to a dispersion diagram 

using equation (2.49), which is plotted in Fig. 2.25. 

2.17 

2.10 

21 
(D 
c 

w 

2.03 

1.961 
-4 -Z 

in plane wavevector k9 (gm-, ) 

1ý -+ 

Fig. 2.25. The same data as in Fig. 2.24 shown in a dispersion diagram. The peak 

splitting resultsfrom scattering eitherparallel or antiparallel to the grating vector. 

As the internal angle of propagation 0 is related to the reftactive index of the film 

through the free space and in-plane wavevcctors by 

kg=ko n sin(O) 
( -1. ý 
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a dispersion diagram as in Fig. 2.25 can be used to determine the refractive index, given Cý 
that the modestructure is known. This has been done successfully for films of MEH- 
PPV on metal covered substrates [128]. Within the plane wave approach the Waveguide 

modes obey the following condition [129] 

2nt ko cos(0) -2Nz+ 01 + 09 (2.51) 

where 01 and02 are the changes of the phase on reflection from the polymer/air and 

polymer/metal interfaces, respectively. In a metal/polymer structure, the lowest energy 

mode has been calculated to be a zero order transverse electric mode [130] for which 
02-. -': 7C. The phase shift 01 is hence detern-tined by 

2 tan-' 
-s-i 

n 0: )F--l i 
cos(o) 

(2.52) 

As the refractive index of MEH-PPV decreases from approx. 2.05 at 500 nm to 1.8 at 

800 nm [131], the above relationships demonstrate that the dispersion will strongly 
influence the Bragg- scattering process. 

Finally, it should be noted that equation (2.5 1) predicts that the free space wavevector of 

the scattered peak will decrease with increasing film thickness. This means that longer 

wavelength modes will be scattered out of thicker films. The above equations also 
impose boundaries on the validity of the scattering condition and result in a cut-off 

thickness of the organic layer, below which waveguiding will be suppressed. 

Although it is more complicated to derive analytically, the scattering condition is also 

subject to sufficient index contrast of the corrugation with respect to the emitting layer. 

Previous studies on microstructured PEDOT layers [132] showed that a corrugated 

polymer layer beneath the optically active organic layer does not provide the level of 

contrast achieved with thin metal films, which appear to be neccssary for fulfilling the 

Bragg- scatterin condition. 
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In this chapter the basic experimental procedures used for characterising new materials 

and device structures will be described. One of the key advantages of organic 

electroluminescent materials is their ease in processing compared to the epitaxial 

techniques required for inorganic materials. In the simplest case, all that is required to 

achieve organic EL is to spin-coat a polymer onto a transparent anode such as indium 

tin oxide (ITO), which is widely used in LCD technology. The top electrode is generally 

deposited by thermal evaporation of a metal under vacuum. However, it has been 

demonstrated and was also observed by the author that solution processable metallic 

materials such as silver paint or silver electrolytes [1] are sufficient to form the electron 

injecting contact on precursor materials such as PPV. It was found by the author, that 

stable EL is observed from MEH-PPV immersed in liquid nitrogen by simply 

contacting the polymer, spun on an ITO substrate, with a strip of aluminium foil. 

The preparation of samples and the standard optiCal characterisation will be outlined 

briefly, followed by the preparation and testing of devices. Finally, the time-of-flight 

technique, which is used to determine transit times and mobilities, will be described. 

The materials used throughout this thesis are either poly[2-methoxy, 5-(2-ethyl- 

hexyloxy)-1,4-phenylene vinylene] (MEH-PPV), which was obtained from Covion 

GmbH, or conjugated dendrimers, which were synthesised in the Dyson Perrins 

Laboratory at Oxford University. A hole injecting layer of poly(3,4- 

ethylenedioxythiophene)/poly(styrene) (PEDT/PSS, also referred to as PEDOT), which 

was obtained from Bayer, was used in a number of devices. The structures of MEH- 

PPV and PEDOT are shown in Fig. 3.1. 
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Fig. 3.1. Chemical structures of MEH-PPV and PEDOT. 

3.2 Sample preparation and characterisation 
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Dendrimer and polymer films were spin-coated from concentrated solutions. Typical 

concentrations are 10 mg/ml for dendrimers and 4 mg/ml for MEH-PPV. The spinning 

solvents used were tetrahydrofuran or chloroform for the dendrimers and chlorobenzene 

for MEH-PPV. Spinning speeds were typically 1000 rpm. 

Film thicknesses were measured on a Tencor Alpha Step to a precision of approx. 5 nm 
by cutting a groove into the organic film and measuring the difference in height between 

the two sides of the groove and the centre. 

Absorption spectra were measured on films spun onto quartz disks as well as on dilute 

solutions in quartz cuvettes using a Perkin-Elmer Lambda 19 absorption spectrometer. 

Optionally, the quartz disk could be mounted on the cold finger of a Leybold closed 

loop helium cryostat to investigate the change in absorption spectrum over a 

temperature range from 300 K to 10 K. Luminescence spectra were measured either 

using an Instruments S. A. (Jobin Yvon/SPEX) CCD spectrometer or an Instrument,., S. 

A. Fluoromax fluorimeter. In the case of the CCD , pectrometer. the , ample,, %Acre 
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excited optically either by a laser such as an argon ion or a helium cadmium laser, or by 

a monochromated mercury arc lamp. 

3.3 Device preparation 

The standard light-emitting diodes were fabricated on ITO substrates. These were 

patterned by masking and etching to remove the risk of electrical shortening, yielding 
devices of the structure seen in Fig. 3.1. The standard structure has eight pixel, which 
half overlap the ITO strip and half overlap the glass substrate from which the ITO was 

removed. Typical device areas were 2 mrn 2. 

+ 
Al 

electrode Polymer film 

ITO strip 

Light out 

kl contact 

Glass substrate 

Fig. 3.1. Top view and side view of the standard LED structure used. The device has 

eight pixel. 

The ITO was masked either with a standard masking pen, varnish or sellotape. A 

number of routes were explored for etching the ITO. For the substrates masked with 

varnish it was found necessary to immerse them In one niolar hydrochloric acid for 

approx. 20 minutes at a temperature of 50' C. Alternatively, the approach used by the 

Marburg group involves the samples being masked with sellotape and coated in zinc r-1 -- 
powder. A 1: 1 H-, O: HCI mixture by Nxeight could then be dripped onto the substrates 
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with a pipette, leading to a reaction with the zinc powder. After a few seconds the 

powder and the acid are neutralised and washed away with water. 

The substrates were then cleaned in an ultrasonic bath in acetone (which also dissolves 

the varnish) and subsequently in isopropanol. It was found that the substrates could be 

kept for prolonged periods in isopropanol. Shortly before device fabrication, the 

substrates were dried under clean nitrogen. 

Optionally, devices were coated by a hole injecting layer of PEDOT. This was spin- 

coated from water and required drying before further processing. The films were dried 

either by placing the substrates in an oven under vacuum for I hr at 80' C or by drying 

on a hot plate at approx. 80 'C for five minutes. No difference in device operation was 

observed between these two techniques. 

Metal electrodes were deposited under a vacuum of typically 5-9x 10-6 mbar through 

thermal evaporation at a rate of approx. I AO/s. The materials used include 

predominantly aluminium, gold, calcium and magnesium. It was found that particularly 

the calcium evaporation was very sensitive to the evaporation conditions such as the 

deposition rate. In general, a slow deposition of calcium was indicative of outgassing of 

oxides, which led to an insulating, dull layer in the device. The thickness of the 

evaporated metal could be monitored using a piezo-electric crystal. Aluminium was 

generally evaporated from a tungsten filament, although it could also be evaporated 

from boats. Calcium, magnesium and gold were evaporated from molybdenum boats. Z-- 
The typical amount required for an evaporation was less than a gram. The metal layers 

can be 50 to 200 nm thick. Calcium electrodes need only be a few nm thin [3] and are 

then capped with aluminium. Magnesium is co-evaporated with aluminium from a 

single source, but is deposited first on the organic layer due to its lower boiling point. 

Devices were also fabricated on gold anodes. In this case a transparent gold electrode 

the size of the standard ITO strip seen in Fig. 3.1 was evaporated to a thickness of 10 

nm to 15 nm on a glass or silica substrate. It was found imperative that the further 

processing of the device fabrication is carried out Linder inert conditions in a glove box. 

To this end, the substrates with the gold electrode were immersed in the spinning I 
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solvent, typically chlorobenzene, and transferred into the glove box whilst still 

immersed. Once inside the glove box, the substrates were dried. The polymer was then 

spin-coated under inert conditions. Removing the devices from the inert atmosphere in 

order to load them into the evaporator was not found to reverse the beneficial effect of 

spinning under nitrogen and washing atmospheric adhesions from the gold layer by 

immersing the substrate in the spinning solvent. 

Devices could also be prepared in the glove box and then loaded under nitrogen into a 

chamber with an evaporation mask built. This could be transferred to the evaporator 

without having to break the inert conditions. No further increase in device efficiency 

was observed for this procedure with respect to atmospheric loading of the evaporator, 
however the device stability was found to be significantly improved. 

Samples could be stored in the glove box for a number of weeks, however, testing was 

preferably carried out straight after fabrication. 

3.4 Device testim! 

Unless stated otherwise, devices were tested under dynanuc vacuum of 10-5 mbar 

provided by a turbomolecular pump. The devices were contacted either in a fixed 

arrangement using sprung gold pins or using thin copper wires and silver paint. 

Successful experiments with encapsulation were made by covering the device with a 

microscope slide under inert conditions. 

3.4.1 Steadv-state measurements 

The standard device testing set-up is shown in Fig. 3.3. The device is driven by a 

Keithley 2400 source measure unit. The enfitted light is detected by a large area (I CM2 

silicon photodiode at a fixed distance of 3.5 cm to the device. The signal from the 

photodiode is amplified and measured by a Keithley 2000 digital voltmeter. The 

experiment is fully automated via a computer. 
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Fig. 3.3. Experimewal velitp. f'()r device characterisation. 
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Alternatively, a fibre coupled CCD spectrometer may be used in place of the photodiode 

to record the emission spectrum of the LED. The spectrometer is calibrated to give a 

value corresponding to the number of photons in a given wavelength interval. The 

spectrum can hence only be used in conjunction with a measurement of the total amount 

of light emitted to calculate the device brightness and efficiency. 

The external quantum efficiency is defined as the number of photons emitted by the 

device to the number of charge carriers injected. The number of carriers injected per 

unit time is given by the device current, and the number of photons ermtted per unit 

time is measured by the photodiode, which is calibrated to current per unit power 

(A/W). The efficiency calculations used were developed by Dailey [4] and are based on 

a method proposed by Greenham [5-6]. This involves the assumption that the emission 

is isotropic and the emitters are Lambertian resulting in an angular dependence of the 

emitted flux according to FocosO, where 0 is the angle of detection and FO is the photon 

flux in the forward direction. The light is detected by the photodiode over a given solid 

gle, and using the assumption of Lambertian emission. the total emission intensity in an(Y C-1 
the forward direction is calculated. Using the responsivity of the photodiode R(ý. ) and 

the measured Spectrum S(X). the external quantum efficiency is calculated according to 

(3.1) [4]. 
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where VPhotodiode is the voltage measured from the amplified photodiode, RAmplifier 1S the 

tunable resistor defining the gain of the amplifier, ]LED is the device current, n is the 

solid angle of detection, and e, h and c are constants. 

Using the Con-fission Internationale d'Eclairage (CIE) conventions defining the 

photopic response of the eye, the measured power emitted by the LED may be 

converted into perceived brightness, which is given in Candelas per m2 [4]. 

3.4.2 Pulsed excitation 

Instead of using the continuously driving source measure unit, the LED may also be 

driven by a pulse generator. This has the advantage that a wider range of device currents 

and biases may be explored than under continuous operation, as ohmic heating is 

reduced. The effects of ohmic heating on devices are highlighted in Fig. 3.4 for an 

ITO/PEDOT/MEH-PPV/Ca device driven with 9 ns pulses at a period of 310 ns and 

530 ns. The applied bias was 35 V. Although the 9 ns pulsewidth is still significantly 

below the RC time of the system, which is in the order of 100 ns, the increase in heating 

and the resulting blue-shift of the spectrum are clearly seen with decreasing pulse 

period. Shown also are the cw spectra at two different biases, which are significantly 

blue-shifted with respect to the spectrum obtained under long period excitation. A more 

detailed investigation of thermal effects in LEDs can be found in [7]. 
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Fig. 3.4. Steady state and pulsed EL spectra of MEH-PPV showing a blue-shift in 

emission due to ohmic heating. 

Pulsed excitation can also be used to probe the dynamics of charge carriers in the device 

by monitoring the evolution of the EL upon application and upon switching off of the 

voltage pulse. The transient EL [8] can be recorded using a photomultiplier in 

combination with a multichannel analyser, which is triggered by the pulse generator. A 

variable delay on the multichannel analyser allows the investigation of either the rise or 

the decay dynamics of EL. 

3.4.3 Temperature dependent measurements 

An important parameter to consider in investigating the properties of semiconductors is 

the dependence of material characteristics on temperature. The de\'ice EL spectra. as 

well as the current-voltage and EL-voltage characteristics could be measured by 

mounting the device in a closed loop helium crvostat. The device was attached to the 

copper cold finger of the cryostat using silver paint and thin copper wires were used to 

make contact to the clectrodes. The temperature of the cold finger was measured b\- a C- 
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single thermocouple mounted on the cold finger. An Oxford Instruments ITC4 was used 

to control the temperature. The device automated characterisation routines could be run 

as for room temperature measurements, and the temperature controller could also be 

programmed by a computer. The cryostat cooled down from room temperature to 10 K 

within an hour, but the sample was generally left over night to reach 10 K. At least 30 

minutes were left between each measurement for the system to reach thermal 

equilibrium. 

3.5 Time-of-flight measurements 

The most reliable way of measuring the transit time of charge carriers in a material is 

the time-of-flight (TOF) technique. In a TOF experiment, charge carriers are generated 

optically at one side of the sample. Under application of an external field, they are 

swept across the device, resulting in a current. This principle is shown in Fig. 3.5, which 

describes the TOF set-up used by the group in Marburg [9]. A Nd: YAG laser drives an 

optical parametric oscillator, which gives a tuneable emission wavelength. This is 

chosen appropriately to the experiment. In the experiments carried out on dendrimers, a 

rhodarnine 6G (R6G) charge generation layer was used, as only relatively thin 

dendrimer films could be deposited. The R6G layer was evaporated to a thickness of 15 

nm prior to the deposition of the aluminium cathode. The chamber vacuum had to be 

broken in between these two steps in order to change the evaporation mask. The laser 

light is hence tuned to pass through the ITO and the dendrimer film and is partially 

absorbed by the rhodamine layer. As R6G is a hole transporting material and due to the 

choice of polarity, electrons will migrate to the aluminium anode and holes will migrate 

across the dendrimer film to the ITO cathode. This current is measured over a variable 

series resistance using a storage oscilloscope. A voltage source with a fast response time 

is used to apply the field across the device. The choice of the voltage source is crucial in 

the experiment, as it has to maintain a steady bias with a changing current. 4n 

Laser pulses were -jenerated at a repetition rate of 10 Hz and a manual shutter was used 

to expose the sample to one laser pulse. The laser beam was partially reflected from a 

microscope slide and shone onto a photodiode, which was used to trigger the I I-- 
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oscilloscope. The power of the laser beam could be varied with neutral density filters. 

but for most measurements the peak power was used. 

ITO/ADSB/R6G/Al 

Manual shutter 
Bearnsplitter 

+ 

(550nm, 10 ns 

Resistance (22 
ý2 to 50 M 

Photodiode trigger 

+V 

Digital Oscilloscope 

Fig. 3.5. Experimental set-up of the time-of-flight experiment. A Nd: YAG laser drives 

an optical parametric oscillator, tuned to give an output of 550 nin. 

The samples were held under vacuum and the capacitances were regularly checked to 

ensure that the aluminium electrode was still uniform. It was found that the applied field 

resulted in a gradual breakdown of the electrode under repeated exposure, depending on 

the voltage across the structure. The RC time of the system was ideally approx. 100 ns 
2 and small electrodes of surface area I mm were used. In TOF measurements it is 

important that the generated charge remains smaller than about 517c of the capacitative 

charge. However, in the present experiment only a small fraction of the light is actually 

absorbed in the rhodarmne layer, so the number of charge carriers generated remains 

relatively small. No distortion effects with the applied bias were observed, which would 

be a signature of space charge effects. 
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4.1 Introduction 

Dendritic systems and in particular conjugated dendrimers have recent1v attracted 

considerable attention from the synthetic organic chemisti-y community [1-171, 

photophysicists, in particular from the area of biophysics [16,20] and even more basic 

ýrýp§ 9f reýegch syýh M t9p9I9gy, rhqplogy ýno ýtqtiýtiyýl physWs [2 1 ]. Qqometriy4lly. 

dendrimers are unique systems, as the number of atoms grows exponentially with the 
branching, or generation, of the dendrimer, rather than to the power of . 

1,2 or 3. This 

exponential growth is a characteristic of an infinite dimensional system [201. In 

contrast, there is only one unique connecting path across the structure between two 
lattice sites, i. e. units of the molecule, making the connectivity or the path of an 

excitation one-dimensional. This results in unusual optical properties of these 

macromolecules. Dendritic molecules have been synthesised and studied as a 

comparison to biological Ilghtriharvesting complexes [18,22,123], and a body of both 

thqqretiqýl 4no qxpýrimqnt4l w9rk qxiýtý gn thqýq 4rtifiqW light-hgypýting ýntqnnqq, In 

these complexes, excitations are generated optically in the dendron periphery of the 

molecule and transferred through exciton hopping into the central region of the 

molecule, leading to a level of exciton confinement. This confinement is not dissimilar 

to that employed in quantum wells or even quantum dots [24], although the approach to 

achieving this confinement is, of course, very different. Excitonic effects due to this 

strong degree of localisation have attracted considerable attention and charge transfer 

complexes have been observed as well as strong coherences and Davidovrlike splitting 

[19-20,22,25-271 . 

In contýast to the likening to light- harvesting complexes, conjugated dendrimers may 

also be used as light-emitting materials [2,47, IM4]. The exciton confinement at the 

centre of the dendrimer allows the emitting region to be modified independently of the 

dendron architecture, which can be tuned to give the desired interactions with the 

environment such as neighbouring molecules or solvent [5,7,2221. Emissive excitations 

can hence be shielded from the environment through the periphery of the dendrimer 

[16-17]. This can reduce parLisitic effects such as solvation effects in solution or 

luminescence quenching through interaction with the en%'ironnient or surrounding 

cliromophores [5,17.28]. Recently, conjugated dendrimers hýix'e been proposed as Z-- 
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emitting or transport layers in organic LEDs [4-7,13-15,29-35] 
. Dendrimers, combine 

a number of advantageous electronic and processing properties: the. v possess a wen 
defined molecular weight and can hence be synthesised reproducibly to a high purity: 

they are solution processable in most cases and, in contrast to conjugated polymers with 

very high molecular weight and viscosity, may be ideally suited for inkjet printing of 
LED structures, as has previously been demonstrated with polymer based materials 
[36]. In addition, it has been shown that the emission colour of the core region may be 

tuned independently of the dendron architecture across the entire visible spectrum [7]. 

This provides a novel tool for controlling the emission colour of organic LEDs. 

A further interest in dendrimers for EL applications is the possibility of assigning 
different functional properties to the different components of the macromolecular 

structure. For instance, it is conceivable to attach moieties with hole transporting 

properties to the core region and electron transporting properties to the dendrons. This 

concept has been explored by the author and coworkers in the context of triazine 
dendron containing dendrimers [6], where triazine is known to have electron-donating 

properties. However, no conclusive evidence was found that the charge transport 

properties are modified by the choice of dendrons. In the structures investigated here, 

stilbene was used as the dendrons and was found to act as an insulator between the 

chromophores. 

In this chapter two novel families of conjugated dendrimers for EL applications are 
discussed. Exciton localisation at the core region is observed for an four generations of 

the dendrimers. The dendron periphery and the dendrimer generation hence provide a 

unique method of investigating the effect of chromophore spacing on the en-fission and 

transport properties of L. -Ds. there is considerable interest in understanding the nature 

of the emissive species responsible for EL m organic materials, as well as the basic 

processes involved in charge transport. It is commonly assumed that good charge 

transporting properties are a result of close chromophore proximity and a stroncy level of 

interaction between transport sites. In contrast, this proximity has been shown to lead to 

luminescence quenching and an overall decay in emission efficiency [37-48]. By using 

the dendrons as microscopic spacers between chromophores, the trade off between 

efficient luminescence and good charge transport can be investigated. In contrast to 

blend systems, the problem is much better defined in the casc of dendrimers, a,, there is 
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only one molecule involved in the investigation and there is no danger of phase z 
separation. 

The structures of the two dendrimer families are shown in Figs. 4.1 and 4.2. Both 

material classes are virtually identical except for the choice of the core unit. Three 

distyrylbenzene (DSB) units are arranged around a central nitro-Jen atom in the case of 

ADSB or a central benzene ring in the case of BDSB. The core region is defined as the 

triangular region containing the three distyrylbenzene units as seen in AO and BO, 

respectively. t-Bittyl units form the surface groups and ensure good solubility in 

common organic solvents such as tetrahydrofuran (THF), toluene or chloroform. 

Stilbene units form the dendrons and are joined on to the core in the meta position and 

are hence not conjugated with the core. A detailed comparison of meta and para 

linkages has established that the meta position does not allow electron delocalisation 

[49]. Exciton migration from the dendrons to the core hence occurs by exciton hopping 

[22]. The number of dendron units in the molecules increases as 6x(2 G_I) with 

generation number G. 

A number of standard analytical techniques were used by the Oxford group to asses the 

chemical composition and purity of the dendrimers, which are synthesised by a 

convergent and iterative procedure. Spectroscopic tools like UVNIS and FTIR 

absorption are used to monitor the reactions. Flash silica column chromatography is 

used to purify the compounds, which are then checked by thin-layer (TLC) 

chromatography and combustion analysis. Gel permeation chromatography gives 

further insight into the purity of the compound and may also be used to estimate the 

molecular radii. 1H NMR gives insight into the presence of different isomers in the 

product, but also indicates contamination by hydrogen containing impurities. An 

important tool used to characterise dendrimers is mass spectrometry, the most 

commonly used form of which is matrix-assisted laser desorption/lonisation-time-of- 

flight (MALDI-TOF). MALDI-TOF is particularly suited to characterise dendrimers as 

it results in little fragmentation of large molecules and gives an accurate idea of the 
Zý ltý 

chemical purity of the final product. It also gives an isotope distribution, \vhich can be 
L_ 

used to confirm the molecular formula and weight. t: ) 
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Fig. 4.1. Structures of thefour generations of the nitrogen - or amine - core dendrimer. 

Thefamily of dendrimers is also referred to as ADSB- 

The chapter begins by discussing the basic photophysical properties of the two 

dendrimer families showing exciton localisation and the effect of intermolecular 

interactions in films. Thermochrorr: iic effects on absorption and emission are discussed 

and compared to results obtained for MEH-PPV. Single layer device characteristics are 
discussed next for a number of electrodes, as well as the temperature dependence of 
dendrimer device characteristics again in comparison with MEH-PPV. The microscopic 

control of intermolecular interactions is exploited in bilayer devices, where the 

dendrimer generation is shown to give rise to a control of the device characteristics. 

Following the discussion of the material properties, a detailed quantum chemical 

investigation of the two dendrimer families is presented and the basic features observed 

are explained in the context of a coupled electronic oscillator model [50]. 

1 
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Fig. 4.2. Structures of thefour generations of the benzene core dendrimer. Thefamll-v of 
dendrimers is also referred to as BDSB. 

4.2 Photophysics of the dendrimers 

4.2.1 Nitrogen core dendrimer 

Solutions of all the dendrimers were made by serial dilution in THF to concentrations of 

approx. 5 mg/l. The absorption spectra of the nitrogen core dendrimers are shown in 
Fizg- 4.3. There are two main absorption features, the first at 4- 1 10 nm, to which all spectra 

Nvere normalised, and the second at 320 nm. The absorption at 320 nm can be assigned 

to the stilbene units as it is in the range of the absorption of lone stilbene [4, 
-17]. The 
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dendron absorption increases exponentially with generation, but there Is no change in 
the position of the peak. Remarkably, the lower energy feature, which is assigned to the 

core absorption, remains virtually unaffected by generation. Such an independence of 

absorption spectrum on generation has previously been used as an argument of exciton 
localisation at the core [22]. In the case of these dendrimers, the core and dendron bands 

are well separated and the absorption spectra can, to a first approximation, be expressed 

as a superposition of core and dendron absorption. It should be noted that 
Oistyrylýqnzenq qlýýorbý qt ýOQ nm [4-0], where4ý thp obýqrvqd aý5yrpýiqn hqrý py4ks 4t 
420 nm. It is hence concluded that the electronic core region extends across the central 

amine region and is a result of delocalisation between the three distyrylbenzene units in 
the core region. 

There are a number of further observations to be made. The red absorption tail moves to 

the red as the generation increases. Such a behaviour has previously been investigated in 

phenylacetylene dendrimers [22,19,20,25] and is attributed to excitonic splitting 
between excitons localised on the core region and excitons localised on the dendrons. 

Interestingly, a feature is seen in the AO dendrimer in the region of the stilbene band, 

although there are no dendrons present in this case. In the Al dendrimer, the stilbene 

band appears to be split around 320 nm, which may be a consequence of interactions 

between the core band at 320 nm and the stilbene dendron band at 320 nm. It remains to 

be pointed out that isolated stilbene absorbs at 300 nm [27], whereas the stilbene bands 

in all dendrimers studied, and in previous reports on related structures [4,5], is observed 

to peak at 320 nm. Upon subtracting the absorption of AO at 320 nm from the remaining 

spectra, the stilbene dendron peaks are found to scale as 1: 3: 7 with generation. As the 

individual benzene rings are shared between up to three stilbene units, this scaling is 

somewhat surprising, as it implies that benzene rings are involved in multiple 

excitations. 
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The film absorption spectra of ADSB are shown in Fig. 4.4 and are found to be very 

similar to the solution spectra. The main features are observed at the same wavelengths, 

but are smoothed out. The core absorption is reduced with respect to the dendron 

absorption, and in particular with respect to the 320 nm feature of AO. The dendron 

absorption is found to scale as 1: 3: 5 with generation. The red-shift of the low lying 

absorption edge with generation is unchanged from solution to film, however, the 

feature is broadened by approx. 10 nm in the solid state. There is no significant shift in 

the absorption peaks between film and solution, which suggests that aggregation of 

chromophores does not play a role. 
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The solution lurnmescence of the four dendrimer generations is shown in Fig. 4.5. 

Remarkably, the spectra are identical for all generations, demonstrating that the same 

excited species is responsible for emission in all cases. This is clear evidence for exciton 
localisation at the core of the dendrimer. A similar effect has been observed in a family 

of distyrylbenzene dendrimers by Halim et al. [4] and in anthracene and porphyrin 
dendrimers studied by Pillow et al. [5]. In contrast, Deb et al. did not observe such an 
independence on generation, which they attributed to steric effects in the dendrimer [2]. 

The independence of the solution emission on generation is highly desirable. as it 
demonstrates the ability to alter the periphery of the molecule without interfering with 

the emission properties. It remains to be noted that the en-tission is in the green and is 
both broad and featureless. In contrast, distyrylbenzene exhibits a narrow errflssion 

spectrum in solution in the blue with strong vibronic structure [4-6]. 
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Fig. 4.5. Solution PL of thefour generations of the nitrogen core dendrimers. 

The film PL spectra are shown in Fig. 4.6 in comparison with the solution PL. There is 

a strong dependence of film emission on generation. As the generation increases, the red 

tail emiýýion is reduced and the emis5ion peak moves towards the blue, close to that of 

the solution emission. This effect becomes even clearq in the EL spectýa, shown in Fig. 

4.7. 
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Fig. 4.6. Film PL ofthe nitrogen core dendrimer compared to the solution PL. 
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The EL spectra ape very similar to the PL spectra but are slightly narrower. The red 

emission, which is reduced with increasing generation, is attributed to the presence of 

excitations delocalised between adjacent chromophore units. Due to the absence of a 

corresponding red-shifted feature at low generations in the film absorption of the 

dendrimers, it is concluded that this red-shift is a characteristic of the excited state 

resulting from an excited state dimer, or excimer [37-481. At higher generations, the 

core chromophores become more shielded from the environment and from interactions 

with adjacent chromophores due to a reduction in the core to dendron concentration and 
hence increased chromophore spacing. It is evident from the solid state emission that 

this gives rise to a reduction in excimer emission, with the high generation emission 

approaching that of dilute solutions. The dendrimer generation hence allows a direct 

control of the level of intermolecular interaction, which is directly manifest in the 

emission properties. 

It is interesting to note that the A3 dendrimer emission is slightly blue-shifted with 

respect to solution. This is believed to result from steric effects, such as increased 

twiýting 9f thq qonjVgOtqq unitý, prqýqnt in thq solio stqtp, Thq film phqtolvminqýcenqq 

q4antum yiel4$ werp measured and found to be vqry low in comparison to previous 

distyrylbenzene based dendrimers of approx. 30 % [4-6]. Values obtained ranged from 7 

% for AO to 9% for A3, increasing slightly with increasing generation. 
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Fig. 4.7. EL of nitrogen core dendrimer LEDs (with PEDOT and aluminium electrodes) 

compared to the solution PL. 

4.2.2 Benzene core dendrimer 

The solution absorption spectra of the benzene coýe dendrimers BDSB are shown in 
Fig. 4.8. The basic features are very similar to those observed for ADSB, however, the 

99rq 40sorptign now mqrgeý with thp dqnorgn qý§qrption and is found to peak at 3ýQ 

nm, which corresponds to the absorption peak of distyrylbenzene [4-6]. Again, there is a 

small red-shift of the low-lying absorption edge with generation, although it appears to 

be strongest between BO and BI and is not pronounced for generations above GI. The 

BO absorption consists of only one peak, which corresponds to the absorption of 
distyrylbenzene, and the dendron absorption is found to scale as 1: 3: 7. 
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The film absorption spectra are shown in Fig. 4.9. As for ADSB, the features are 

smoothed out with respect to solution, but due to the proximity of the core and dendron 

bands, these appear to merge. The BO absorption is significantly broadened with respect 

to solution, and the bands extend further into the red of the spectrum, which may be a 

signature of increased disorder in the films. The dendron peak again increases strongly 

with generation, but due to the proximity between the broad BO band and the BI 

dendron band, it is not possible to determine an exact scaling relationship. As in 

solution, there is a shift of the red-edge to the red with increasing generation, which 

may be attributed to exciton splitting between excitations on the dendrons and on the 

core. In the normalisation chosen here, this red-shift appears to saturate at the I St 

generation. The absence of any generation dependent change in absorption or any 

significant shift between solution and film suggests that aggregation of the enuissive 

units does not play a significant role. The discontinuity at 321 nm is due to the 

automated lamp change in the spectrometer. 
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The solution PL spectra of BDSB dendrimers are shown in Fig. 4.10. As for ADSB, the 

four generation PL spectra are virtually identical. The spectra resemble closely solution 

emission of distyrylbenzene and are very different from the solution emission spectra of 

ADSB. The spectra are relatively narrow and the vibronic peaks are well-resolved. 

There is a small blue-shift of the BO spectrum, which also gives rise to a change in 

weighting of the two vibronic peaks due to increased reabsorption of the emitted light. 

This small change in emission wavelength with generation is thought to be due to the 

excitonic energy level splitting observed in the absorption spectra, which appears to be 

relatively independent of generation above GI. 
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The main difference between ADSB and BDSB becomes clear in the film PL spectra of 

BDSB shown in Fig. 4.11. A remarkable effect is seen: as the generation increases, the 

red-tail emission actually increases fTom BO to B2. Only for B3 is the red-tail 

substantially reduced, but the emission remains much broader and red-shifted with 

respect to the solution emission. There is some vibronic structure visible in BO and B I, 

but the B2 emission spectrum is very broad and shows no vibronic structure. 

1.00 

0.75 

0.50 

-i IL 

0.25 

0 

B2 

Increasing generation 

B3 
BV 

solution 
PL 

400 500 

Wavelength (nm) 

600 700 

Fig. 4.11. Ben-zene core dendri in er film PL compared to solution PL. 
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The effect is even more pronounced in EL, as shown in Fig. 4.1 
-1. As the generation 

increases from BO to B2 the emission becomes much broader. The B emi II is 2 ission in EL i 

even broader than in PL. For B3 the EL emission is approximately the same as for BO, 

but is still much broader than the solution PL and also red-shifted. It is evident from the 

emission data that the dendrimer generation does allow a microscopic control of the 
level of interaction between chromophore units and the excimer red-tail emission, which 

appears to be prevalent in the B2 emission. 
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Fig. 4.12. Benzene core dendrimer EL (PEDOT and aluminium electrodes) compared 

to solution PL. 

4.2.3 Comparison of the two dendrimer families 

Although the chemical structure of the two families of dendrimers studied are very 

similar, as are molecular weight and size, it is evident from the discussion above that 

there are a number of sianificant differences between the photophysical properties of the 

two materials. Both dendrimers show strong exciton localisation at the core 

chromophore. However, \vhereas in the case of the nitrooen core dendrii-ner ADSB the 

core unit has to be seen as extending over the three distyrylbenzene unit" in order to 

explain the broad green emission band. in the casc of the benzene core dendrinier BDSB 
Z-- 
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there is no or little interaction between the three distyrylbenzene units. The BDSB 

dendrimer hence practically has three emissive units, which are referred to as core 

chromophores. This will strongly affect the way excited states on different dendrimers 

interact with each other and will be discussed further on in more detail in the light of the 

quantum chemical calculations on the two dendrimer families. 

Both material classes exhibit absorption spectra, which can, to a first approximation, be 

expressed as a linear superposition of the constituents. Such a scaling behaviour has 

previously been observed in a number of different dendrimer systems [4-6,22]. As for 

the case of the benzene core dendrimer emission occurs directly from the 

distyrylbenzene units, it is instructive to compare these dendrimers with a previous 

study on a dendrimer which consisted only of one distyrylbenzene unit surrounded by 

four branching stilbene dendron units [4]. In this case, Halim et al. found that the G2 

dendrimer was slightly red-shifted with respect to the GI and G3 dendrimers. However, 

they did not observe the trend in EL and the GI emission was seen to be much broader 

than the higher generation emission [4]. 

There are two important conclusions to be drawn from the comparison of the two 

dendrimer families presented here in view of the microscopic control of the emission 

properties of films and the level of excimer formation. Firstly, in both cases the desired 

effect of protecting the excitation from the environment is achieved for B3. The 

difference between the solution and film PL of the benzene core dendrimer suggest that 

it may be instructive to synthesise even higher generations to achieve total isolation. In 

the solid state, the level of interaction between core chromophores hence depends 

strongly on the dendron architecture. Secondly, the level of interaction also depends on 

the geometry of the core chromophore. Although aggregation appears to play little or no 

role in both materials, the broad featureless B2 emission spectrum, particularly in EL 

suggests there is a very strong level of interaction between excitations in this case. This 

suggests that the B2 geometry forces the emissive distyrylbenzene chromophores of 

adjacent dendrimers closely together, whereas for BO the individual chromophores are 

spaced further apart. More detailed structural invest i, )'at ions are required in order to 

fully understand this effect. 
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4.2.4 Thermochromic effects 

A useful tool for probing the electronic properties of the dendrimers and in"'estigating 

the characteristics of the excited state is the temperature dependence of absorption and 

emission spectra. It has been extensively studied in alkyl thiophenes and 

polydiacetylenes, for example [51]. Conjugated polymers exhibit strong thermochroism 

in some cases, such as MEH-PPV [52], and a number of connections have been drawn 

between the temperature dependence of the photophysical properties and the 

microscopic structure and morphology of films [52]. In general, more rigid materials 

appear to exhibit a smaller dependence on temperature [46]. In many materials, a 

reduction in band gap is observed with decreasing temperature, which is often attributed 

to the freezing out of ring torsions and the conjugated segments becoming more planar 

[531. 

The film absorption spectra of the 01h generation nitrogen core dendrimer are shown in 
Fig. 4.13 at 10 K and at 300 K. Two main features are seen, at approx. 320 nm and 420 

nm. The lower energy feature corresponding to the core absorption moves to the red 

with decreasing temperature. The vibronic structure also becomes more pronounced at 
low temperatures. This shift may be explained by the core unit becoming more planar, 

as in the case of conjugated polymers. In contrast, the higher energy feature remains 

virtually unchanged with temperature, although the feature due to the lamp change at 

321 nm somewhat distorts the shape. This suggests that the higher energy feature results 
from a geometrically more confined region of the molecule, such as a unit of shorter 

conjugation length. It is known from x-ray scattering measurements that the benzene 

rings comprising the triphenylamine core are in a non-planar arrangement [54], so it is Z__ 
expected that this unit becomes more planar with decreasing temperature. It is hence 

conceivable that the seament of the molecule corresponding to the higher energy 

absorption does not involve the an-iine core and hence corresponds to a stilbene unit on 

the outer end of the distyrylbenzene branch. 



Chapter 4. Nanoscale control of intennolecular interactions in con ugated dendrimers. y 

=3 

0 

CL 

0 
U) 

m 
cu 

70 

cu 
E 
0 z 

1.5 

1.0 

0.5 

0 

0K 300 K 

300 400 500 

Wavelength (nm) 

600 

94 

Fig. 4.13. Temperature dependence of thefilm absorption of the 0"' generation nitrogen 

core dendrimer AO. (Note that differences to Fig. 4.4 arise due to the experimental 

geometry in the cryostat. These spectra should be regarded as being for indication 

purposes onlY, as the reference beam could not be used in the setup. ) 

The temperature dependence of core and dendron are clearly contrasted in Fig. 4.14 for 

the 2 nd generation dendrimer. Whereas the lower energy core feature shows a similar 

temperature dependence to that of AO, the stilbene absorption is entirely independent of 

temperature. This suggests that whereas the core has a certain degree of freedom to 

change conformation, the dendrons are geometrically locked in a certain conformation. 

This temperature dependence also provides further evidence for the localisation of 

excitations on the core chromophore, as the absorption is clearly due to two distinct 

species. The origin of the feature at 500 nm seen at low temperatures in both figures is 

presently not clear, but it is thought to be related to either light scattering off the 

cryostat windows or condensation forming on the cryostat. 
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Fig. 4.14 Temperature dependence of the absorption of a film of the 2 nd generation 

n itrogen co re dendri iiierA2. 

The luminescence spectra of dendrimer films exhibit an even stronger dependence on 

temperature. This is investigated further for the case of EL from the 2 nd generation 

nitrogen core dendrimer. Fig. 4.15 shows the evolution of emission spectra as the 

temperature is increased from 10 K to 300 K. At low temperatures, the emission is more 

intense and the vibronic structure of the films is more pronounced, which is remarkable 

considering the broad solution emission discussed earlier. The spectra broaden with 
increasing temperature. However, due to the presence of two vibronic features it is not 

possible to discern whether there is an overall blue-shift of the ermssion with increasing 

temperature. The spectra do show that any overall blue shift must be considerably 

smaller than the broadening. 
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Fig. 4.15. EL emission spectra of A2 measured at temperatures of 10 K, 70 K, 120 K, 

170 K, 200 K, 230 K, 260 K and 300 K (from inside to outside), recorded at the same 
bias. The diode contained no PEDOT and had aluminium electrodes. 

A direct comparison of the two extremes is given in Fig. 4.16. It appears that the two 

vibronic peaks seen at 10 K merge directly into the single peak seen at 300 K. 
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Fig. 4.16. A2 EL at 300 K compared to EL at 10 K. 
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It is most instructive to compare this case with the emission from an MEH-PPV LED. 

MEH-PPV is known to exhibit strong thermochroism [51.52]. In Fig. 4.17 the EL 

spectra of a single layer LED are compared at 300 K and 10 K. The spectrum at 300 K 

was shifted to the red by 30 nm along the wavelength axis in order to overlay the two 

spectra. Remarkably, the width of the two spectra is virtually identical. There is more 

vibronic structure on the 10 K spectrum and the peak separation appears to be slightly 

reduced at high temperatures, but in contrast to the A2 LED the width remains 

independent of temperature. 
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Fig. 4.17. MEH-PPV EL measured at 300 K and 10 K (LED containing ITO and 

aluminium electrodes). The 300 K spectrum was shiýfited to longer wavelengths by 30 

/IIII. 

This comparison between the temperature dependence of A2 and MEH-PPV gives I 
important insight into the origin of spectral broadening in the two materials. A 

temperature de endent broadening is a result of electron-phonon coupling, which is p t__ 
strong in many organic systems. At lower temperatures, interactions between 

excitations and phonons are reduced, resulting in a narrower emission. However, in 

MEH-PPV recent three -puls e-ec ho studies have shown that the absorption is broadened 

homogeneously primarily due to electron-electron interactions, rather than electron- 

phonon interactions [55]. This results in a virtually temperature independent line width. 

The shift in band oap in MEH-PPV is a direct consequence of conformational effects 
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rather than broadening. The fact that MEH-PPV shows a strongly temperature 

dependent band gap, whereas the effect of broadening in A2 is stronger than a possible 

shift in band gap, also highlights the difference between the more band-like MEH-PPV 

and the molecular semiconductor A2. The comparison between localisation, in A2, and 
delocalisation, in MEH-PPV, also gives insight into the relative contributions between 

electron-electron interactions and electron-phonon interactions. In band-like 

semiconductors charge carriers move more freely and can hence couple more strongly, 

whereas in molecular semiconductors the excitation is more sensitive to phonon 

scattering processes as there are fewer free carriers that can give rise to correlation 

effects. These phonon scattering processes give rise to the temperature induced spectral 

broadening observed in Fig. 4.15. 

The comparison with the absorption spectra is complicated. There is no direct evidence 
for thermal broadening in the absorption, and the low temperature absorption appears to 

be red-shifted by approx. 50 meV. In contrast, the emission at 300 K is broader by 70 

meV to the red and the blue, giving rise to a total increase in the FVv'HM of 140 meV. It 

remains to be seen whether the dendrimer generation can be used to control the 

transition from more band-like to more molecular semiconductors by controlling the 

core chromophore separation. These preliminary results suggest that thermal broadening 

could increase with decreasing electron-electron correlation. As the electronic 

interaction can be reduced with increasing dendrimer generation, the nitrogen core 

dendrimer family may provide a model system in which to study the origin of 

homogeneous broadening in organic systems. 

There is a further interesting temperature dependence of the A2 EL spectra, as shown in 

Fig. 4.18. This is a dependence of the ernýission spectrum on applied bias, with 

convergence reached at higher biases. In particular, at low biases the red emission tall 

appears to be stronger and the highest energy peak is weaker (the spectra are normallsed 

to the second peak at 540 nm). As seen from the comparison of spectra at different 

temperatures, this bias dependence increases strongly with increasing temperature. In 

comparison, no such effect could be observed in MEH-PPV devices. Although this 

effect is hard to understand quantitatively, it may be related to the thermal broadening 

discussed previously. As the spectra become broader, the bias dependence increa"cý'. At 

high temperatures, emission occurs from the tail states as charae carriers have relaxed 
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into these states. As the bias is increased, emission occurs from higher energy levels. as 

the lower tail states are already filled. One possible explanation of the temperature 

dependence of this effect is an increase in lifetime of the carriers and the excitation,,,, in 

the tail states with decreasing temperature, which results in a rapid filling of the tail 

states. It is also conceivable that phonon scattering events modify the population of the 

tail states. As the effect is strongest at low biases, it should be noted that it cannot be 

attributed to either exciton dissociation or a Stark shift. The absence of such temperature 

and bias dependence recombination in more band-like materials such as MEH-PPV 

provides a further valuable characteristic of excitations on these molecular 

semiconductors. 
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Fig. 4.18. A2 EL spectra as a juncti . on of applied bias measured at different 

temperatures. The biases used were 17 V, 19 V, 21 V and 23 V at 10 K, 120 K and 200 

K. At 300 K biases of 15 V, 18 V, 20 V and 22 V were used. The room temperature filin 

PL of A2 is compared to the 300 K data. 

As a comparison to the previous discussion on the temperature dependence of A-l 

emission, the B2 EL spectrum is shown in Fig. 4.19 under roorn temperature operation 

and cooled under liquid nitrogen. As before, the emission intensity increases with 

decreasing temperature. In this case. the emission spectrum is vcry broad but does 
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narrow with reducing temperature. However, there are no vibronic features vi"ible at all, 

and as pointed out before, the peak is shifted by over 100 nm to the red with respect to 

the solution luminescence. The absence of vibronic structure in this Spectrum even at 
low temperatures suggests strongly that the emission in this case be entirely due to an 

excimer formed between adjacent distyrylbenzene units. 
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Fig. 4.19. B2 LED luminescence recorded at room temperature and under liquid 

iiitrogen cooling (exact temperature not known). 

4.2.5 Summar 

Two families of conjugated dendrimers have been presented, which differ only in the 

choice of the central moiety, either a nitrogen atom or a benzene ring. For both Z71 

materials excitations are found to be localised on the core chromophore, which is a 

green emitter in the case of the nitrogen core and a blue emitter in the case of the 

benzene core. In both cases the dendrimer generation is found to have a lar0c effect on ý7 
the level of intermolecular interactions, giving rise to a generation dependent red-tall L_ tl 

emission. Due to the absence of an associated red-shifted absorption feature, this 

attributed to the formation of emissive intermolecular excitations. For the case of the 

nitrogen core dendrimer there is a continuous reduction in the red tail with increasing 

generation, whereas in the case of the benzene core dendrimer the degree of red 
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emission initially increases with generation and is accompanied by an ovei-all red-shift 

and loss in structure. 

A dependence of the emission and absorption properties on temperature are observed in 

both materials, which are in part attributed to an increase in effective conjugated length 

of the dendrimer with decreasing temperature, but appear to be dominated by the effect 

of thermal broadening. 

4.3. Dendrimer LEDs 

4.3.1 Nitro2en core dendrimer device characteristics 

The motivation behind the synthesis of these novel families of conjugated dendrimers 

was the search for new and efficient materials for organic LEDs. In the following 

section the properties of devices containing ADSB will be described. The temperature 

dependence of characteristics are compared to those of MEH-PPV LEDs and the most 

efficient device configurations in the form of bilayer devices are discussed. 

The current-field characteristics of a PEDOT/ADSB LED with aluminium contacts are 

shown in Fig. 4.20. As the generation increases, the device current moves to higher 

fields, giving rise to an increase in operating field. In fact, the operating field more than 

doubles as the generation is increased from GO to G3. This is a significant result, in that 

it demonstrates that the films become more insulating with generation, which is a direct 

result of an increase in core chromophore separation. The device characteristics can 

hence be correlated directly with the reduction in red-tail excimer emission observed in 

the EL spectra. As the position of the core absorption band is unaffected by generation, 

this marked change in characteristics must be due to a change in the transport properties 

rather than a change in the barrier to charge carrier injection. Furthermore, 

electrochemical studies on related dendritic compounds have shm'N'n that that the core 

energy levels remain unaffected by generation and that injection takes place into the 

core [56]. It is hence concluded that the barrier to charge carrier injection remains 

approximately independent of generation. This will be discussed in more detail in 

Chapter 6. The dcN, icc stability was also found to increase with generation, and for GO 

poor quality characteristics were frequently observed. -\ similar stability ISsL1c has 
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previously been observed by Halim et al. in distyrylbenzene-stilbene based dendrimers 

[4], and it is conceivably related to the quality of the dendrimer film. To date there has 

been no direct correlation of the device characteristics with generation. 
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Fig. 4.20. Current-field characteristic of nitrogen core dendrimer LEDs containing a 
PEDOT layer and aluminium electrodes. 

The same device characteristics are shown on a logarithmic scale together with the light 

intensity. The important result is that, as can be seen in the lower panel of Fig. 4.2 1, the 

maximal achievable brightness increases with generation. It is also seen that the light 

en-fission is observed at the same bias for all generations. There is also a strong 

exponential dependence of the device efficiency on generation, as is seen in Fig. 4.22. 
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Fig. 4.21. Device characteristics of nitrogen core dendrimer LEDs containing a 
PEDOT layer and alimunium electrodes shown on a logarithmic scale. 

Light emission is observed at the same biases independently of generation and appears 

to have a very similar functional dependence on bias for all generations. This suggests 

that whereas the current-voltage characteristics, which are governed by the majority 

carrier transport (holes), are strongly affected by increased chromophore spacing, the 4-n 
minority carrier currents (electrons) remain relatively unchanged. A conclusion of this is 

that the minority carriers are trapped on the chromophore, as has previously been 

proposed from analyses of the characteristics of PPV based devices [57]. 

Recombination hence occurs between relatively mobile holes and trapped electrons. As 

there is a large surplus of holes, an increase in chromophore spacing results in a 

reduction in hole current and hence an increase in efficiency and greater achieN, able 

brightnesses before device breakdown occurs. The independence of the threshold 

voltage for light emission also suggests that the electron current is injection limited 

whereas the hole current is transport limited. It is also important to note that the increase 

in external quantum efficiency is not related to a change in the PL quantum N leld. 
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Whereas the increase in device efficiency is approx. a factor of 25, the increase in the 
PL quantum yield measured due to the reduction of excimer luminescence quenching L- 
with increasing generation is at most a factor of 1.5. 
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Fig. 4.22. Dendrimer LED efficiency as afunction of generation derivedfrom the above 

characteristics. 

A further intriguing dependence of the device characteristics on generation is shown in 
Fig. 4.23, where the current-field characteristics are plotted on a double logarithmic 

scale. Double logarithmic scales are frequently used to investigate space charge limited 

transport and charge trapping [581. As there is such a strong dependence on generation 

in dendrimer LEDs, charge transport clearly plays an important role and a double 

logarithmic plot could yield insight into the trapping processes present. Two regions of 
interest are identified, one in the low bias region, and the second at high biases. It is 

seen that at low biases below -0.1 MV/cm the current actually increases with increasing 

generation, suggesting that some trapping processes and charging of the dendrimer film 

gives rise to an increase in leakage current with higher generation. This current does not 

contribute to EL and is hence referred to as a dark current. It is thought to arise from the 

trapping of charge carriers on the dendrimer cores which results in a significant build-up 

of space charge within the device and hence a polarisation of the material. Current- 

ý'oltage characteristics at high generations and low electric fields hence approach the 

parabolic form of the Child's law description of space charge limited conduction. As the 
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generation number is increased, the power-law exponent at low fields increases from 1.3 

to 1.8, whereas at high electric fields it decreases from approximately 9.5 to 7.0 %%-Ith 

increasing generation. These trapping processes are related to the relative energy levels 

of the core and the dendrons, which can be estimated using cyclic voltametry. Work is 

currently underway to determine the precise nature of the trapping process, but an initial 
investigation suggests that the relative positions of core and dendron HOMO and 
LUMO can give rise to electron trapping on the core [59]. 
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Fig. 4.23. Dendrimer LED current-field characteristic in double logarithmic 

representation. 

A further tool for investigating charge transport in dendrimer LEDs is to measure the 

transient response of EL to an applied voltage pulse [601. The rise of EL for LEDs 

operated at a constant field of 1.7 MV/cm is shown in Fig. 4.24. It is seen clearly that 

the EL rise time increases with increasing generation, suggesting a slowing in charge 

transport. Although it is not possible to extract any quantitative information regarding 

the charge transport in dendrimer LEDs, the fact that the rise is more gradual for the G3 

LED implies that the time needed for electron and hole currents to reach equilibrium is 

increased. There is no clear delay visible between the application of the voltage puke 

and the start of EL, which suggests that charge transport is highly dispersi\'C and that 

the charge carrier fronts are spread out across the film. The spread in the carrier %% aiting 

time distribution ulvcs rise to the gradual increase in EL with time. As the generation ltý 

10' 100 
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increases, the waiting time on each hopping site increases, which gives rise to a further 

slowing in charge transport. 
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Fig. 4.24. EL onset and rise of dendrimer LEDs at a field of 1.7 MV1cm, G=O (0), G= I 

(0), G=2 (A), G=3 (V). Inset is the inverse rise on a logarithmic scale. The LEDs did 

not contain a PEDOT laver in this case. Aluminium was used as the cathode. 

A remarkable consequence of the slowing in charge transport, which may also be 

thought of as a reduction in charge carrier mobility, is shown in Fig. 4.25. Devices were 
fabricated on ITO/PEDOT anodes with gold cathodes. The gold work function is 

slightly higher than that of PEDOT, so the device energy levels were actually reversed 

with the barrier to electron injection being larger from the cathode than from the anode 

[611. As can be seen in the figure, the AO to A2 devices support verv larae currents but 

do not emit any sianificant amount of light. Howevci% for A3 the current is reduced by 

orders of magnitude and at high biases above 1-5 V light emission is observed. 
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Surprisingly, the A3 device has an efficiency of approx. 0.005 %, which is comparable 

to that of a device with an aluminium cathode. In comparison. for MEH-PPV the 

efficiency of devices with gold cathodes has been reported to be over -1 orders of 

magnitude smaller than that of devices with aluminium cathodes [62]. This observation 

demonstrates that for A3 devices the charge carrier mobility is so low that the device 

efficiency becomes virtually independent of the cathode barrier to injection. Due to the 

increase in the barrier to electron injection of approx. I eV between alun-tinium and 

gold, the operating bias increases significantly and stable EL is not observed below 

approx. 15 V. 
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Fig. 4.25. Dendrimer LED characteristics for devices in the con guration ji 

ITOIPEDOTIDendrinierIGold, where the gold electrode formed th(, cathode. 

Devices were also fabricated with calcium electrodes, but similar device characteristics 

to those of alurninium containing devices were observed. Howeý'er, upon accidental 

introduction of an insulating oxide layer in the calcium evaporation, the device 

efficiency was found to increase by an order of magnitude. An MEH-PPV control 
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device did not display the same behaviour and in contrast showed a reduction in 

efficiency by almost 3 orders of magnitude. Calcium is known to be problematic as a 

cathode material and previous studies on dendrimers have raised concerns regarding the 

stability of the calcium-dendrimer interface [6]. It is also known from photoelectron 

spectroscopy measurements on electrode-polymer interfaces that calcium can react with 

the material at the interface [63]. The best results in terms of efficiency and stability of 

single layer devices were obtained for devices with magnesium-aluminium cathodes. 

For single layer devices of AO with no PEDOT layer a maximum brightness of 24 

Cd/m2 was observed with a peak efficiency of 0.02 %. In contrast, for A3 a peak 
2 brightness of 100 Cd/M was measured with a peak efficiency of 0.2 11'c. 

4.3.2 Temperature dependence of nitrogen core dendrimer device 

characteristics 

As established in the previous sections, it is believed that the dendrimers provide model 

systems of molecular semiconductors. The issue of whether organic semiconductors are 
intrinsically more band-like or should be treated from a molecular point of view has 

been at the centre of heated debate for the past years [46,51,64-65]. In view of charge 

transport and in particular the description of device characteristics, it is particularly 
important to establish whether the treatment of organic semiconductor devices in the 

conventional framework or serniconductor band theory is correct. A useful tool for 

investigating the charge transport in organic LEDs is a simple consideration of the 

temperature dependence of the device properties. MEH-PPV is a well-studied system 

and many device characteristics have been reproduced within the framework of mainly 

conventional device models [66-67]. The dependence on temperature of the current- 

voltage and the brightness-voltage characteristics is shown in Fig. 4.26 for both an A2 

device and an MEH-PPV device at 300 K and at 10 K. It is seen that the operating field 

increases with decreasing temperature and so does the threshold voltage for light 

emission. The functional dependence of the characteristics on temperature are very 

similar for the two materials', in particular the relative change in slopes of the curves. 

For the A2 device the dark current at 10 K is significantly areater than for MEH-PPV, 
Zý ý Z7 

which is thought to be a consequence of doping through either atmospheric impurities I 
or the ITO anode [68]. Also, a hump is seen on the A-2 current - voltage characteristic at L_ 
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300 K, which is believed to be due to such a doping effect and was reproducible upon 
repeated voltage sweeps. The similarity of the functional dependence of the bri-ahtness 

versus voltage curves on temperature is quite surprising, considering the large 
difference in the effect of thermal broadening on the emission properties discussed 

earlier. However, this similarity suggests that the charge transport in organic LEDs can 
be described by a unique model, independently of the exact electronic structure of the 
material. 
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Fig. 4.26. Temperature dependence of A2 device characteristics compared to MEH- 

PPV device characteristics (no PEDOT layer in both cases). The temperature was 

reducedfrom 300 K to 10 K. During the cycle, the devices were not operated in reverse 
bias. 

In addition, the functional dependence of the device efficiency on temperature is shown 
in Fig. 4.27. As seen in the device characteristics, the functional dependence of the 
device efficiency on temperature is virtually identical for the two materials: it increases 

strongly with decreasing temperature. However, whereas for A2 the increase from 300 

K to 10 K is only by approx. a factor of 8, for MEH-PPV the increase is fiftý -fold. It 

should be noted that this increase of efficiency is due pureIN to the charge transport 
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becoming more balanced rather than a change in barrier to injection. Although the band 

gap of MEH-PPV is reduced by approx. 120 eV as the material is cooled do"'n. the 

strongest change with temperature is between 200 K and 300 K [67]. Yet in this region 

the efficiency is virtually constant. The subsequent increase in efficiency is thought to 

be similar in nature to the process, which gives rise to the generation dependent increase 

in efficiency. As the temperature is reduced, the majority carrier mobility is reduced 

more strongly than that of the minority carriers, which are also dispersed in traps 

throughout the film [57]. It is somewhat surprising that the dependence of this process 

on temperature should be independent of material, as seen in Fig. 4.27. 
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Fig. 4.27. External quantum efficiency of an A2 device compared to an MEH-PPV 

device as afunction (ýf temperature. The efficiency was nonnalised to the value at 300 

K. Four measurements were made at each temperature. 

This investigation has shown that the characteristics of dendrimer LEDs exhibit a strong 

dependence on temperature. which is functionally rather , ii-nilar to that of MEH-PII\ 

LEDs. This is an interesting result, for it has also been established above that the 
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dendrimer device characteristics depend strongly on generation and hence on the 

chromophore spacing. Indeed, there is a strong correlation of the device characteristic ý, 

with the generation dependent excimer red tail emission. Charge transport at low 

temperatures is likely to be highly dispersive with the carriers not possessing well- 
defined transit times. The comparison of A2 and MEH-PPV deý, 'ices hence suggests that 

there is some universal transport mechanism in thin film organic LEDs which is 

virtuafly independent of the material. 

4.3.3 Benzene core dendrimer LEDs 

LEDs containing the benzene core dendrimers were fabricated following the same route 

as for the nitrogen core dendrimers. The GO and GI devices were found to be very 

unstable, whereas the G2 and G3 devices were more stable. However, overall the 

devices were much less stable than devices containing the nitrogen core dendrimer. 

Approximate efficiencies for the four generations of LEDs with PEDOT and aluminium 

electrodes are 0.001 %, 0.0001 %, 0.001 % and 0.002 % for GO to G3, respectively. In 

contrast to the nitrogen core dendrimers, there is no systematic progression in the 

efficiency and it is also hard to see a correlation with the photophysics. Sample device 

current-voltage characteristics are shown in Fig. 4.28. As for the nitrogen core 

dendrimer there is an increase in the operating bias with increasing generation, except 

for the 3 rd generation device. However, the B3 device was fabricated in a separate run, 

so there is the possibility of sample to sample variation, although it is unlikely that this 

would give rise to a change in operating bias by over a factor of two. As the red-shift in 

the emission is reversed on the transition from B2 to B3, it is not surprising that there is 

a marked shift in the device characteristics. 

It is surprising, however, that the operating bias increases from BO to B2 whereas the 

red emission actually increases, suggesting that the emissive sites move closer together. 

A possible interpretation of this is that the entire core unit, consisting of three Z-- 
distyrylbenzene units, has to be seen as the transport site, rather than the individual 

distyrylbenzene units. One possible interpretation is then that charge carrier. " can hop 
Z' I 

over or tunnel through the central benzene unit. Clearly an increase in the number of 

stilbene units present in the material will havc an insulating cffcct. which is obscr\, cd in 



Chapter 4. Nanoscale control of intennolecular interactions in con ugated dendrimers. y 113 

the device characteristics. In contrast, the emission occurs only from individual 

distyrylbenzene units, so excimer formation will be dominated by the mininium 

distance between these chromophore units rather than the average distance between the 

entire core units of the dendrimer. Two distyrylbenzene units from different molecules 

may hence be in close proximity, even when the overall intermolecular spacing 

increases. For the 3 rd generation a significant change in molecular arrangement takes 

place, which, in contrast to the nitrogen core dendrimers, is discontinuous with 

generation, giving rise to a reduction in red ernission as well as a reduction in operating 
field. 
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Fig. 4.28. Current-voltage characteristics of benzene core dendrimer LEDs (PEDOT 

and aluminium electrodes). 

A further application of the benzene core dendrimer will be discussed in chapter 9. 

where the suitability as a host material in a doped electrophosphorescent device is 
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investigated. 
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4.3.4 Bilaver LEDs (Nitroiien core dendrimers 

The device efficiencies of single layer LEDs with aluminium contacts discussed above 

are not very large compared to the current peak efficiencies of 2% of MEH-PPV, up to 

4% for other PPV derivatives and even close to 10 % for polyfluorenes [69]. One way 

of improving the device efficiency is to employ a bilayer configuration. As 

triphenylamines are commonly used as hole-transporting materials, it is believed that 

the nitrogen core dendrimers preferentially transport holes. A suitable electron- 

transporting layer is hence sought to allow more balanced hole and electron transport in 

the device together with a better definition of the recombination zone, which is located 

close to the interface of the two materials. Polypyridine (PPY) was initially investigated 

as an electron transporting material, as it has previously been used in dendrimer bilayer 

devices [70]. PPY is only soluble in formic acid, which does not dissolve the dendrimer 

layer. For the A2 dendrimer, an efficiency of 0.005 % was measured in the 

configuration ITO/A2/PPY/Al, which is not significantly greater than that of a single 

layer device. The emission spectrum was found to develop a broad red tail, which may 

be a signature of an exciplex emissive state formed between the PPY and the dendrimer. 

Exciplex emission in PPY containing devices has previously been reported in bilayer 

devices with PVK [7 1 ]. 

Electron injection into PPY has been shown to be more effective from an n-type ITO 

electrode than from an alurninium electrode, which is believed to be due to strong 

influence of doping states [68]. This remarkable feature allows devices to be fabricated 

in a reverse configuration of ITO/PPY/Dendrimer/Gold, where holes are injected from 

the gold electrode and electrons are injected from the ITO. For MEH-PPV, such a 

configuration was found to yield efficiency values similar to the conventional device 

configuration with aluminium electrodes. However, for the A2 dendrimer, an efficiency 

of 0.05 % was measured, giving an order of magnitude improvement. This sucyaests that Z-- znz-- II 
the incorporation of an electron transport layer can indeed improve the device 

efficiency. 

The dendrimer generation allows a control of the degree of intermolecular interactions 

in films, which is manifest both in the emission properties as well as the charge Z4 
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transport properties. Using the dendrimer generation, it should hence be possible to 

balance further the charge transport in bilayer devices. This was investigated using 

vacuum deposited charge transport layers. Evaporating charge transport laYers has the 

advantage over spin-coating that the materials deposited do not intermix or accumulate 

solvent at the interface. Also, evaporated materials are much purer. Bilayer devices 

were fabricated using both the common electron transport materials PBD [72] and Alq3 

[73] and the Oth and 3 rd generation dendrimers as hole transporting materials. The 

measurements were carried out in the engineering department at Oxford University. 

Dendrimer films approx. 80 nm thick were spin-coated onto substrates, which had not 

been masked and etched. 50 nm of the electron transport layer, either Alq3 or PBD, was 

evaporated, coating the entire device area. Aluminium or magnesium aluminium 

electrodes were then evaporated through a shadow mask. In the case of magnesium 

aluminium, a small amount of magnesium was placed in the boat with the aluminium. 

The magnesium evaporated first, hence forming a thin layer of magnesium on the 

device, which was then covered by aluminium. Contact to the metallic cathodes was 

subsequently made through a probe station, paying careful attention not to short circuit 

the device. The devices were then tested in air rather than under vacuum. 

All devices displayed good characteristics. For the case of the PBD electron- 

transporting layer, emission was observed from the dendrimer, whereas for the Alq3 

containing devices, the AIq3 was found to emit. The bilayer devices were found to have 

impressive efficiencies, considering that no attempt was made to optimise the 

thicknesses of the transport layers, which are known to have a significant impact on the 

device performance [58]. The efficiencies and peak brightnesses are summarised in 

Table 4.1. The brightest devices were the LEDs containing Alq3, where dc brightnesses 

over 2000 Cd/m 2 were recorded as well as the lowest operating biases (150 Cd/M2 at 7 

V). The highest efficiencies of up to 0.4 % at 65 Cd/m 2 are observed for the devices 

containing PBD. The dendrimer generation has a clear effect on the brightnesses and 

efficiencies - with respect to AO, the A3 devices show reduced maximum brightnesses, 

but increased efficiencies, suggesting more balanced charge transport. This is Z-- 

particularly clear cut for the single layer devices and for the devices containing PBD. It 
z: 1 z: 1 

is also interesting to note that for the bilayer devices the choice of cathode material 
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appears to have little effect other than to increase the maximum brightness for the Alq3 

devices. 

Device structure AO/Al A3/Al AO/MgAl A3/MgAl 

single layer EQE (%) 0.00025 0.01 0.02 0.2 

Max. Brightness (Cd/M2) 1 16 24 100 

Alq3 EQE 0.1 0.3 0.1 0.2 

Max. Brightness (Cd/m2) 600 150 2200 590 

PBD EQE (%) 0.07 0.4 0.2 0.4 

Max. Brightness (Cd/m 2 60 65 93 65 

Table 4.1. Summary of the key device parameters of nitrogen core dendrimer LEDs. 
I Where possible, the efficiencies were calculated at a brightness of or above 15 CtIltir. 

Sample device characteristics are shown in Fig. 4.29 for devices with magnesium 

aluminium electrodes. The single layer device characteristics for A3 (curve c) are 

shown by the dashed line. There are two main features to note: firstly, inclusion of the 

Alq3 layer lowers the operating bias, whereas the PBD layer results in an increase with 

respect to the single layer devices. Secondly, the higher generation dendrimer results in 

an increase in operating bias, too, with respect to the AO dendrimer. However, for the 

PBD device, the efficiency is greater for the A3 device, which results in the curves e 

and d being swapped on the brightness-voltage curve. 

The difference in the characteristics between Alq3 and PBD is related to the relative 

energy levels of the hole and electron transporters. Whereas PBD is a wide gap material, 

Alq3 has a band gap similar to that of the dendrimers. It is hence possible that the 

LUMO energy levels of Alq3 and the dendrimers are reasonably well aligned, as are the 

HOMO levels. The presence of the Alq3 layer results in an increased electron current 

and hence the overall operating field is reduced. In contrast, an offset between the PBD 

and dendrimer energy levcls would result in charge accumulation at the interface and 

the PBD layer acting C as a blocking layer for holes, rather than providIng a surplus of I 
electrons to the interface as in the case of Alq3. The functional dependencies of current 

and brightness on the bias are hence similar to the case of the single laver device. Due to 

the increased overall device thickness the characteristics are merely shifted to higher 
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biases. Through the choice of the higher generation dendrimer, the device current is 
reduced even further. This suggests that in addition to the hole-blocking characteristic 
of the PBD layer, the impeded hole transport through the dendrimer, i. e. the reduced 
hole mobility, also plays a role. 

101 

10-1 
C 10-3 

Q 
-5 lo 

10-7 

10-9 - 
103 - 

NE 102 - 

101 
co 
(U) 100 

. r_ 10-1 
co 10-2 

10-3 

05 10 15 20 

Bias (V) 

Fig. 4.29. Current-voltage and brigh tness- voltage characteristics for single layer and 
bilayer devices with magnesium aluminium electrodes. a) AOIAlq.?, b) A31AIq,?, c) A3, d) 

A OIPBD, e) A 31PBD. 

The increase in efficiency with generation in bilayer LEDs also suggests that the 

confinement of charge carriers is improved at the interface. An interpretation ot' the 

device characteristics d and e in Fig. 4.29 is that the electron leakage current through the Z: 4 it! 
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dendrimer layer is reduced with increasing generation. The efficiency is limited by 

charge carriers passing through the entire device without recombining. As the hole 

leakage current through the PBD layer is thought to be the same for the AO[PBD and the 
A3/PBD device, the further reduction in current with an increase in light output may be 

attributed to a reduction in electron leakage through the dendrimer layer. The electrons 

in the A3/PBD device are hence more strongly confined at the interface. A consequence 

of this extreme confinement, which can be tuned using the dendrimer generation, is the 

occurrence of very high efficiencies at low currents, as shown in Fig. 4.30. The device 

characteristics of an A3/PBD device are seen with magnesium aluminium and 

aluminium electrodes. Just above turn-on, the efficiency is found to be in the order of 70 

Cd/A for the device with magnesium alummium electrodes and approx. 5 Cd/A for the 

device with aluminium electrodes. Although these numbers should be taken as being 

very approximate and are likely to be overestimated, the characteristics do show that 

light emission is observed at very low currents in the order of 10 nA. This was also 

verified visually in a separate experiment. No such extreme efficiencies and strong 
dependence of the efficiency on operating bias were observed for the other devices 

studied. 

These remarkable efficiencies at low biases demonstrate the unique advantage of being 

able to control the charge transport properties of a certain material through a single 

parameter, the dendrimer generation. Although the increase in generation appears to be 

at first sight detrimental to the charge transport, the above bilayers demonstrate that for 

certain applications a reduction in mobility may be advantageous. The increased 

generation does give rise to a limitation on the sustainable currents and hence maximum 
brightnesses, but it may be possible to improve on this through suitable device 

configurations. However, for many display applications only medium brightnesses of 
between 50 and 100 Cd/m 2 are required, so the dendrimer systems studied here could 

well prove to be of future interest as the emitting layer in LEDs. Alternatively, high 

brightnesses may be achieved in bilayer configurations using Alq3 as the en-fitting laý, er. 
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Fig. 4.30. Device characteristics and EL efficiency of an A31PBD bilayer device with 

aluminium and magnesium aluminium electrodes. 

4.3.5 Summar 

A detailed study of devices made with the nitrogen core dendrimer as a function of z: I 

III sporting , generation, electrode material, temperature and with a variety of electron tran 

layers has been presented. There is a strong dependence of the device characteristics on 

generation with films becoming more insulating with increasing aeneration. This 

observation correlates well with the finding that the core chronlophores become more 
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insulated and shielded from the environment with increasing generation, ýý'hich is 

manifest in a reduction of the red emission. This correlation demonstrates that the 

stilbene dendrons act as insulators and neither contribute to charge transport nor act as 

sites of charge injection. The dendrimer generation hence allows a nucroscopic control 

of the level of interaction between chromophores and also of the charge transport 

properties of the material. Conjugated dendrimers allow a direct correlation to be drawn 

between the chemical structure of the material, the emission spectrum and the charge Z-- 
transport properties. 

An increase in device efficiency with generation is observed in all configurations, which 

is attributed to a reduction in mobility and an Improved balance In char-c-'e transport. The 

most efficient device configurations incorporate a PBD electron- transporting layer and 

achieve efficiencies of 0.4 %. At low currents this efficiency is greatly enhanced due to 

strong carrier confinement at the interface between dendrimer and electron transporter. 

The device efficiency is also found to increase with decreasing temperature. The 

functional dependence of the device characteristics on temperature is found to be very 

similar to that of MEH-PPV devices. 
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4.4 Coupled electronic oscillator calculations on con 

dendrimers 

4.4.1 Introduction 

In the previous sections of this chapteý the basic photophysical and transport properties 

qf tW9 fýmiliqs 9f rqlýtqo Oqn0rimqq wqre Oi§yV5§eO. It Waý f6pno thot in §pite yf ýhq 

very similar chemical structure, the materials possess very different properties. It Is 

particularly interesting to understand why the nitrogen core dendrimers are green 

emitters, whereas distyrylbenzene and the benzene core dendrimers emit in the blue. 

Furthermore, the scaling of dendron to core absorption following the simple 

proportionality to the number of dendrons of 1: 3: 7 for GI to G3 implies double 

counting of benzene rings within the dendrons. This scaling, which was observed in 

both material families, is hence counter intuitive and ýequires further investigation. 

Thý thqyry 9f q9Vj? lqq qlqýtrqniq 9ýqillýtqrý ((ýEQ) woý &yql9peq ýy Mpkgmql, 

Cherniak and others in Rochester and has been applied to a variety of systems with 

great success [19-20,25,26-27,50,74-75]. It is ideally suited to excitations of strongly 

correlated electron hole pairs in organic materials and has been used to calculate the 

energy levels of PPV and a variety of polymers and oligorners. The input to the 

calculation is the ground state density matrix which is computed by a conventional 

intermediate neglect of differential overlap (INDO) code. The time dependent Hartree- 

Fock equations are then solved, giving the energy eigenvalues of the molecule as well 

as the transition matrix without the need of calculating the excited state eigenfunctions. 

The transition matrix describes the probability of an electron being excited from the 

LUMO of c4bon atom i to the HOMO of cubon atom j, as discussed in chapter 2. It 

hence provides a real space representation of where the excitations are localised on the 

molecule. Diagonal elements correspond to excitations localised on one carbon atom, 

whereas offTdiagonal elements describe the coherences between different sites. The 

CEO technique provides a very useful tool to study the nature of excitations, ýis charge 

transfer states can be identified as well as excitonic coupling and , plittincy ltý I 
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Dendrimeiis have attracted a great deal of interest in this regard, because they are 

computationally much easier to deal with than polymers [19-20,25,64,76-77]. Both 

the finite spatial dimensions and the intrinsic symmetry allow a detailed computation of 

the electronic properties at a relatively low computational cost. Previously. a family of 

phenylacetylene dendrimers has attracted considerable attention due to the 

demonstration of exciton localisation on the core [19,20,22]. In contrast to the systems 

studied here, these dendrimers are completely symmetrical and consist only of one 

conjugated unit, rather than distyrylbenzene and stilbene used here. The presence of 

only one unit allowed the problem to be broken down into the different individual 

branching units of the dendrimer under the assumption that the ineta linkage between 

adjacent conjugated units impedes electron delocalisation effectively. By calculating the 

energy eigenvalues of the individual segments, the Frenkel exciton coupling parameters 

could be obtained and the energy level splitting deduced was found to yield excellent 

agreement with experiment. 

in the case of the phenylenevinylene dendrimers studied here, a computational 

inyqýtigqtiqn iý qynsioqrqýly m9rq qornpliq0tq0, It iý qyj4qnt ftt thq qqrq VnIt hm ty ýq 

defined as the central three distyrylbenzene units in the case of the anune core 

dendrimer, as the electronic properties are so different to those of the benzene core 

dendrimer. In order to understand the electronic processes in the dendrimers, 

calculations were performed on the entire dendrimer structure. In the case of the 

benzene core dendrimer, the central meta linked benzene ring was thought to impede 

electron delocalisation throughout the core region allowing the dendrimer to be broken 

down into three symmetry elements. The localisation of excitations on the core is 

demonstrated and the energy eigenvalues are found to be in excellent agreement with 

experimental values. 

The calculations presented here were carried out in Rochester. The geometrý, 

optimisations were performed on commercial software packages. The CEO calculations 

were run on a compiled F77 code written by S. Tretiak and coworkers. 
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4.4.2 Nitros! en core dendrimer 

4.4.2.1 Ground state 0' h generation 

Oth I The structure of the generation nitrogen core dendrImer AO was optIrmsed using the 

commercial quantum chemistry package SPARTAN employing the Austin Model I 

(AMI) theory with a reduced Hartree-Fock Hamiltonian to calculate the atomic forces 

and minimise the nuclear displacements. The optimised structures are shown in Fig Z-- * 
4.31 in stick and space filling representation. The benzene rincys, are twisted with respect 

to each other. The central benzene rings of the distyrylbenzene units are twisted with 

respect to each other by an angle of 35' and the rms deviation frorn the plane is found to 
0 be 0.94 A. Although the molecule appears to be close to planar, the t-butyl groups 

contribute significantly to the volume of the molecule as seen in the space filling 

representation. Due to these strong twists and the bulky surface groups it Is hence not 

surprising that these molecules do not Ti-stack and that there is no signature of 

aggregation in the absorption of films. 

Or 

Fig. 4.31. Geomett-ý, optimised structures of AO. 

Fig. 4.32 shows the counting of carbon (and nitrogen) atorns of AO employed in the aI Z-- II 

CEO calculations. The atorns are counted clockwise around the benzene rings and L- 

clockwise around the entire structure. The hydrogen atorns are not shown, but were also 

labelled in an orderly manner. Although there are a number of conceivable ways to label 

the atorns, it is important to have a consistent labelling strateav in order to be able to 

compare different calculations. It is also very beneficial to have a labelling s\, stern to be L- ý 
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able to easily relate the transition matrix to the structure of the molecule in terms of 
building blocks of the molecule, rather than having to locate every individual carbon 

atom separately. 
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Fig. 4.32. Counting of carbon atqms used in the CEO calculations on AO. 

The single elecqon density matýix of AO is shown in Fig. 4.33 in a 2-d plot. The z-axis 

uses a logarithmic scale to plot the data. This enhances the clarity of the plots and 

makes differences easier to spot. All following matrix plots are shown on a logarithmic 

scale for matrix values from 0.01 to approx. 0.2, unless indicated otherwise. There are 

three groups of patterns visible in the plot, which are in turn broken down into three 

subgroups. The groups labelled I to 3 correspond to the distyrylbenzene (DSB) units in 

the dendrimer. The three subgroups result from the three benzene rings comprising 

distyrylbenzene. The t. butyl units are seen at the upper end of the DSB groups. There 
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are a number of off-diagonal elements corresponding to charge delocalisation across the 

three central benzene rings comprising the triphenylamine core. 

3 80- 
t-Bu unit 

60- 

-2 DSB unit (3 rings) 

40-, 

20- w 
Aw, 

Interaction across amine 
(DSB2-DSB3 interaction) 

20 40 60 80 

hole coordinate 

Fig. 4.33. Single electron density matrix of AO on a logarithmicscale. 

The CEO calculation found four modes with large oscillator strengths in the AO 

dendrimer, two at 3.0 eV which are possibly degenerate although they had slightly 
different oscillator strengths, and two at 3.6 eV (the energy eigenvalues and the 

calculated absorption spectra are shown in Fig. 4.36). These four modes are shown in 
Fig. 4.34. In all cases off-diagonal elements are observed corresponding to 

delocalisation of excitations across the amine core. The lowest two modes I and 2 are 

similar and show that the excitations are delocalised across the entirety of the 

distyrylbenzene units. The spaces between the units result from the surface groups. 

which are not involved in any of these excitations. The comparison of modes I and 2 

suggests that in any one mode only two distyrylbenzene units are involved in the 

excitation. This is presurnably related to the threefold symmetry of the molecule and 

would suggest that these two lowest modes are virtually degenerate. A remarkable 2: )Z-- 1: 7 
observation is made in Figs. 4.34 c) and d). Again. two arills of the dendrimer dominate 

Zýl -- 
over the third, but this time the triphenylamine core is dissociated from the 

distYrylbenzene unit and excitations are hence no longer delocalised across the cntire 
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molecule. The result is that the distyrylbenzene unit splits into a benzene ning, which 
contributes to the triphenylamine core, and a stilbene mode, which gives rise to the 

observed absorption at 3.6 eV. This observation explains why absorption is seen 
experimentally in the region of the dendron band, although there are no dendrons 

present in the Oth generation. 
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Fig. 4.34. Strongest CEO modes of A0 (logarithmic scale). Modes I (a), 2 (b), 4 (c) and 

5 (d). 
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4.4.2.2 Triphenylamine and stilbene core modes 

To further investigate this remarkable effect, calculations were performed on stilbene 

and on the triphenylamine core, which were isolated from the optimised AO structure. 
The lowest significant mode in the stilbene was found at 3.7 eV, which is comparable to 

the 3.6 eV observed above. Fig. 4.34 c) suggests that there is still a low level of 
interaction between the central and the two outer rings of the distyrylbenzene unit as the 

two blocks are not entirely disjoint, so one would expect this to be slightly lower in 

energy than the lone stilbene mode. The atoms in the AO structure forming the 

triphenylamine core together with a vinylene unit where extracted from the matrices in 
Fig. 4.34 and renumbered according to the lone triphenylamine studied, which has 27 

carbon atoms and I nitrogen atom (3x(6 (benzene) +3 (vinylene) + 1). The upper two 

diagrams in Fig. 4.35 show the triphenylamine core extracted firom AO, whereas the 

lower panel shows the transition matrix of lone triphenylamine. The main features are 

very similar for mode 4 of AO, which exhibits stilbene absorption, and the modes on 

lone triphenylamine: there is strong coherence across the whole unit and interaction 

between all of the benzene rings. There is an asymmetry between the off-diagonal 

elements which indicates the motion of a hole from one carbon atom to another. This 

asymmetry corresponds to a charge transfer state across the triphenylamine, which is 

thought to be due to the lone electron pair on the nitrogen atom. The triphenylamine 

extracted from mode 1 of AO shows strong delocalisation across two of the three 

benzene rings, as was observed in Fig. 4.34. The similarity between the core excitation 

of mode 4 of AO and excitations of lone triphenylamine hence provide further evidence 

that the dendrimer actually splits into two regions for higher modes, corresponding to 

triphenylamine and stilbene units. It should be pointed out that whereas the lowest lone 

triphenylamine modes are observed at 3.33 and 3.34 eV, the mode in Fig. 4.35 b) 

correspond to an eigenenergy of 3.6 eV. The third mode of lone triphenylamine is found 

at 3.64 eV with an oscillator strength -10 % of the first two modes but a very similar 

transition matrix. 
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Fig. 4.35. CEO calculations on molecular triphenylamine (taken ftom optimised AO 

geometry) compared to the elements in the AO matrix corresponding to the 

triphenylamine core (logarithmic scale). a) Triphenylamine core of'AO, mode 1. b) 

Triphenýylamine core of AO, mode 4. c) Triphenylamine molecule, mode 1. d) 

Triphenylamine molecule, mode 2. 

4.4.2.3 First genera ion ground state modes 

The computational requirement for the quantum chemical calculations increases as N, 

with the number of atoms in the system N, so higher generation dendnmers become less 

4m 
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accessible to this kind of analysis. As the excitations are delocallsed across the whole of 

the core of the nitrogen dendrimer, there is no further way of reducing the symmetry 

and hence the computational cost. However, it was possible to perform a CEO 

calculation on the Al dendrimer, which took a total of roughly one month for the 

geometry optimisation (Dual PIII) and the CEO (Alpha workstation). The results are 

very encouraging and are summarised below. The optimised structure (not shown) was 
0 oth found to have an rms deviation from the plane of 1.82 A, which is twice that of the 

generation dendrimer. A small difference in dihedral angles between the 

distyrylbenzene units across the nitrogen atom was observed, with angles ranging from 

32' to 35'. The main modes and the calculated absorption spectra (using a Lorentzian 

line shape with a width of F=O. 12 eV) are shown in Fig. 4.36 together with the same 

data for AO. For both materials the peak of the absorption band is in excellent agreement 

with experiment. The position of the stilbene band is calculated correctly, but the 

magnitude in comparison with the core absorption is underestimated. In Al there is a 

further strong absorption feature seen in experiment at 4.25 eV, which is not observed 

in the calculation. This may be associated with a strong vibronic feature neglected in the 

calculation. It can be seen that the degeneracy of the two lowest modes in AO is lifted, 

giving rise to two absorptions split by 80 meV. This gives rise to a red shift in the 

overall absorption band, which is observed experimentally in both solution and film. 

Mode 3 is very weak and modes 4 and 5 are found at the edge of the stilbene band. It is 

also interesting to note that electrochemical measurements of the band gap through 

pulsed differential cyclic voltarnmetry have shown a difference between the LUMO and 

HOMO levels of 3.0 eV, which is in excellent agreement with the value observed here 

[78]. 
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-) and oscillator strength for AO and A] 

The lowest mode of the Al dendrimer is shown in Fig. 4.37 on an enhanced logarithmic 

scaling ranging from 0.001 to 0.2. The core excitations are clearly visible and extend 

throughout the distyrylbenzene units with strong coherences between the three arms of 

the dendrimer. The distyrylbenzene units are separated by white regions corresponding 

to the t-butyl groups, which were counted last and are not excited in this mode. At the 

end of all three of the distyrylbenzene modes the dendrons are v,,,, ble "'Ith a transition 

probability 2 orders of magnitude smaller than that of the core. This cylvcs an estimate of 

the efficiency of confinement of excitations on the core throuqh the enerov aradient 

between the dendrons and the core. The lowest enerLN, cxcitations are hence strongIv 

localised on the core of the dendrimer. This is the first demonstration of exciton 

localisation in electroluminescent dendrimers. which is in excellent agreement with the 

experimental results. 
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Fig. 4.3 7. Lowest mode (d2-2.96 e V) of AI dendrimer on a logarithmic scale ftom 

0.001 to 0.2 rather thanfrom 0.01 to 0.2. 

The seven main modes of the Al dendrimer are shown in Figs. 4.38 and 4.39 on a 
logarithmic scale from 0.01 to 0.2. The real space representation allows a very simple 
distinction between core and dendron modes. Again it is seen that only two of the three 
distyrylbenzene units carry the main excitations of the core modes, as was observed for 
AO. For the lowest core modes the excitation is delocalised across the amine core. For 

modes 4 and 5 the triphenylamine core splits off from the core stilbene, as was observed 

in the AO dendrimer. Modes 6 and 7 are weak and the first dendron excItation Is seen in 

mode 8. For modes 8 and higher there is no excitation of the core and hence the off- 
diagonal elements in the transition matrix vanish. Once again, due to the symmetry of 
the molecule, only two of the three dendron branches are involved in the excitation. The 

shape of the dendron modes results from the fact that there is a break in the counting of 

the carbon atoms. The atoms are counted along the distyrylbenzene unit and then along 
both benzene rings forming the dendrons. One of the stilbene units then does 

consequentially not have continuously labelled carbon atoms, so an excitation will 

appear as an off-diagonal excitation, giving rise to the arrow shape observed. This is 

discussed in more detail later on. For an example of dendron counting the reader is 

referred to Fig. 4.47. 
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Fig. 4.38. Strongest modesfibund in the CTO calculations on the AI dendrimer plotted 

on a logarithmic scale. q) Mode I (core), b) Mode 2 (core), c) Mode 4 (core, stilbene 

and triphenylamine sphir), d) Mode 5 (core, stilbene and triphenylamine i; plit), e) Mode 

8 (dendron), andfi Mode 9 (dendron). 
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Fig. 4.39. AI dendron mode 13 on a logarithmicscale (d2--3.81 eV). 

4.4.2.4 oth Generation excited state geomelly and modes 

13 33 

As was found earlier on in this chapter, there is a strong shift between the absorption 

and emission of the nitrogen core dendrimer. Whereas the absorption peaks at 3.0 eV, 

the solution PL peaks at 2.4 eV. However, the CEO calculations on the AO dendrimer 

show no dark modes below 3.0 eV from which emission could occur. In addition, 

ultrafast spectroscopy experiments on these dendrimers have shown an intriguing 

wavelength dependent rise time on a ps scale [79] which is hard to combine with the 

well-defined electronic structure presented above. One possible explanation is a 

modification of the molecular geometry upon excitation. It is evident from the 

discussion above that electronic processes give rise to a decoupling between the 

triphenylarnme and the stilbene units in AO, which could also suggest a change in 

charge distribution across the molecule. In order to investigate the possibility of an 

altered excited state geometry as well as the effect on a change in geometry on the mode 

structure, the excited state geometry was optimised using a commercial software 

package. The reduced configuration interaction singles (RCIS) calculation provided by 

the Gaussian 98 package forces the molecule to be in the first excited state when 
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performing the geometry optimisation. The previously optimised ground state geometry 

was used as input to this calculation. The calculation was much more intensive than 

comparable ground state calculations and the surface groups had to be removed from 

the structure due to memory constraints. The calculation could not be completed due to 

computational constraints, but it was found that the geometry converged over the cycles 

run. 

The new structure obtained was found to be slightly distorted with respect to the ground 

state AO structure. The dihedral angles measured across the nitrogen atom between the 

distyrylbenzene units were found to be different for the three units and were measured 

as 32' for one unit and 42' for the other two. This geometry was then used as the input 

to a further CEO calculation. The resulting mode energies are shown in Fig. 4.40. 

Remarkably, the small change in geometry gives rise to a dramatic lowering in energy 

of the lowest mode by over 0.4 eV. This suggests that the large shift between absorption 

and emission in this dendrimer may be due to a small change in the geometry of the 

molecule upon excitation. It is also interesting to note that only one distyrylbenzene unit 
(corresponding to the least twisted unit) is involved in this mode together with the 

triphenylamine unit, whereas in higher energy modes and indeed all other modes 

described earlier, two units were found to be involved. This is shown in the mode plots 

in Fig. 4.41. A possible, but tentative, conclusion of this is that whereas two 

distyrylbenzene units are involved in the absorption of a photon, only one is involved in 

the emission. This imbalance may give rise to the rather low photo lu mine sce nce 

quantum yields observed in the dendrimer. 
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4.4.3 Benzene core dendrimer 

The ground state optimised geometry of the Oth generation benzene core dendrimer is 

shown in Fig. 4.42 and the counting of the carbon atoms is seen in Fig. 4.43. The 

structure is very similar to that of AO. The benzene rings surrounding the central tý 
benzene ring are found to be twisted out of the plane by 44' and the rms deviation from 

0 the plane is calculated to be 1.66 A, which is almost twice that of the nitrocren core 

dendrimer. 

Fig. 4.42. Ground state optimised geonieto, of the BO dendrimer. 

35 36 

32 2E27 
28 

2S25 
31 OU2423 

2a2l 
18-19 60 

17 20 59- 61 
16 15 54 5ýý 

14 13 
10 11 46 47 52 558 603 64 

9ý, 12 44 45 48 51 
65 

8 -- 7\1 
2 38 39 

40 43 50 49 

3,37 42-41 

67 
72 68 

71 69 
7C 

73 
74 

80 75 
76 79 

78 77 

81 
82 

8883 
9ý, 94 87 84 

- 8685 - 95 89 91 
92 

Fig. 4.43. Carbon atom coulltljj, ý itsed in the CEO calculanons on the BO dendrimer. 



Chapter 4. Nanoscale control qfinterinolecular interactions in conjugated dendrimers. 137 

The single electron density matrix of BO is shown in Fic-,. 4.44. As for AO. the three 
distyrylbenzene units are visible, made up of the individual benzene rings. There is Cý 
some delocalisation onto the central benzene ring, which gives rise to the off1diagonal 

elements observed. 
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Fig. 4.44. Single electron densio, matrix of the BO dendrimer on a logarithinicscale. 

The four strongest modes of BO are shown in Fig. 4.45. In all cases the excitations are 
delocalised across the entire distyrylbenzene branch, except for the high energy mode 

10. There is no interaction between the three arms of the dendrimer, but there is a 
degree of delocalisation from the distyrylbenzene onto the central benzene ring for 

modes 1,2 and 6. Again, it appears that two of the three dendrimer arms are more 

strongly involved in a given mode. The calculated absorption is shown in Fig. 4.46 in 

comparison to the measured solution absorption. The calculated peak is red-shifted by 

approx. 0.15 eV with respect to the measured peak of the absorption, although it does 

coincide with the lowest energy feature of the experimental spectrum. The measured 

spectrum is also considerably broader than the calculated spectrum. So as not to 

overestimate the absorption in the red too much, a value for the line shape of F=O. 12 eV 

was chosen. It is conceivable that solvation effects give rise to the apparent shift 

between the calculated and experimental absorption maxima. although it is surprisincy Zý 
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that for the nitrogen core dendrimer no such discrepancy is observed. Alternatively, the 

coherence with the benzene core may be overestimated in the calculation, giving rise to 
this discrepancy between experiment and calculation. As the calculation coincides with 
the lower energy feature of the absorption, it is also conceivable that the experimental 

absorption maximum is a vibronic feature of the spectrum. 
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The geometries of these model structures are optimised using SPARTAN as before, but 

appear to be considerably more planar. As is shown in Fig. 4.48 a), the G2 model 

compound is virtually planar, which is in contrast to the observations on the complete 
dendrimers. Interestingly, as the generation is increased above G2, the stilbene dendrons 

start to interact strongly and the outer units are forced out of the plane, as is seen for G3 

in Fig. 4.48 b). The presence of i-buryl surface groups, which were not included here, is 
likely to enhance this effect even further. The interaction between the stilbene dendrons 

can explain why the 3rd generation benzene dendrimer approaches the desired behaviour 

of excimer free emission, as the dendrons in G3 cannot lie in one plane and must hence 

act as spacers between molecules. The steric effects of the dendrons may also explain 

the blue-shifted emission observed in P generation films of the nitrogen core 

dendrimer with respect to solution. If the dendrons become more constrained, the forces 

on the core chromophore are likely to increase. In films, the core chromophore structure 

may become pinned and can hence not relax completely to the lower energy excited 
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state geometry. The effect of the dendrons is likely to be much more complicated in the 

presence of the entire dendrimer structure and the surface groups. zn 

a) b) 

Fig. 4.48. Optimisedgeometn' oj'the G2 (a) and G3 (b) model dendrimers consisting oj' 

a distyrylbenzene core and stilbene dendrons. 

The lowest energy modes of the four model dendrimers GO to G3 are shown in Fig. 4.49 

on a linear scale. The results are remarkable: for all four generations the lowest mode is 
localised at the core chrornophore of the dendrimer, the distyrylbenzene unit. Indeed, 

the core mode is independent of generation and is merely found to shrink as the dendron 

architecture around the core grows. There is a small amount of delocalisation to the 

inner dendrons and for G2 and G3 a weak excitation of the inner dendrons is observed 

(the off-diagonal elements result from the discontinuity in counting upon excitation of 

dendron units A-B and A-E, for example). The second modes of these model systems 

are plotted in Fig. 4.50. It is evident that the next higher excitation results in an Z__ 

excitation of the dendrons rather than the core. For GI to G3. the core re6on in the 

transition matrix rernains dark, whereas the dendrons are excited. These results hence 

demonstrate two things. Firstly, the lowest energy mode is independent of generation 
117 Z-1 ltý 

and is always localised on the core. And secondlý'. the next hic,! hest mode excludes the 

core and comprises merely the dendrons. This ana1vsis hence gives a microscopic real- 

space picture of the excitations present on a dendrimer molecule. It also demonstrates 

that the excitations must be funnelled to the core. as this is the lowest energy state. A 
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molecule excited in the dendrons must hence emit from the core, which is generally 

observed experimentally. 
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Fig. 4.50. Second mode observed in the model dendrimers corresponding to dendron 

modesfor GI to G3. (Linear scale). 

As the number of dendrons increases exponentially with generation, a direct 

interpretation of the mode diagrams in terms of excitations on the dendrons is possible 
for G2, as is shown below, but becomes very cumbersome for G3. Whereas G2 exhibits 

two types of dendron modes, the G3 dendron modes are all different and all involve 
different regions of the dendrimer. 
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4.4.5.2 Dendron to core absorption scalin 

The modes and calculated absorption spectra are summarised in Fig. 4.51 for all four 

generations and are compared to the experimental absorption spectra of the benzene 

core dendrimer. Theory and experiment are in excellent agreement for all four 

generations. The absorption peak is calculated exactly and the BO match is much better 

than for the calculation on the full dendrimer structure. The scaling of the stilbene peaks 

with respect to the core absorption are well reproduced in the calculation. There appears 

to be a second higher energy stilbene peak in the experiments, which is not reproduced 

in the calculations. Lone stilbene absorbs at between 3.8 eV and 4.0 eV, and the result 

from CEO calculations is strongly dependent on the choice of geometry. An optimised 

lone stilbene unit absorbs at 3.7 eV, whereas a study of the CEO modes on stilbene 

using atomic co-ordinates from x-ray diffraction studies yielded a value of approx. 4.0 

eV [27]. It is hence conceivable that in the actual dendrimers a variety of stilbene 

conformations are present. The increase in absorption at higher energies is observed for 

GO and G1, although the lack of this feature in the higher generation calculations is 

most likely due to the limit on the number of modes. 
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The calculation accurately describes the red-shift of the absorption peak with increasin2 

generation. This is a direct result of the core mode coupline, ., to the stilbene modes 

resulting in excitonic splitting. There is no coherence between the core and the dendron 

and excitations may be treated in terms of the Frenkel exciton model. It is surprising to 

note that the core energy level splitting observed in the Al dendrimer was symmetrical, 

with transitions appearing at higher and lower energies with respect to the transitions in 
AO. However, in the model compounds, no second line is observed corresponding to the 
higher energy transition of the split pair. This suggests that due to the symmetry of the 

system the higher energy peak becomes forbidden. It is hard to establish from the 

experimental data whether this really is the case or not, as the higher energy split core 

peak merges with the dendron band. A comparison of the experiniental solution 

absorption of the two dendrimer families in Figs. 4.3 and 4.8 does suggest that the band 

is broadened to the red but not to the blue. If the dipoles on the stilbene dendrons and 

the core chromophore were aligned in parallel, the higher energy transition would be 

expected to become forbidden. However, as this is clearly not the case in this system, a 

discrepancy remains which is presently unresolved. It is conceivable, however, that the 

excitonic coupling between the core and dendrons is simply too weak to support the 

feature split to higher energies. 

It is surprising that this model system provides a better description of the experimental 
data than calculations on the complete dendrimer. However, the results suggest that the 

CEO on the BO dendrimer overestimates the amount of charge delocalisation onto the 

central benzene ring. A lone distyrylbenzene unit hence provides a better description of 

the experimental data. It is also possible that the proximity of the distyrylbenzene units 

in the BO dendrimer leads to excitonic coupling and hence a red shift of the spectrum in 

the calculation, similar to the coupling between core and dendrons observed in the 

model system. This could depend strongly on the sample geometry and may be 

overestimated. 

One further remarkable consequence of the scaling of core to dendron absorption is the 

fact that all possible stilbene units contribute to the absorption and the scaling hence 

goes as 1: 3: 7. The origin of this effect comes from the presence of different modes with :N L- 
comparable oscillator strencyths and energy eigenvalues in the absorption spectrum. This 

Zý L- 
is highlighted in the example of the G2 model dendrimer shown in Fig. 52. It k , ccn L, - 
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that for modes 2 and 3, which have identical oscillator strengths (c. f. Fi2.4.5 1), four 

different stilbene units may be identified in the transition matrix, of which two are 

strong and two are weak. For mode 2, the strong stilbene transitions are A-B and E-F, 

whereas B-D and A-E are weak. For mode 3, B-C and E-G are strong whereas B-D and 
E-F are weak. Hence in these two modes all benzene rings in the dendrons have been 

involved. The strong excitations are comprised of benzene rings, which are not shared. 

The absorption spectrum consists of the sum of all these modes, so there is no danger of 
double counting the available benzene rings or the free electrons in the system as the 

dominant transitions result from unshared entities. It is also interesting to note that the 

dominant stilbene units extend to the adjacent vinylene unit, which can give rise to a 

further red-shift of the calculated stilbene absorption band. 
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4.4.6 Summar 

In this section the coupled electronic oscillator model was applied to conjugated 

dendrimers for EL applications. The CEO calculations yield valuable insight Into the 

structure of electronic modes present in the dendrimers. It was found that whereas in the 

nitrogen core dendrimer the core excitation is delocalised across the triphenylamine 

centre of the dendrimer, reducing the band gap with respect to that of distyrylbenzene, 

for the benzene core dendrimer no such delocalisation occurs. Good agreement between 

experiment and theory was found and the two experimental absorption peaks of the 01h 

generation nitrogen core dendrimer could be interpreted as being due to the whole core 

absorbing and the core splitting into an triphenylamine unit and a stilbene unit at higher 

energy. A study of a model core-dendron system shows that the lowest excitation is 

localised on the core and is independent of generation. All higher energy excitations are 

present on the dendrons. Dendrimers hence provide an elegant system for localising 

excitations in space, which is represented very clearly in the real space CEO analysis. 

The localisation can be compared to quantum dots or quantum wells, which can be 

probed using the CEO model [24,74]. The dendrimer generation hence provides a 

nanoscale control of exciton localisation. Exciton splitting is observed in these systems 

comparable to that observed in coupled quantum wells. The similarity between the 

calculated features, and the observations in experimental solution and film absorption 

spectra suggest that neither solvation effects nor ground state aggregation play a great 

role. 

4.5 Conclusions 

In this chapter a detailed investigation into the photophysical and transport properties of 

two novel families of conjugated dendrimers has been presented. Excitations in all the 

dendrimers were found to be localised at the core, which allows a decon"'olution of the 

dendritic molecule into core and dendron components. The core en-ussion is found to be 

independent of the dendrimer generation. It was shown that the dendrImer creneration 

provides a unique and very elegant way of controlling the degree of intermoleculal- 

interactions between these core chromophores. A direct correspondence between the 

generation dependence of the red-tail emission in solid state, which is attributed to the 
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presence of emissive intermolecular excitations, and the properties of sin2le laver LEDs 

was established. In particular, for the nitrogen core dendrimer a reduction in excimer 

emission is observed with increasing generation, which coincides with a doubling in ltý 
LED operating field and a 25-fold increase in device efficiency. 

In contrast, the blue en-fitting benzene core dendrimer family was found to exhibit the 

reverse effect, with the level of excited state 1111 ing nteraction increasing with increas" 
4-- 

generation. The highest generation dendrimer provided a reversal of this trend, 
demonstrating isolation of the chromophore from the environment. 

Temperature dependent measurements show that thermal broadening of excitations on 
these molecular semiconductors plays an important role, in contrast to conjugated 

polymers, whereas the temperature dependence of the device properties is comparable 
to those of MEH-PPV devices. The nitrogen core dendrimers exhibit excellent 

properties as both transport and emissive layers in bilayer LEDs. 

The important photophysical features of the two dendrimer families are reproduced in 

coupled electronic oscillator calculations. The core units of the two dendrimers are 
found to be entirely different due to the effect of delocalisation between the 

distyrylbenzene units. A high degree of exciton localisation is observed in the 

calculations, as well as the effect of exciton splitting between core and dendron 

excitations. The excellent agreement of experiment and theory highlights an alternative 

route to the synthesis of novel compounds. By employing quantum chemical 

techniques, precise information may be gained about the electronic properties, and most 

importantly, the emission colour, of the new system prior to synthesis. In the context of 

conjugated dendrimers this greatly simplifies the search for novel materials. 

Besides being of importance to display applications as light-enutting materials, the 

nanoscale control of core chromophore separation through dendrimer generation t-- Z-- 

important new insight into the effect of chromophore spacing in conjugated materials. 
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In the previous chapter of this thesis a number of novel compounds were discussed, 

which allow a unique microscopic control of the device propertles. This chapter PS 

concerned with developing a device model to understand the operation of LEDs as well 

as the observed dependence of the device characteristics on dendrimer generation. 
Despite the thousands of publications which have resulted from the initial reports of 

organic EL [1,2], only a few have been concerned with the origin of the wide spread of 
device properties observed. 

Besides the obvious applied interests, organic EL has opened a new chapter of 

condensed matter physics by demonstrating the unique characteristics of highly 

anisotropic quasi one-dimensional electronic systems, which, in contrast to most 

conventional inorganic semiconductors, rely on their amorphous and disordered nature. 
Despite - or because of - the rapid development of these materials and applications over 

the past decade there remains much to be understood about the basic physics underlying 

the operation of organic EL. There have recently been a number of models put forward 

describing the operation of polymer LEDs, based either on injection limited or space 

charge limited (SCL) mechanisms [3-181. 

Initial studies by Parker [4] on MEH-PPV clearly correlate the device performance. 

current-voltage characteristics and efficiency, with the work function of the injecting 

contact, highlighting the importance of charge carrier injection in the description of 

organic LEDs. Field emission or Fowler-Nordheim (IN) tunnelling theory has found 

much attention as an explanation of the observed current-voltage characteristics in 

polymer diodes [3-4,15-17]. There are a number of problems with models based on 

tunnelling: the fits are poor in the sense that they typically only follow the measured 

data over one order of magnitude of current density; the tunnelling theory overestimates 

the current density by many orders of magnitude [13,16] which implies the presence of 

other rocesses such as image charge effects and carrier recombination; and the barrier p zn 
heights deterrruned by a FN analysis are typically smaller than values calculated from 

direct measurements of the built-in electric field and the offset betwccn the metal work 

function and the highest occupied molecular orbital (HOMO) of the polymer [ 18-20]. 
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An alternative approach to modelling devices by considering the tunrielling, injection 

current is to assume an ohmic contact and view the low mobility of the material as- the 

current limiting factor. Analytical models have been used successfully to describe SCL 

conduction in ITO/PPV/AI(Ca) LEDs [9-12,141. Using either an exponential 
distribution of traps in the material or the universal concept of a field and temperature- 

dependent hopping mobility in the trap free limit or a combination of both, good 

agreement with experiment has been found. Although capacitance-voltage 

measurements on MEH-PPV [21] and PPV [22] clearly demonstrate the presence of 

traps in polymer LEDs and the creation of a Schottky barrier with a charge carrier 
depletion region, the contributions of these trapping sites to the actual conduction 

process remains as yet unclear and appears to be linked to the variation of mobility with 

applied field. Conwell et al. [23] obtained equally good fits to ITO/MEH-PPV/Ca 

devices considering both the trap-fTee and the trap-filled limits. 

It has recently been shown [6] that the current-voltage characteristics of ITO/MEH- 

PPV/AI LEDs can be described by a model, which considers single carrier transport 

(hole polaron only). The model combines the injection processes of the tunnelling, 

thermionic emission and the interface recombination currents [5] with the bulk transport 

through the diode. Although the authors demonstrate that the injection terms in their 

model adapt well to varying work functions [71 of different injecting electrodes, the 

temperature dependence has not been considered [8] and comparison with data is only 

at room temperature. 

A suitable way to test the device model is to vary one device parameter and examine its 

effect on device operation and the parameters fitted to the measured characteristics. 
Two tests of the model are applied here, by examining the temperature dependence of 

device characteristics and by degrading the device by photo-oxidation. The temperature 

dependence provides a powerful test of the validity of the model as both injection and 

transport of charge carriers depend strongly but differently on temperature. The results 

of the study allow an analysis of the physical significance of the different components 

in the model, namely the tunnelling currents, the therrnionic emission currents and the 

field-dependent variable range hopping mobility. They also vield valuable information 

on the variation of the mobility of the majority charge carriers with temperature. which 



Chapter 5. Modelling current- voltage characteristics. 160 

in turn gives important information on the morphology of the sample through the 

disorder parameters. 

Initially, some qualitative observations relating to the behaviour of the device with 

temperature are presented. The inadequacy of the tunnelling approach is then 

demonstrated by considering the temperature dependence of the device current-voltage 

characteristics and the effects of device ageing and accidental doping. The results of the 

device model, which was outlined in chapter 2, are then presented and fits to current- 

voltage characteristics are shown giving fitting parameters in dependence of 

temperature. New data on photo-oxidation as a test of the device model is then 

discussed, which demonstrate the significance of bulk transport effects in LEDs with 

non-ohmic contacts. A final test of the model is the thickness dependence of devices. In 

a detailed discussion the benefits of the model are examined, the results are compared to 

literature values and the model is contrasted to recent results from Monte Carlo 

simulations. 

5.2 Transport versus htiection models 

In the following section a number of qualitative observations relating to devicc 

characteristics are made. The effect of temperature is examined as well as the short- 

con-iings of tunnelling models. The effect of device degradation on current-voltage 

characteristics in form of photo-oxidation and ageing is demonstrated and it is shown 

that a modification of the device characteristics resulting from accidental doping is well 

described by a Poole-Frenkel emission formalism. 

5.2.1 TeMDerature devendence 

The effect of temperature is investigated by measuring the current- -ý,, oltage 

characteristics of an LED at different temperatures and considering, the variation of 

current with temperature at a constant applied bias. Fig. 5.1 shows the variation of I L_ 
II 

current density of a 165 nm thick LED with temperature betwcen 13 K and 300 K for 

forward biases of 10 and 20 V. The current is strongly temperature-dependent at both 
Iý 

voltages and decreases Nxith decreasing temperature. Light enussion %\-as observcd from 
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the device and the turn-on bias for EL increased from 10 V to 20 V as the device was 

cooled from 300 K to 13 K. The temperature dependence is non-Arrhenius below about 
160 K. Above 160 K the activation energy is approx. 50 meV. 
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Fig. 5.1. Measured variation of current density with temperature for an LED at 10 V 

and at 20 V. 

The FN theory is widely used to analyse current-voltage characteristics in terms of the 

barrier to injection for majority charge carriers although its shortcomings have been 

discussed at length in the literature [23]. Here new data is presented illustrating a further 

problem before going on to a fuller analysis of the operation of devices later on. This 

problem relates to a strong temperature dependence of the FN barrier height. Following 

Parker [4], the logarithm of RE 2 is proportional to the inverse of the field, which allows 

the determination of the barrier height: 

J=CXE 2 
xe 

c 3e 2 

(5.2) 
8 71h ýp 

8. Nr2- 
-em 3 

AC = 3h ýo 
2 (5.3) 
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where e is the modulus of the electron charge, h Planck's constant, m the effective mass 

of the hole polaron which is taken to be the electron mass and (p the barrier height to 

injection in eV. 

The current-voltage characteristics of LEDs were measured at a range of temperatures. 

Data measured at 20 K and 280 K are shown in Fig. 5.2 in a FN plot, together with a 

straight line fit. The plots are curved showing that the tunnelling expression at best only 
holds at high fields but the quality of the fit appears to improve at lower temperatures. 

Also, the current density calculated by (5.1) is 7 orders of magnitude too high, which is 

in itself evidence that tunnelling is not the only process involved in charge carrier 

injection. An estimate of the barrier height can be obtained by approximating the high 

field values by a straight line as done by Parker. 
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Fig. 1. Fowler Nordheim plots of cu rren t- voltage characteristics of a single layer 

MEH-PPV LED with ITO and aluminium electrodes at 280 K and 20 K. 

The best fits of a straight line to the FN plots are obtained at each temperature. The 

resulting tunnelling barrier heights, which are related to the slopc of the straight line by 

equation (5.3), are plotted in Fig. 5.3 as a function of temperature. It is found that the 

barrier height varies significantly with temperature, changing from 0.2 eV at room 
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temperature, corresponding to the value found by Parker, to 0.45 eV at 13 K. The 

apparent increase of barrier height at low temperature indicates that tunnelling is not 

actually the current-limiting process. The temperature dependence of the barrier height 

suggests a contribution from thermionic emission between 200 K and 300 K, where the 

variation is strongest. 
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Fig. 5.3. Plot of FN barrier height against temperature. 

The variation in barrier height deduced from the FN analysis is significantly larger than 

any shift in the band structure of the material with temperature and is far greater than 

the small temperature dependence deduced from a rigorous treatment of the tunnelling 

formalism [17]. The measured barrier appears to increase with decreasing temperature, 

which is contrary to what one would expect from a narrowing, red shifted, band gap. 

The variation of the FN barrier height in PPV samples has been pointed out before [91 

and demonstrates that values obtained for the barrier height by the FN analysis are II 
essentially meaningless. However, no detailed study of the intriguing functional 

dependence of the FN barrier height on temperature has yet been made. The value of Z71 

0.45 eV for the barrier height found at 13 K for the fresh sample is in the range of the 

value expected for the actual barrier height to injection as obtained from photocmis,, ion L- 
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measurements of the built-in electric field [18] (c. 0.6 eV [6]) considering a reduction in 

band gap at low temperatures in the order of 0.1 eV. 

5.2.2 Bulk effects in device operation 

Previous workers have reported the dependence of the current density in a device of the 

configuration ITO/MEH-PPV/Al on the electric field rather than the applied bias [4]. 

Parker and subsequent investigators have concluded that for these systems the current is 

limited by the barrier to hole injection and hence by charge carriers tunnelling through 

this barrier [4,16]. It is demonstrated in the following section that although the barriers 

to injection are crucial in determining the current through the device and the contacts in 

these devices are not ohmic, bulk transport effects due to the low mobility of the 

polymer do play a significant role in limiting the current through the device. This is 

seen clearly by modifying the charge carrier mobility but keeping the barrier height 

effectively constant [24-26] and exploiting the process of photo-oxidation [27]. 

Fig. 5.4 shows the current-voltage curves of two identical samples, one fresh and the 

other stored in air for 4 weeks. The turn-on voltage of the aged sample is found to 

increase significantly with respect to the fresh sample. 
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Fig. 5.4. Difference benveen current-voltage characteristics ol'aJresh and aged sample. 

(a) fresh at 200 K, (b) 
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1resh tit 20 K, (c) aged at 200 K, (d) aged at 20 K. 
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A similar observation is made in Fig. 5.5 upon exposure of an LED to UV light 

generated from a Nd: YAG laser in air. The sample was illuminated over an area of 5 

mm 2 which covered the entire pixel. Four curves are seen, measured before degradation. 

after a short exposure to the laser (pulsed at 10 Hz at 355 nm) at low power density (0.1 

mJ pulses for 10 seconds) and after a longer exposure at higher power density 0 MJ 

pulses for 5 minutes). For these exposures the resistance of the sample at higher fields is 

found to increase after exposure. An increase in the hysteresis upon switching from 

forward to reverse bias is also observed (not shown) after photo-oxidation as well as an 

increase in noise (spikes) on the current measurement. It is believed that both effects 

may be due to the presence of mobile ions resulting from the oxidation process. The 

noise is reduced in consecutive current-voltage sweeps (curve (d)) and the degradation 

appears to reach a saturation value above which further exposure does not contribute to 

a further increase in resistance as the curves (b) and (d) are essentially identical. These 

observations are inconsistent with FN theory but can be understood to arise from a 

reduction in mobility, as will be discussed later on. For the exposure conditions 

employed here the reduction of mobility dominates any possible doping effects, which 

would lower the effective resistance rather than increasing it. 
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Fig. 5.5. Effect of photo- oxidation of an LED by laser light on current-voltage 

characteristics. (a). 1resh sample, (b) after 10 s exposure, second measurement, (c) after 

5 min. exposure, first measurement, (d) after 5 min. exposure, second measurement. 
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A further remarkable consequence of device ageing is shown in Fig. 5.6, where the FN 

barrier heights of the aged sample discussed in Fig. 5.4 are plotted as a function of 

temperature. The temperature dependence of this device is entirely different to that of 

the fresh device seen in Fig. 5.3. The barrier height is again close to 0.2 eV at room 

temperature, however, it increases rapidly up to 0.65 eV at 13 K. As mentioned above, 

the increase in barrier height with decreasing temperature is unphysical - the opposite 

would be expected due to the reduction of the band gap resulting from steric relaxations. 

There is no apparent physical reason why the aged device should exhibit a more rapid 

change in barrier height with temperature than the fresh device, and also why there 

should be such a large difference in barrier height between the two samples at low 

temperatures but not at room temperatures. If the oxidation process did result in a 

change in the barrier height and the FN analysis provided an accurate and correct insight 

into the device properties, the difference between the barrier height of fresh and aged 

samples should be manifest at all temperatures. This is not the case. It is hence 

concluded that there are significant further effects, resulting from the presence of space 

charges and dopants in the device, which render the FN analysis inapplicable. 
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Fig. 5.6. Temperature dependence of the FN barrier height of a device stored in airjor 
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5.2.3 Poole-Frenkel effect 
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Two experimental results suggest contributions fTom extrinsic carriers to the device 

characteristics: symmetric current-voltage characteristics and the change of 

characteristics upon evacuation. In this subsection a solution is presented to deal with 

this issue using the concept of Poole-Frenkel emission. 

The device model based on the injection of charge carriers into hole polaron levels 

predicts a strong asymmetry between forward and reverse bias current due to the 

difference in work function between ITO and alurmnium. The experimental results 

demonstrate, however, that the current is actually symmetric in low forward and reverse 

biases, as is shown in Fig. 5.7 for a 165 nm LED at 20 K and 200 K. This divergence 

from pure band injection and conduction is attributed to injection into midgap impurity 

states, which is qualitatively well described by Poole-Frenkel emission. 

The influence of impurities in organic LEDs has been pointed out frequently, in 

particular the contaminants introduced by the ITO substrate [22,28-29] and through 

exposure to air [30]. The current through the device at low forward biases was found to 

increase by orders of magnitude after application of a reverse bias suggesting that field 

induced ionic migration of impurities from the ITO electrode into the polymer takes 

place at reverse biases and modifies the low bias injection characteristics. Ideally, LEDs 

should be prepared and tested in an inert atmosphere, but this is clearly neither very 

practical nor close to regular applications. The samples used here were exposed to air 

during the fabrication process, which leads to a certain degree of p-type doping. The 

measurements used by Davids et al. to test their device model were performed in an 

inert atmosphere, whereas the present measurements were conducted under vacuum. 

The present device characteristics were found to vary with the pressure in the sample 

chamber, as has been reported by Cumpston et al [30]. 

The reverse bias characteristics of organic LEDs frequently appear to be inconsistent 

with the approximation of a rigid barrier to injection and conduction in polaron levels. 

This issue has been addressed by Davids et al. [31] by considering the sub-gap 
I Z-- 

bipolaron levels to explain capac itance- voltage measurements. For a simplified 

qualitative treatment discrete energy levels due to the presence of ionic impurities are 
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considered [29]. As the majority carriers in the device are holes, it is concluded that 

upon reversal of the bias holes are injected from the aluminium electrode rather than 

electrons from the ITO. However, the difference in work function between ITO and 

aluminium is clearly manifest at high biases beyond turn-on, as the diode is indecd 

rectifying at high biases. This implies that the low bias current is not due to charge 

carriers being injected into the polaron conduction band but is most likely due to 

transport through impurity levels in the material, which are spread between the two 
Schottky junctions. The experimental observations are qualitatively well described by 

the Poole-Frenkel injection [32] mechanism, which has previously been used to 
describe some of the transport phenomena observed in PPV oligomers [331 and has the 
form (5.4): 

T 

al 

C-eJIVI eOPF 
J oc V exp 2 ý; -= Va exp(bj 1) (5.4) 

zTU 

where d is the thickness of the insulator andOPF is the offset of the dopant site from the 

valence band, V is the applied bias and a and b are constants. Equation (5.4) is used here 

to explain the reverse bias characteristics and qualitatively deal with the doping effects 

of impurities. Fig. 5.7 shows the forward and reverse bias characteristics of a 165 nm 
LED at 20 K and 200 K with a fit of the Poole-Frenkel expression (using parameters 

a=1.5xlO-4 and b=0.0169 at 20 K and a=5.13x 10-5 and b=O. 1 at 200 K). The fit 

accurately describes the transition from forward to reverse bias. In this first 

approximation only one localised impurity level is assumed. However, there is most 

probably an energetic and spatial [28] spread in these impurity states which would need 

to be taken into account to give a complete quantitative temperature-dependent analysis 

of the doping using the Poole-Frenkel emission. 
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Fig. 5.7. Fit of the equation of the Poole-Frenkel injection mechanism (solid line) to the 
low bias region of the measured cu rrent- voltage characteristics (dots) of an LED under 

vacuum at 200 K and 20 K. 

The conduction processes predicted by the band model can now be isolated from the 

measured data by simply subtracting the contribution of the dopant current (due to 

Poole-Frenkel emission). An unambiguous fit of the doping expression is obtained by 

taking the reverse bias characteristics in the low bias region into account. Fig. 5.8 shows 

the current-voltage characteristics of a sample measured in air (a) and then in vacuum 

(b) after repeated forward and reverse bias cycling. The functional shape of the current 

of the sample measured in air is very much like a typical calculation from the model 

(see next section), although for a given bias the overall current is actually greater, i. e. 

the electrical resistance is lowered during operation in air. This is a universal effect seen 

in many different systems such as polymer field effect transistors [34] and is attributed 

to a greatly increased number of free charge carriers in an oxygen-saturated film. Upon 

evacuation, the shape changes dramatically and the low bias current rises by many 

orders of magnitude whereas the high bias current appears to decrease. At present it is 

not yet fully understood why a rise in the low bias current is observed upon civacuation. 

The fourth curve (d) in Fig. 5.8 shows the measured current in vacuum with the Poolc- 

Frenkel contribution (curve (c)) subtracted, the contribution having been obtained hý' 

fitting to the low bias current region (a=2.08xlO -4 and b=0.0287 for the saniple under 

vacuum, curve (c)). The functional form characteristic of injection through a rigid 
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barrier and subsequent hopping transport is restored. The temperature dependence of the 
b-parameter used here is found to be too weak to be a clear signature of Poole-Frenkel 

type emission. However, this type of approach gives an excellent qualitative treatment 
of the forward-reverse bias symmetry and improves the quantitative treatment of the 
data with the full device model. 
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Fig. 5.8. Effect of doping and Poole-Frenkel type emission on the cit rrent- voltage 

characteristics before and after evacuation of the sample chamber. (a) sample in air, 
(b) sample under vacituni, (c) Poole-Frenkel injection fit to the low bias region of the 

sample in vacuum, (d) curve (c) subtractedfrom curve (b). 

5.3 Device model 

5.3.1 Effect of barrier heis! h 

In order to test the device model presented in chapter 2, a comparison with calculations 

found in the literature Iis made. The current density as a function of applied bias for a 

120 nm MEH-PPV sample at 295 K with [6] no= 10-21 CM-3 and E=3F-o is calculated for 

varying barriers to hole injection, as shown in Fig. 5.9 and previously reported in Ref. 

[61- The results are essentially identical to the calculations published by Davids et al. 

[6], except for a small deviation in the low barrier low bias rec"me, where Wfus, 
ýý II ion 

effects, which Lire not included in the present model, may play a more important role. ., V, 
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the barrier height is lowered, the current at a given bias increase,,. Below a barrier 

height of 0.3 eV the calculated current becomes less sensitive to the barrier height and L-1 

becomes essentially independent of injection as the barrier is lowered further. This 

feature has been interpreted [6] as the gradual transition from injection limited to space 

charge limited behaviour. For low injection barriers the current in the device is limited 

by the current drift, which is governed by the hopping mobility. For large barrier 

heights the current is limited by the injection process, which is very sensitive to the 

energy level offset. The important conclusion of this observation is that there is no rigid 

transition from the injection to the space charge limited case, and that both processes 

play a role in the operation of most devices. 
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Fig. 5.9. Variation of calculated current density with barrier height for barriers to hole 

I. 17] . ection of 0.6,0.5,0.4,0.3,0.2 and 0.15 eV (cun, es from right to left) using 

AE=O)=]. 7XI 0-6 cm 
2 
/TS and Eo=lx]05 VIcin at 295 K. The upper panel shoiv. ý the 

calculations on a linear scale, the lower panel on a logarithmic scale. The calculations 

ft)r 0.2 eV and 0.15 el'are almost identical and cannot be di, %tinguished here. 
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5.3.2 Mobility values deduced from current-voltage characteristics 

Next, the three fitting parameters, the barrier height y and the mobility parameters ýLt) 

and EO are deduced from the current-voltage characteristics. All measured current- 

voltage curves are treated for the impurity conduction current by subtract in,, ):,, the Poole- 

Frenkel contribution. This has no effect on the high bias current above turn-on, but does 

provide a much better fit at low currents. Fitting is performed by choosing a suitable 

range of fitting parameters and varying the Eo, ýt(E=O) and barrier parameters. The least 

squares error is calculated for a fit both on the linear and logarithmic scale. As the 

barrier height changes, a clear variation in the error of the best fit of the mobility 

parameters is observed giving an unambiguous set of fitting parameters. 

Fig. 5.10 shows fits to curves measured at 280 K, 200 K and 100 K. The fits are 

qualitatively good, as seen on the linear scale (upper panel), however a deviation is 

on the logarithmic scale (lower panel) for low temperatures and low fields. 
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Fig. 5.10. Calculated and measured current density as a function of bias at 280 K (0), 

20Q K (A) and 100 K Q) on a linear (upper panel) and logarithmic (lower panel) 

scale, using parameters T=280: t(p---0.54 eV, p(E=o)=3.9x]0-6 cIIIINs, EO=1.9x]W 

Vlcm], T=200: t(p---0.44 eV, U(E=O)=6.7x] 0-12 cm 
2 Ns, Eo=7.3x] Vlon] and T=100: 

1ý0=0.41 eV, P(E=O)=]-IXIOI 18 on 
2 Ns, Eo=1.9x]03 Vlcm]. 

The vgiation of the ýt(L ith temperature is shown in the upper panel of , 0) pgameter wi 

Fig. 5.11. It is found to vary exponentially with inverse temperature and decreascs by I-, 

orders of magnitude between 300 K and 140 K corresponding to the characteristics of 

hopping transport described by equation (5.5). 

JU(E=0) =--, uo exp(- 
A) 

kBT 
(5.5) 

The variation of the EO parameter is shown in the lower panel of Fig. 5. 
It7 

11. The field 

dependence parameter also decreases strongly with decrca,, ing tcniperature. 
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corresponding to an increase in the exponential field dependence at low temperatures. 
The variation matches well the predictions of the hopping transport as described in 
equation (5.6) down to 140 K, below which the data appear to diverge from the 

predicted straight-line relationship. 

I 
=B 

I-I) 
ý-Eo kBT kl9TO 
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Fig. 5.11. Arrhenius plot of (a) AE=O) parameter and (b) Eo-112 parameterfrom 300 K to 

100 K. 

The mobility fitting parameters are shown in summary in Table 5.1 in comparison with 

the parameters obtained for dialkoxy PPV [10,11] and recent space charge limited 

current measurements on MEH-PPV devices [35]. 
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Parameter PPV [10,11] SCLC MEH-PPV from p- MEH-PPV from 

xylene [35], chlorobenzene. 

space charge present injection 
limited current model 

........... .................................. - ................... ............. . ................. .................................. .................. ............... ...... A/eV 0.59 0.48 0.38±0.02 0.75 

..... ...... ....................................... ....... . ........ .......... ... . 2/VS .............. 103 108 ýLo /cm 1.7x 35 0.15 (interpolated 1.5x 

from data 

To/ K 540 ; 520-600 600±90 

........... I ..... ..... ............ 172 1X 10-4 10-4 10-4 B/ eV(cmN) 3.2.9x I 2.3+-0.2x 

............... .......... ............. 

300 

5.5x 10-' 

Table 5.1. Comparison of the mobility parameters obtainedfor MEH-PPV and PPV. 
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The activation energy A and the go parameter are found to be larger for the MEH-PPV 

devices here than for those reported elsewhere. The parameters governing the field 

dependence of the mobility are smaller in MEH-PPV than in PPV, corresponding to a 

stronger field dependence in MEH-PPV. This results in the To parameter being smaller 

in MEH-PPV and the B parameter being larger in comparison to PPV. The decrease of 

the barrier to injection with temperature as resulting from the fit of the model to the data 

is shown in Fig. 5.12. It appears to decrease linearly by 0.1 eV down to 220 K. 

0.55 
El Absorption, slope 0.62 meV/K 
17 Barrier fit, slope 1.2 meV/K 

2.34 

0.50 
CD 

a) 
(13 

Co 

0.45 

0.40 

ý El 

El FvI 
F IV '7z 

17 
F-I 

150 

T (K) 

250 

2.31 

2.28 

0 
U) 
0 
CL 

cz 
CD 
CL 
c 
0 

co 

a- 

LU 2 

Fig. 5.12. Decrease of barrier height with temperature compared to the red shift oj'tli(, 

absorption of MEH-PPV 
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Also shown in Fig. 5.12 is the decrease in energy of the absorption band of MEH-PPV 

films spun from chlorobenzene. The absorption spectra were measured as a function of 

temperature and then fitted using a commercial peak-fitting package (Jandel Peak Fit). 

A superposition of five asymmetric weighted Gaussians of the form (5.7) with constant 

asymmetry and width, each separated by approx. 0.18 eV, was used. 

In(2) In 
(E - b)(c 2- 1) 

+ 

y(E) =a exp 
dc 

(5.7) 
In( (, )2 

Here, a is the amplitude, b defines the shape of the peak (I. e. the degree of asymmetry), 

c is the centre, d is the width of the peak and E is the photon energy. Gaussians with a 

slight degree of asymmetry have previously been used in the literature to fit to film 

absorption spectra, which deviate from pure Gaussian or Lorentzian line-shapes due to 

conformational effects in films and the distribution of conjugation lengths probed by 

absorption measurements [36,37]. 

As is seen in Fig. 5.12, the calculated barrier height and the change of the polymer band 

gap with temperature are in remarkable agreement. Both decrease linearly down to 

approx. 200 K and then flatten out. However, the barrier height decreases at twice the 

rate of the energy of the first absorption band, whereas the opposite would be expected. 

Assuming an intrinsic semiconductor and charge conjugation symmetry, one would 

expect a change in band gap to lower the LUMO level an equal amount to raising the 

HOMO level, hence reducing the barrier to hole injection. It would hence be expected 

that the reduction in barrier height due to the change in band gap is roughly half the 

temperature induced change in band gap. 

5.3.3 Effect of photo-oxidation 

A further test of the model is to establish whether it can account for the effects of photo- 

oxidation demonstrated above. In the scope of the model presented here, the decrease in 

current at a given voltage can simply be expressed in terms of a decrease in the hopping 
tn Z-- 1 

Z7 
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mobility due to the appearance of hole traps and the breaking of conjugation. Fits of the 

model to data from a fresh and oxidised device at 290 K are shown in Fig. 5.13 using 

the parameters 19=0.55 eV, g(F--o)=6-9x 10-6 cm. 2Ns. Eo=2.3x 105 V/CM, for the fTesh 

sample and f(p=0.55 eV, ýI(E=O)=2.5x 10-7 CM2Ns, Eo=1 OX105 V/CMI for the oxidised 

sample. With no presupposition of a modification of parameters the model gives a 

drastic reduction of charge carrier mobility by more than an order of magnitude with no 

apparent variation in barrier height or the requirement to introduce extrinsic carriers by 

a doping term in the model. 

0.3 

290 K 

0.2 

0.1 

0 

Field (V/cm) 

Fig. 5.13. Model fit to characteristics of fresh and oxidised sample at 290 K using 

(ýp--0.55 eV, I-I(E=O)=6.9XIO-6 C1,12 Ns, Eo=2.3x] 05 Vlcm] for the fresh sample and 

týp=0.55 eV, AE=O)=2.5x] 0-7 cinWs, Eo=]. OXIW Vlcmjfor the oxidised sample. 

Photo-oxidation and conjugation breakage are a well-known phenomenon in conjugated 

polymers and the polymer will hence react with oxygen during the exposure to air and 

UV radiation [27]. In the scope of a purely injection limited theory, one may argue that 

the internal bandstructure of the polymer shifts upon oxidation [24.25] which could 

change the effective barrier to hole injection. However, the change in fluorescence and 

absorption is only small and certainly not comparable to the temperature-dependent 

change in barrier. Microwave conductivity measurements have shown that the number 

of free charge carriers is more sensitive to photo-oxidation than the bandstructure of the 

material [26] as deduced from absorption and photoluminescence. This indicatc,, an 

Fresh 

V 

Oxidised 

i xi c), 2x1 06 
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energetic structure relatively stable to the effects of conjugation breakin-g and implie,, a 
microscopic influence of the carbonyl groups acting as charge traps or transport 
inhibitors. 

Photo-oxidation demonstrates that even for devices with large barriers to injection, the 

low mobility of the polymer still remains a significant factor in deterrmnln-2 deNice 

operation. A rigid distinction between regimes of injection limited and space charge 
limited current is hence not applicable, and the device model provides a means of 

investigating this intermediate case. Furthermore, device degradation is an important 

aspect of the device physics and an improved understanding of the processes involved 

are essential for the design of long-lifetime devices. The model hence provides a means 

of identifying deterioration mechanisms in working devices. 

5.3.4 Effect of film thickness 

As a final test of the model, two devices with different thicknesses are compared. Using 

the fitting parameters obtained above for the 165 nm thick device, the characteristics are 

calculated for a 95 nm device and compared to experiment. This is shown in Fig. 5.14. 

Clearly there are some problems with the model. At 280 K there is reasonable 

qualitative agreement between the model and the experiment on a linear scale, however, 

the logarithmic scale reveals some discrepancies. The agreement between the model and 

the experiment deteriorates dramatically as the temperature is lowered and for 100 K the 

model significantly overestimates the device current. Also, the calculated characteristics 

are much steeper. 
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Fig. 5.14. Model fits to a 95 nm device at 280 K (0), 200 K (0) and 100 K (, 6) on a 

linear (upper panel) and logarithmic (lower panel) scale. The same fitting parameters 

were used as in Fig. 5.10. 

An alternative approach to comparing the two data sets is to run the fitting procedure on 

the 95 nm thick devices and compare the fitting parameters. This is shown in Figs. 5.15 

and 5.16. The comparison of the mobility parameters is seen in Fig. 5.15. Over the 

range the characteristics could be fitted, there is good agreement between the two sets of 

parameters. 
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Fig. 5.15. Comparison of thefitting parameters obtainedfrom a 165 nin device (A) and 

a 95 nm device (0). 

As is seen in Fig. 5.16, however, the barrier height of the thinner device is reduced with 

respect to the thicker device. This discrepancy is the origin of the poor agreement 
between experiment and theory seen in Fig. 5.14. Down to 220 K, the fitted barrier 

height for the 95 nm thick device is 0.05 eV smaller than that for the 165 nm device. 

Below 220 K the barrier height suddenly drops off and reasonable fits to the data 

become impossible - the model breaks down. 
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Fig. 5.16. Values for the barrier height derived from a 165 nin device and a 95 nm 
device. 

5.4. Discussion 

These measurements and calculations show that many aspects of the transport in 

organic LEDs can be described by a field and temperature dependence of the hopping 

mobility as seen in a variety of amorphous organic materials. They also show that even 

for device configurations with large barriers to injection the low mobility of polymeric 

semiconductors does play a significant role in the device current of polymer LEDs. It 

was demonstrated above that a variation of the mobility affects the device operation and 

that in turn using a device model incorporating the field-dependent mobility physically 

reasonable values for the mobility may be determined through electrical measurements. 

5.4.1 FN tunnelling theor 

FN tunnelling theory has previously been used to account for the operating ltý 
characteristics of ITO/MEH-PPV/Al LEDs [4]. Here, a change in the FNI barrier height L- 

III L- 

with temperature by more than a factor of 2 was observed, which suggests that the 
I tltý 

tunnelling theory is not correct. The strong increase of the apparent barrier height as the 
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temperature is lowered from 300 to 200 K as seen in Figs. 5.3 and 5.6 is attributed to the 
presence of a further strongly temperature-dependent injection process superimposed on 
charge carrier tunnelling. It is a manifestation of the decreasing influence of thermion1c 

emission to the injected device current. The more gradual increase of the barrier height 

towards lower temperatures is due to the increasing importance of space charge effects 
in the polymer as the hopping mobility is strongly reduced, resulting in a decrease in 
current density for a given field and hence an increase in the apparent barrier height. An 
FN analysis cannot yield the barrier height at room temperature, because of the 

influence of thermionic emission and the low mobility on the device current. At low 

temperatures the FN barrier height approaches the physical barrier height due to the 
decrease in the contribution from thermionic ernission. However, for the aged device, 

the mobility is considerably smaller than for the pristine device, so that increased space 
charge effects are visible near room temperature. This results in a more rapid increase in 
the FN barrier height with decreasing temperature for the aged device with respect to 

the pristine device. 

5.4.2 DeviceODeration 

The single carrier device model gives a good description of the operation of ITO/MEH- 

PPV/Al devices. Fits at lower temperatures tend to deviate more from the measured 
data. This is due to diffusion processes at low bias, which were excluded from the 

model, and sample heating at high currents. At lower temperatures the barrier height is 
lowered so the transport part of the model becomes more important in describing the 
device current. The charge carrier density becomes less uniform across the device as the 
barrier is lowered [6], so the diffusion current, which is proportional to the charge 

carrier density gradient, will become more important. As the glass substrate is a poor 

thermal conductor, the polymer film of a device cooled down to 100 K could heat up 

significantly during continuous operation. As the current does reach a steady state value 

after a certain time, using the model and the mobility as fitting parameter it is possible 

to estimate the steady state operating temperature of the luminescing film of the device 
I tl 

in contact with a heat sink at a given temperature. This may be used as an alternative to 

the spectroscopic studies of the device operating temperature recentIN, reported [38]. The 

variation of the current- voltage characteristics of the devices with temperature is well 4-7 
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described by the change in the hopping mobility and the effecti%-e barrier heiLyht to 
injection. The mobility follows a form corresponding to hopping of charge carriers from 

one conjugated segment to the next, as determined by Pai [39]. Values for the Eo and 
g(E-0) parameters are overestimated at low temperatures due to diffusion and sample 
heating. It should be noted that Blom et al. fitted the PPV mobility only over a range 
from 209 to 296 K [111 but also observe an increasing deviation of the mobility 
parameters at lower temperatures from the form predicted by equations (5.5) and (5.6). 
it is conceivable that due to increased dispersion and delocalisation of the charge 
carriers across conjugated chains the approximation of the hopping mobility becomes 
less accurate at lower temperatures, as has been indicated by time-of-flight 

measurements [40]. 

The mobility parameters obtained here are comparable at temperatures around room 
temperature to values reported elsewhere for similar materials [10,11,35], as 
summarised in Table 5.1. In the devices tested here, chlorobenzene was used as a 
spinning solvent. It has been shown by x-ray diffraction experiments that the degree of 

microscopic order of the film is strongly dependent on the spinning solvent used, with 
greater crystallinity obtained for solvents such as tetrahydrofuran and lower order for 

chlorobenzene [41]. The morphology of the films used in Refs. [10] and [11] is not 
known. The MEH-PPV films studied in Ref. [35] were spun from p-xylene which yields 

slightly more ordered films than chlorobenzene [41]. The structures of the dialkoxy 

PPVs studied in Refs. [10] and [11] may permit a greater degree of microscopic 

ordering, which would give rise to a lower energetic disorder [42] and lower activation 

energies for the zero field hopping mobility and the field dependence when compared to 

MEH-PPV, whereas the activation energies reported in Ref. [35] for MEH-PPV are 

actually smaller. Further measurements are required of devices with ohmic contacts 

spun from different solvents to determine the effect of the rrucroscopic ordering on the 

mobility parameters. These calculated mobilities suggest that the MEH-PPV films 

studied here are significantly more disordered than materials used in previous studies. 

which gives rise to greater activation energies for the mobility parameters. 
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5.4.3 Photo-oxidation 

184 

A reduction in mobility can also account for the difference between fresh and aged L_ 
samples, the aged samples having a lower charge carri displaying 'er mobility and hence 

a stronger increase in apparent tunnelling barrier height with decreasing temperature 

and hence decreasing mobility. The effects of photo-oxidation which gi\'e rise to 

increased influence of bulk conduction mechanisms on the current through the sample 

are well described by the model. A significant decrease in the zero field mobility ýt(E=O) 

is found after exposure to destructive UV laser light, whereas the barrier to injection 
remains unchanged. This is consistent with the concept of oxidative break-Ing of 
conjugated chain segments along the polymer backbone, which inhibit the motion of 

charge carriers through the sample [26-27] and form traps. 

It was shown above that the low bias forward and reverse bias characteristics of devices 

prepared in air and tested under vacuum are qualitatively well described by a Poole- 
Frenkel emission expression. This conduction term is only relevant to the understanding 
of the full physical picture of the device and does not influence the actual device 

operation above turn-on. As most devices become doped during their lifetime of 
operation, it is important to isolate this effect. 

5.4.4 Critical discussion of the model 

It is interesting to note that good quality fits may be obtained even by using the simple 

superposition of injection terms taken from inorganic semiconductor physics. In fact, 

conjugated polymers are disordered systems, so microscopic approaches to modelling 

considering dark injection from a metallic electrode into a random hopping system have 

a stronger physical grounding. However, it has recently been demonstrated [43-44] that 

a detailed study of this microscopic injection through Monte Carlo techniques can 

actually yield current-voltage characteristics similar to both the tunnelling theory and to 

R ichardson- Schottky therrmonic emission. At temperatures around room temperature 

bulk injection terms hence on average provide a good description of the procc, "'c" at the 

interface. 
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The discrepancy between the mobility data obtained here and values reported elsewhere 

may be related to the simulation of the injection current at the interface. The problern 

that the barrier height obtained here varies more strongly than the absorption band of' 
MEH-PPV [37] may be an indication that the bulk injection terms used are not 

applicable at lower temperatures and that the model yields good results and fits onlv 

around room temperature. At lower temperatures, the nucroscopic hopping injection is 

underestimated by the injection current contribution from the thermionic emission term, 

as this varies more strongly with temperature than hopping injection [44]. The net result 

is that the model compensates by requiring a lower barrier height which can give the 

injection current required to fit the experimental data. Consequently, the mobility fitting 

parameters vary more strongly with temperature in order to compensate the current 

resulting from the temperature independent tunnelling approximation which is increased 

due to the underestimated barrier height. The overestimate of the temperature- 

independent tunnelling injection current hence requires an underestimate of the mobility 

to fit the data. It is nevertheless remarkable that the model yields temperature-dependent 

parameters that follow the functional form of the field-dependent mobility in equations 

(5.5) and (5.6) albeit with an overestimate of the activation energy. This demonstrates 

that a consistent set of parameters allows qualitative device modelling over a wide range 

of temperatures. 

The break-down of the model for thin devices at low temperatures is thought to be a 

further consequence of the deviation of the microscopic thermally assisted injection 

processes from the approximation of thermionic emission. There are two problems with 

the comparison of the thick device with the thin device. Firstly, the fits show that the 

barrier height is smaller for the thin device than for the thick device. And secondly, 

calculations at low temperatures result in a significant overestimate of the current. It 

should be noted that meaningful fits could not be obtained below 220 K for the 95 nm 

device. As seen in Fig. 5.14, the model calculations are much steeper than the measured 

data. For the 95 nm device it was not possible to reproduce the more gradual shape of 

the measured characteristics at low temperatures. The exact origins of these 

discrepancies are presently not clear, but the disagreement between the value,, for the Z__ 
barrier height and the break-down at low temperatures suggests that the main problem it-- -_ 
remains the inadequacy of the injection terms discussed above. The important 
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conclusion is that at room temperature the model adapts relatively well to a change in 
device thickness. 

The variation of the barrier to injection with temperature as predicted by the model is 

particularly interesting. The barrier height calculated here is slightly smaller (by approx. 
50 meV assuming an ITO work function of 4.8 eV and a HOMO level of 5.4 eV [ 18]) 

than the value used by Davids et al. [6]. However, it has been shown [45] that the work 
function of ITO can vary significantly (by up to 0.6 eV) depending on preparation. For 

the solvent cleansing method applied here, an ITO work function of 4.4 eV [45] has 

been reported, which would correspond to a barrier height in the order of I eV. This 

value for the ITO work function is within the range of the work function of the 

aluminium cathode. However, the present devices are rectifying, suggesting that the 

ITO work function is larger than 4.4 eV. It has been demonstrated that the deposition of 

self-assembled monolayers between metal and polymer results in a modification of the 

effective Schottky barrier [46]. Also, photoelectron spectroscopy measurements have 

suggested a break-down of the strict vacuum level alignment rule between the metal and 

the organic due to the presence of interfacial dipoles [47]. It is hence concluded that an 

interfacial layer between polymer and metal resulting from the spin coating process may 

give rise to a barrier which is somewhat smaller than the offset between HOMO and 

metal work function. 

It is very interesting to note the essentially linear decrease of the injection barrier with 

temperature down to approx. 220 K. This is not related to the increase of the apparent 

FN barrier with decreasing temperature, which is attributed to the decrease in 

significance of thermionic emission. This shift in barrier height by approx. 100 meV is 

in part related to the spectral shift in MEH-PPV manifest in the absorption and photo- 

current action spectra [37,48]. However, the decrease in barrier height is approximately 

twice that of the decrease in band gap, so that other factors must also contribute. This is 

a weakness of the model. The linear variation of the barrier hei"ht is a sicynature of the 

effect of disorder in the system, with the energetic spread of the HOMO level depending 

approximately linearly on temperature [42] over a certain temperature range (here 

approx. 220 K to 300 K). Once the ring torsions are frozen out the disorder reaches a 

static value and the band structure remains relativcly unchanged. Also, as the barrier 

height decreases and the mobility decreases. the device current becomes more and more 
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influenced by the low mobility, and the barrier height becomes less significant. a,, C7 
demonstrated in Fig. 5.9. This gives rise to the uncertainty in the barrier he'-, 2ht at lower 

temperatures. 

The method presented here provides a simple means for the determination of the charge 

carrier mobility and the barrier heights to injection. The mobility is essential for 

understanding the device operation, and will give valuable insight into the function of 

transport layers [49] or polymeric electrodes [50] in multilayer LEDs. 

The model does highlight clearly the importance of the barrier to injection firom the ITO 

electrode, which is used in most device configurations. In a recent study of different 

anode materials, it was demonstrated that the barrier for hole injection is the efficiency- 
limiting factor in MEH-PPV devices with calcium cathodes [51]. Hence the study of 

single layer single carrier device structures is extremely useful in understanding the 

efficiency limiting mechanisms in polymer LEDs. 

The model does not give any explanations of the transients and dynamic capacitances 

measured in organic LEDs [9]. However, it has been shown that these are mainly 

extrinsic properties greatly dependent on the manufacturing process and contamination 

with impurities [22]. As the charge carrier mobility within the polymer is an intrinsic 

property, the intrinsic model presented here may supply sufficiently correct physical 

information. Detailed investigations and comparisons of mobility data may allow an 

improvement of the understanding of the difference in efficiency between different 

materials in single layer and bilayer configuration. This model can provide valuable 

insight into the charge carrier and field distribution that could be used to optinlise 

multilayer devices. 

5.5 Conclusions 

The temperature dependence of a single carrier device model to describe organic LEDs 

has been successfully tested. The calculations and measurements demonstrate that 

charge carrier hopping in the disordered polymer may be approximated around room 
Cý I-I 

temperature by injection into a band like continuum combined with a field and 



Chapter 5. Modelling current-voltage characteristics. 188 

temperature-dependent mobility. This approximation allows a \, er\' simple 
characterisation of the organic LED in terms of mobility and barrier to injection. which 

are the key parameters leading to increased device efficiency [521, brightness and also 
lifetime. The need to include both injection and transport effects in a complete analy, i,. 
of devices was demonstrated and the influence on the device characteristics of reducing 
the mobility through photo-oxidation was shown. The model could be used for a 
preliminary distinction between intrinsic (hopping conduction between polaron states) 

and extrinsic (transport in doping states) conduction processes which suggests that this 

kind of approach will be useful in identifying undesired behaviour in LEDs such as 
impurity conduction and doping, which may lead to luminescence quenching and 

ultimately device breakdown. The incorporation of the barrier height in the model 

ensures applicability to a wide range of materials, particularly novel large bandgap blue 

luminescent polymers, which are likely to have non-ohmic contacts. The larger 

temperature dependence of the fitting parameters obtained here in comparison with 

independent experiments suggests that a complete description of injection and transport 

in these disordered semiconductors requires a microscopic treatment of the hopping 

injection process. Bulk approximations of injection and transport appear to give 

quantitatively reasonable results only over a limited temperature range. 
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6.1 Introduction 

191, 

Studies of the nature of charge transport in highly disordered organic semiconductors 
have experienced a renaissance since the discovery of efficient EL in small organic 

molecules [1] and polymers [2]. Progress on materials and devices has led to a vast 

array of electronic and opto-electronic applications [3]. Most organic materials have lo", 

mobilities in comparison to their inorganic counterparts and hence there has been 

considerable interest in increasing these mobilities to find materials capable of 

sustaining the currents required for field-effect transistors and organic lasers [4- 

Although there have been attempts to correlate the chemical and physical structure of 

these materials with their mobilities, little is known about the origin of the low 

mobilities found in most organic materials for EL applications. Conjugated polymers in 

particular do not lend themselves readily to structural studies due to their inherent 

disorder, and many previous discussions have hence been based on stochastic models 

[6]. The charge carrier mobility in luminescent polymers is related to the chemical 

structure of the polymer and the microscopic conformation. Martens et al. have used the 

concept of energetic disorder to explain the wide range of mobilities observed in a 

recent comparison of different PPV based polymers [7]. In contrast, geometrical 

considerations have been invoked to explain the large difference in mobilities between 

highly disordered materials such as MEH-PPV and more rigid polymers such as 

polyfluorenes [8]. In this chapter the effect of increased spacing of the luminescent 

conjugated segments through dendrimer generation is investigated. This intuitive 

microscopic control of the interaction between individual chromophores allows an 

unambiguous study of the effect of molecular arrangement on the transport properties 

within the organic material. In addition, it is of interest to investigate the 

correspondence between the device properties and the excimer formation observed in 

dendrimer films, as discussed in chapter 4. The direct control of the intermolecular 

interactions through dendrimer generation can shed light on the correlation between 

chemical structure, optical properties and device performance. 

One key advantage of using conjugated dendrimers in the study of charge transport in Z: ý 
organic materials is the fact that they can be synthesised in an orderly manner such fliat I11w 

the precise structure and molecular weight are known. This is in contrast to , omc 
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polymers where batch to batch variations of the molecular ký-eight can occur. Batch to 

batch variations in polymer synthesis have been shown to give rise to dramatic 

variations of device properties [9], which greatly complicates attempts, to relate the 

chemical structure to the charge transport in polymers. Conjugated dendrimers can also 

be seen as a bridge between small organic molecules and conjugated polyrncrs. The 

chromophore unit may be based on either small organic compounds such as porphyrins. 

anthracene or hydro xyquino lines, or oligomer units of commonly used pollymers. The 

dendrimer generation can be exploited as a direct control of the spacing bem'cen the 

core units of the dendrimers. 

In the present chapter, the charge transport properties of films of the nitrogen cored 
dendrimer are studied using both transient and cw methods. Charge transport in 

emissive conjugated materials for LEDs is of particular interest. The potential 

imbalance between electron and hole mobilities was identified early on in the research 

of organic LEDs as a stumbling block in the design of efficient devices [3,10-12]. 

Charge transport in molecularly doped polymers and organic crystals has been studied 

extensively for over thirty years, but few systematic studies have been made on systems 
directly relevant to LEDs [13-15]. The most common tool for studying charge transport 

in organic materials is the time-of-flight (TOF) technique, which was developed by 

Haynes and Shockley [16] and Lawrance and Gibson [17] in the Fifties. A sheet of 

charge carriers is generated optically at one side of the sample and then swept through 

the film under application of an external field, resulting in a current. During the transit 

of charge carriers through the film, a constant current is measured, as long as the 

characteristic waiting time distribution of a charge carrier on a transport site is narrow. 

Once the carrier front reaches the counter electrode, the number of free carriers in the 

film is rapidly reduced and the current hence falls. Although this method yields 

excellent results for many materials. the extremely low mobility of many conjugated 

polymers has rendered many initial attempts to measure the mobility using TOF 

unsuccessful [18]. Correlations of mobility data obtained by TOF haN, e been made ýOth 

results from carrier concentration measurements using transient absorption and Monte 

Carlo simulations [19]. The Bayreuth aroup have found consistent mobilities through 

measurements of space charge limited currents and TOF on precursol- PPV [151. 

However, the two samples used differed in film thicknes,, by up to an order of 

magnitude and there were also differences in the film preparation. In addition. precursor 
t, 
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PPV has been found to exhibit extrinsic semiconducting properties due to dopinL, 
impurities introduced in the conversion process [20,21], which further complicate', the 

analysis. In the following, a correlation is drawn between TOF measurements and data 
from LEDs. The fact that the charge transport properties can be sYstematically 
engineered using the dendrimer generation rules out the possibility that the observed 
correlations may be coincidental. 

6.2 Time-of-flight measurements 

6.2.1 Introduction 

The interpretation of TOF data can be extremely complicated and has attracted a hugc 

amount of research interest over past decades [22-29]. It soon became apparent in the 

study of current transients that many materials exhibit patterns deviating from the 
behaviour expected for a sheet of charge carriers moving under the diffusion limit 

through the sample. The ground-breaking model on dispersive transport by Scher and 
Montrol [23-24] unified many open problems at the time and has since found frequent 

application to numerous systems. However, with the increased interest in highly 

amorphous materials such as molecularly doped or conjugated polymers, the effect of 

spatial and energetic disorder on the charge transport has been of central interest [6,24, 

25,30]. In the ideal case, charge carriers are generated in a narrow sheet within the film, 

or within a charge generation layer, and swept through the material as shown in Fig. 6.1. 

[311. 
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Fig. 6.1. Non-dispersive transport. 1: Carrier generation. 2: Carrier transport. 3: 

Carriers annihilate (it counter electrode. A: Plot oj'charge carriers. B: Plot of carrier 

density. C: Plot of transient photocurrent against time. The current begins to drop at 

the transit time t, which marks the arrival of the charge carrier front at the counter 

electrode. 

A typical non-dispersive transient is shown in Fig. 6.2. A peak is seen at short times 

which is due to capacitative effects of the sample and to the relaxation of charge carriers I L- 

within the density of states distribution [32,33] as well as initial charge trapping [34]. A L- Z7, 

clear plateau region is observed, which corresponds to region 2 in Fig. 6.1 and the L- Cý -- 
transit time is obtained through the extrapolated asymptotes of the photocurrent at short 

17,1 
and Iong times. L- 

ti r 
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Fig. 6.2. A typical non-dispersive TOF signal. Taken from Redecker et al. [35], 

measured on a polyfluorene film. 

In the case of non-dispersive transport, to a first approximation the one-dimensional law 

of diffusion holds which results in a Gaussian distribution of the charge carrier density 

in space. Under the assumption of the validity of the Einstein equation, the diffusivity is 

proportional to the mobility and the spread of the Gaussian distribution hence depends 

on the field applied to the sample. In contrast, in many materials including the 

conjugated dendrimers discussed in the following, this Gaussian diffusion is not 

observed and the stochastic model of dispersive transport [24] is used to explain the 

observed behaviour. Additionally, deviations from the Einstein equation have also been 

observed in disordered materials [36]. The case of dispersive transport is shown 

schematically in Fig. 6.3 [24,3 1 ]. 
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Fig. 6.3. Dispersive transport. 1: Carrier generation. 2: Carrier transport. 3: Carrier 

annihilation at counter electrode. A: Plot of charge carriers. B: Plot of carrier density. 

C: Plot of transient photocurrent against time on a double linear and double 

logarithmic scale. The point of inflection on the log-log plot marks the transit time. 

In the case of dispersive transport the charge carrier packet is broadened throughout the 

sample due to a large distribution of waiting times of the individual charge carriers on 

the transport sites. In the continuous time random walk theory developed by Scher, 

Montrol and Lax [23-24] a waiting time distribution of the form T(t)=t-'-O' is postulated. 

This gives rise to a temporal evolution of the current following Z-- 

I (t) -t -(, -, ) fo r t<t tr 

for t>ttr (6.1) 

where t, is the transit time and Oc is the dispersion paranicter (0<(X< I ). In general, a 

decrease in a results in more dispersive transport which is a consequence of increased 
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disorder in the sample. A further consequence of the stochastic transport model is the 
dependence of transit time on film thickness d and applied field E according to 

ttr (6-2) 

This scaling behaviour of the transit time implies that the mobility is not a universal 

material property but rather depends on the field and the sample thickness. In the 

context of LEDs it is hence imperative that comparisons of the mobility of the material 

are made for films of comparable thickness. Frequently, deviations from the above laws 

of dispersive transport are observed, in particular the two exponents describing the 

decay of the photocurrent do not always add up to -2 (if (X=const., -(I -(X)+(- 
(1+(x))=-2) [28,37]. This has led to numerous modifications of the continuous time 

random walk theory, particularly in the light of the Gaussian disorder theory of 

conjugated polymers [38]. The main result of the work of Scher and Montrol is, 
however, the definition of the transit time in dispersive transport, which turns out to be 

an extremely useful quantity. A further consequence of the broad power-law distribution 

of transit times in the continuous time random walk model is the invariance of the shape 

of the photocurrent transient to the applied field. Whereas Gaussian transport gives rise 

to a field dependent broadening of the carrier packet, the stochastic model describes the 

probability of carrier release from a hopping site rather than a spatial distribution and 

hence employs a scale invariant distribution function T. The result is that all transients 

of a sample scale by the transit time. 

The charge carrier mobility. which is defined as the ratio of drift velocity to applied 

electric field, is defined in equation 9.3 as 

'U =d (6.3) 
Vttr 

where V is the applied bias. 

6.2.2 Results and discussion 

TOF transients were measured on devices of thlcknes,, cs 185 nn'- 300 nin. 250 nm, and 

-101 
200 nm, for AO to A3, respectively. Fig. 6.4 shows typical traces recorded t' r ill four 
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generations with a 15 nm rhodamin 6G charge generation layer between the dendrimer 

and the aluminium electrode. 

0.1 

0.01 

cz 

0.001 

0.0001 

n nnnni 

G2 

GO 

G3 
1.0-7 10-6 

time (s) 

10-5 10-4 

Fig. 6.4. Typical TOF transients for dendrimerfilms. Straight lines have been fitted to 

the decay at short times. The arrows mark the transit times. 

The traces seen in Fig. 6.4 are virtually featureless. However, the remarkable 

observation is that the time scale over which the transients were measured, which were 

all recorded at biases in the range 5 to 30 V, increases by 2 orders of magnitude as the 

generation increases. This is clear evidence that the TOF data contains useful 

information regarding the charge transport in films of conjugated dendrimers. It also 
demonstrates that the injection of charge carriers from the charge generation layer into 
the dendrimer layer is not the rate limiting step of the photocurrent [291, as a change in 
dendrimer generation has a large effect on the current. Transit times were estimated by 

fitting straight lines to the transients at short and long times and are marked by arrows 
in the plot. It is seen that the transit times increase by almost 2 orders of magnitude as 

the generation increases, quantifying a dramatic slowing in charge transport for higher 
I- 

generations. 
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Great care has to be taken to ensure that the measured transient corresponds to an 
intrinsic property of the sample and is not due to the experimental set-up. Good 

evidence that the measured data relates directly to the chemical structure of the 
dendrimers comes from the fact that there is a strong chanz, II ge in the photocurrent with 
generation. A common source of error is the response of the voltage source unit, which 
is required to keep the voltage constant despite the rapidly changing current. This was 
achieved with a voltage source built in-house in Marburg. An example of a poor choice 
of voltage source is shown below in Fig. 6.5 where a Keithley source measure unit ", as 
used to apply the field. 

0.1 

0.01 

a- 0.001 

Keithley source measure unit 

I 

0.0001, 
10 2x 10-6 5x1 0-6 10-5 2x10-5 5x 10-5 

time (s) 

Fig. 6.5. AI dendrimerfilin photocurrent measured using a fast response voltagesupply 

and a standard Keithlev source measure unit. 

The transients shown above are entirely different from each other, although they were 

measured in succession at the same bias of 30 V. There is a rapid decay in the current in 

the measurement with the Keithley source, and the current is subsequently seen to rise 

again on a microsecond time-scale as the source measure unit compensates for the 

change in current flowing through the device. All traces measured with the fast response 

voltage source showed a monotonous decrease in current with time, which sugacsts that 

the voltage source response time was smaller than 100 ns. 

fast response voltage source 

AO 

'OL 
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In order to establish the presence of dispersive transport in dendrimer films, the scale 

invariance of traces obtained for the first generation dendrimer are considered. Plotted 

in Fig. 6.6 are transients measured for the GI dendrimer at different biases. The upper 

panel shows the raw data of the traces, whereas in the lower panel, the traces are scaled 

to the transit time on the time axis and normalised to the current at 400 ns on the current 

axis. 
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CD 10-3 

0 10-4 
CL 

cz ýý 100 

0 
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10-2 10-1 100 101 
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Fig. 6.6. Upper panel. - transient photocurrent for a GI dendrimer film (300 f7m) at 

fields of 0.2 MVlcm, 0.33 MV/cm and 0.47 MVlcm. The filled circles mark the trans1t 

time, which increases with increasing field. Lower panel: The same traces nornialised 

to the current at 400 ns andscaled by the transit time. 

It is seen in Fig. 6.6 that the shapes of the photocurrent transients are independent of the 

applied field and when scaled to the transit time all traces overlay. This "caling 

I in behaviour has been studied cxtensively in, for example, amorphous -\,,. )Se, [14] and i 

10-5 

polymers [28]. The absence of a field-dependent broadening of the trace,, hence 
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demonstrates that the transport process is non-Gaussian in ongin. In addition, having 

established the scale invariance, the overlap between traces measured at different fields 

may itself be used as a tool for estimating the transit time. In order to obtain the transit 

times, the data were smoothed by fitting a5 th order polynomial to the measured data. 

This greatly reduced the number of data points and allowed an estimate of the transit 

time to be made by extrapolating the two power-law regions of the curve. An alternatiVe 

method was to find the best fit of overlaid curves of the same generation with the aid of 

a computer program in order to deterrmne the relative change in transit time. Both 

methods were found to yield equivalent results. 

An interesting question is the effect of the dendrimer generation on the dispersion 

parameter cc. A change in (x with generation implies that the transients have different 

shapes depending on generation, but are invariant to changes in thickness or applied 

field. Fig. 6.7 shows the raw data of transients for the 4 generations normallsed to the 

current at 400 ns and scaled by the transit time. Apparently, the curves do not overlap. 

This is made clearer in Fig. 6.8 where the polynomial fits to the raw data are plotted in 

the identical scaling. 
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Although the data is not sufficient to extrapolate any systematic correlation between the 

dispersion parameter (x and the dendrimer generation, the disagreement between the 

curves demonstrates that cc is indeed dependent on generation. The slope of the initial 

decay of the photocurrent appears to become somewhat stronger with increasing 

generation, which suggests that the dispersion parameter decreases with increasing 

generation. This would be consistent with an increase in structural disorder in the 

material. 

To further investigate the presence of dispersive phenomena in the dendrimer films. we 

shall next look at the temporal evolution of the photocurrent in the first generation 

dendrimer as well as the scaling behaviour of the transit time with applied field. Fig. 6.9 

shows two tangents fitted to the short and long time-scale evolution of the photocurrent. 

The exponents obtained from this fit indeed add up to -1.94, which is close to the sum 

of -2 suggested by equation (6.1). The corresponding value for a is hence approx. 0.64. 

In comparison, a value of 0.45 has been found for a in a soluble PPV derivative bý' 

Blom et al. [30]. However, their results were based on measurements of transient 

electroluminescence, where the interpretation of the data is greatly complicated due to 

the presence of two charge carriers. In contrast, Lebedev et al. [13] used a multiple 

trapping model to explain their observed photocurrents in a pi-ccursor PPV film. 
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The transit time is also found to scale with the applied field according to a power-law as 

in equation (6.2). This scaling is shown in Fig. 6.10 and an exponent of between -1.6 

and 2.0 is found for 1/(x. These two sets of data are consistent with a value for (x of 

approx. (x=0.6-+0.05. 

1 

C 
i) 

a 
0 
01 

0 

10 4[, 

2 

Bias (V) 

Fig. 6.10. Scaling of the transit time with the applied bias in an AI filin according to 

equation (6.2). The two lines mark- the range of possiblefits. 
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No such agreement was observed for the other three generations, and in particular onl% 

the Al measurements exhibited the same value for (X before and after the transit tirne, 

whereas for the other generations the exponents of the power-law photocurrent decay 

did not add up to -2. The observation of the agreement between the decaN parameter and 

the field scaling in the Al dendrimer may hence be either coincidental or an indication 

of a narrow range of structural and disorder parameters over which the basic form of the 

stochastic transport model holds [37]. 

Finally, the mobility values for all generations were obtained at different fields from 

equation (6.3) and are plotted in Fig. 6.11. The results are quite remarkable. The 

dendrimer generation allows a direct control of the charge carrier mobility. It is seen 

that the mobility decreases by 2 orders of magnitude from GO to G3. There is also an 

increase in mobility with field, which appears to get stronger with higher generation. It 

is presently not clear whether the main origin of the field dependence in these materials 

is due to the commonly observed pseudo Poole-Frenkel effect [6] or due to dispersion. 

From the experimental data obtained on the dendrimers it was not possible to 

distinguish unambiguously between the two functional dependencies of the mobility on 

the applied field. In the context of device models discussed in the previous chapter, both 

the power-law and the exponential form of the field-dependence yield a similar 

functional dependence over a limited range of field values. This may be sufficient to fit 

to the high-field behaviour of LEDs, which is the most relevant region. It should be 

noted that an exponential field dependence fitted to a power-law dependence leads to an 

overestimate of the mobility in the low-field region. This in turn could lead to an 

overestimate of the barrier height in the model. 
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6.3 Fitting current-voltage characteristics 
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Conjugated dendrimers provide model systems in which to study the microscopic nature 

of charge transport in organic semiconductors. The control of mobility discussed in the 

previous section can be used to test device models which describe the operation of 

polymer LEDs [9,14,39-42]. Good quality fits have previously been achieved with this 

model and mobility parameters determined in MEH-PPV devices were found to agree 

well with those obtained from TOF measurements on the identical structure at room 

temperature [14]. Fig. 6.12 shows the current- electric field characteristics of de\'ices of 

different generations with ITO/PEDOT and aluminium electrodes. The lines in Fig. 6.12 

show model fits to the data using the barrier height and the parameters PO and EO as 

fitting parameters. The thickness of the device was taken to be the thickness of the 

dendrimer layer and the PEDOT hole-injecting layer was taken to be ohmic. Studies of 

the charging of capacitor structures in the configuration ITO/S]O, /PEDOT/, -\] ha%'e 

shown that the device capacitance does not depend significantly on the PEDOT laýcr 

thickness [43]. This hence suggests that the charge carrier density in PEDOT to a 

first approximation, sufficient to provide metallic properties as an injecting electrode 

and hence zero field drop across the layer. 
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Fig. 6.12. Measured IV characteristics of dendrimer LEDs (points) with model fits 

(lines). 

The fits qualitatively follow the shape of the current-voltage characteristics and 

quantitatively describe the measured current. At lower fields there are some deviations 

due to the influence of space charge on carrier injection, which is not incorporated into 

the model. There may also be some charge trapping and bulk polarisation effects which 

give rise to an increase in dark current with generation, as discussed in chapter 4. The 

fitting parameters are summarised in Table 6.1. 
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Table 6.1. Fitting parameters obtained byfitting to IVcharacteristics in Fig. 0.12. 
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It is apparent from the values in Table 6.1 that the mobility parameters depend stroncI,,, 
on generation, with the mobility decreasing with increasing generation. In contrast, the 
barrier height is found to be unaffected by generation and approx. 0.48 eV, which is a 
reasonable value for hole injection into a green-blue emitter on a PEDOT layer [44]. As 
seen in Fig. 6.12, there is some discrepancy between the data and the fits and depending 

FE 

on the choice of fit the resulting mobility P= PE=Oe was found to vary by approx. a 

factor of 2. However, the overall decrease in mobility predicted by the model is in the 

order of 2 orders of magnitude, which is a significant result and can explain the large 

increase in operating field observed in the IV characteristics. 

The value of the barrier height obtained in the fits is effectively independent of 

generation, which suggests that injection takes place into the core of the dendrimer. The 

electronic properties of the core hence remain unaffected by further branching of the 
dendrons. In order to confirm this conclusion, cyclic voltarnmetry was performed on 

solutions of the dendrimer of different generations by M. Frampton in Oxford. Previous 

measurements on related compounds showed little effect of the dendrimer generation on 
ionisation of solutions [45]. Cyclic voltarnmetry was performed on dendrimer solutions 

of concentration 0.1 mol/l in tetrabutylammonium hexafluorphosphate (1.0 mol/1) in 

dichloromethane. The traces for the oxidation are shown in Fig. 6.13. 
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Fig. 6.13. Cyclic voltammetn, (oxidation) of dendrimer solutions. (Courtesy of M. 
Frampton). 

Remarkably, the oxidation traces show very little dependence on generation. The 

turning points of the cycles are observed at 750 mV and 850 mV with the EI/2 values at 
800 mV and are found to be virtually independent of generation, which demonstrates 

that the energy levels of the chromophore remain unaffected by the dendrons. The 

results obtained from cyclic voltammetry are hence in excellent agreement ýý'Ith the 

model calculations on dendrimer LEDs. The change in hysteresis with generation may t-- 
be related to the reduction in actual concentration of the chromophore units ký'ith 
increasing number of stilbene dendrons. By using ferrocene as a standard. absolute 

values for the HOMO levels of the dendrimers were determined and found to be in the 

range 5.4 to 5.7 eV [46]. This value is comparable to that expected from the results of 

the model. The ionisation potential of PEDOT is known to be approx. 5.0 eV [44], 

hence according to the model the HOMO level of the dendrimers should lie between ý. 4 

eV and 5.5 eV. There is a significant error in the order of 0.3 eV as,, ociatcd with the L- 

electrochemical analysis and the literature values of the ionisýition potential of the 
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ferrocene reference [46], so the value for the dendrimer HOMO level should be treated 

as a rough approximation. It is also conceivable that interfacial barrier effects between 

the PEDOT and the dendrimer give rise to a modification of the effective barrier in 
LEDs [471. 

6.4 Discussion 

In the two previous sections two independent methods were applied to measure the 

charge carrier mobility in dendrimer films. For both measurements it is found that the 

mobility decreases by two orders of magnitude as the generation is increased froin 

zeroeth to third and the hydrodynamic dendrimer radius doubles. Fig. 6.14 shows the 

mobility values found by the TOF technique plotted together with the mobility 

parameters obtained in the previous section. 
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Fig. 6.14. Mobilio, values obtained through TOF and IV characteristics. 

The correspondence between these two sets of results is striking. The acyreerilent 

between the mobility values obtained through TOF and those obtained through the IV 

characteristics demonstrates the validity of both approache.. "' to determine the illobliltv. 

Previously, only few attempts have been made to correlate TOF data with device data 

[14-15], and the comparisons have been limited in the range of niobility co%-crcd by the 
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system. In the present case of the dendrimers, the mobility is varied hý the dendrimer 

generation over two orders of magnitude and correspondence between the m-o set, of 
data is demonstrated. It is also seen that the field dependence Eo of the mobllitý' 
decreases with increasing generation both in the IV fits and in the TOF data. This is in 
accord with previous experimental observations and recent theoretical predictions. TOF 

measurements have shown that whereas the mobility of MEH-PPV [14] is much smaller 
than that of polyfluorene [35], the field dependence in the latter is i-nuch less 

pronounced than in MEH-PPV (corresponding to a much larger value for EO 'in 

polyfluorene). Yu et al. have related this large variation in field dependence via a 

geometric model to an effective spring constant of the system [8]. Clearly, a more 

ordered system with a greater level of rigidity has less geometric flexibility upon 

application of a field and will hence exhibit a less pronounced dependence on field. This 

is consistent with the present observation that the increase in dendrimer size results in a 
decrease of the core to dendron concentration ratio and hence a greater geometric corc 

flexibility at higher generations. It appears that in the case of the dendrimers, the 

mobility is determined by structural rather than energetic disorder [7,23]. However, it 

should be noted that this distinction is not clear cut. Whereas a systematic comparison 

of soluble PPV derivatives recently found the origin for the difference in mobility in 

varying degrees of energetic disorder [7], a former study on one of these materials led to 

the conclusion that the dispersive transport is governed by structural rather than 

energetic effects [30,48-49]. The relative contributions of inter- and intrachain transport 

have a strong influence on the transport properties [281 and it is possible that some 

conftision arises from the trade-off between these effects. In dendrimers, interchain 

transport does not play a significant role due to the limited dimensions of the 

macromolecule. The microscopic transport is hence mostly governed by the structural 

properties of the material. 

Hopping mobilities have been shown to have a dependence on site separation '-'R 

2R 

according to u oc R2e R" due to the nature of field assisted polaron hopping [50-521. 

This was initially investigated in TOF measurements on filins of rriolecularlý doped 

PVK, where a concentration dependence of the mobility could be explained [501. The 

functional form derives from the overlap integral of polarons on a lattice , Ite with 

adjacent sites [51-521. The hydrodynamic radii of the dendrimer,, are used a,, e,, tiniates 
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of the separation between chromophores. This i imate of the 1 is most likely an overesti 
distance between adjacent sites, as the lower generation dendrimers are not space filling. 
However, the packing in three dimensions in films is not clear but it is evident from the 
absorption data that the dendrimers do not 7c-stack and are hence not in a fullý planar 
configuration. The scaling of the mobility with dendrimer radius is shown in Fig. 6.15 
together with the inverse quantum efficiency as discussed in Fig. 4.22. 
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Fig. 6.15. Plot of mobility and inverse quantum efficiency against average dendrimer- 

dendrimer separation following [501. 

A value of 0.39 nm is found here for RO from the mobility measure me nts', which 

compares to 0.5 nm for trinitrofluoreneone poly-vinylcarbazole complexes [50]. The 

inverse of the external quantum efficiency scales with the dendrimer separation 

similarly to the mobility, giving a value for RO of 0.45 nm. This correlation between the 

decrease in mobility and the increase in efficiency suggests that the increase in 

efficiency with increasing generation is due primarily to a reduction in hole mobiliny. 

In the case of unbalanced transport the device efficiency is approxii-nately proportional 

to the ratio of photon flux to majority charge carrier current [5-11. In the approxinlation 

of an ohmic hole inJecting contact, the current is proportional to the mobilitý and hence 

the inverse quanturn efficiency gives a value proportional to the hole mobilitý. The data 
I- 

in Fig. 6.15 hence sugggest that the increase in quantum efflCICIICV k mainly due to the 

decrease in hole mobility. An implication of this is that the electron mobjlitN decreac,, 
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less strongly with dendrimer radius than the hole mobility. This can be understood in 
terms of electrons being more readily trapped on the chromophores than hole,,. as has 

previously been suggested [12]. The device operation may be understood in terms of 

mobile holes meeting up with trapped electrons. Triphenylamine is a commoniv used 
hole transporting material, so it is not surprising that the arnine centred dendrimers 

studied here exhibit hole transporting properties. An alternative explanation is that the 

hole current in the device is transport limited whereas the electron current is injection 
limited. Decreasing the mobility of the majority carrier clearly increases the operating 
field of the LED as seen in Fig. 6.12, which should give rise to a greater electron 

injection current over the aluminium/LUMO barrier. In combination with this, more 

balanced electron and hole currents will also result in a change in the position of the 

recombination zone [54], with the zone moving away from the quenching metal 

electrode [55] as the generation is increased. The dependence of efficiency on 

generation demonstrates an intrinsic asymmetry between electron and hole transport, 

which is in contrast to recent proposals that the electron and hole mobility in MEH-PPV 

are virtually identical [11]. However, TOF measurements generally exhibit an 

asymmetry between electron and hole transport (e. g. [35]), so this assignment remains 

an open issue. 

By controlled variation of a device parameter, namely the mobility, a further way of 

exploring the parameter space of physical models for LEDs has been demonstrated, 

alongside the barrier height [41], intense electrical operation [43], oxidation [40] and 

temperature [40]. Due to the high level of reproducibility in the synthesis of dendrimers 

resulting from the exact molecular weight, these results are not affected by batch to 

batch variations of molecular weight, which is a considerable problem when trying to 

model the transport properties of conjugated polymers [9]. 

6.5 Conclusions 

In this chapter, a direct correspondence to the effect of dendrimer generation on the 

emission properties of dendrimer films has been observed in the charge transport 

t-- I inicr properties. Using both TOF and a device model. it wa,, found that the dendri 

generation allows a microscopic control of the mobility hN 2 order,, of niagnitudc 
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whereby maintaining the basic electronic properties of the material. The increase in 

device efficiency with generation is found to be direct]\ related to the change in L- 

rnobility. Charge transport is identified as being due to hopping and found to be stronal\' L- - 
dispersive. The observed properties are thought to be due to structural disorder rather 

than energetic disorder. 

Besides being of interest in bilayer devices, where it is desirable to be able to balancc 

the electron and hole transport in the respective layer by matchIn-g the mobIlItIe, ". the 

control of mobility is also a useful tool for studying the physics of LEDs and the 

validity of device models. By varying the mobility, a further parameter ha., ", been 

explored to test the model discussed, yielding good agreement between experiment and 

theory. 
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7.1 Introduction 

The operation of organic light-emitting diodes (LEDs) is based on the injection of 
oppositely charged carriers, which pair to form excitons. Analysis of , pin statistic" 
associated with the injected charge carriers suggests that only 2517c of the excitons 
formed in the device are in the singlet state [1-2]. Although it has been proposed that the 
barrier of 25% for singlet excitons may be exceeded under certain circumstances. it is 
known to be far from 100% [3-5]. The singlet excited state can decay radiativclýT ýý'Ith 
the emitted light generally in the visible range. The remaining excitations are in the Z: ý 
triplet state and for most organic materials, these triplet excitations decay non- 

radiatively as radiative transitions are forbidden due to the molecular symmetrý'. The 

possibility to extract luminescence from the triplet excited state has recentlý' been 

demonstrated by inclusion of phosphorescent guest metallic complexes in host matriccs 
[2-3,6-10]. However, blends of materials are sensitive to the concentration of the oucst 
in the host. Even at relatively low concentrations the guest can phase separate leading to 

aggregation and luminescence quenching. 

To avoid phase separation it is necessary for the two components to have similar 
"surface functional" groups. Dendrimers offer two advantages over common materials 

when attempting to fabricate blends of two materials. Firstly, different cores can be 

surrounded by the same dendrons and surface groups, rendering different molecules 

with identical surface functional properties. Secondly, the use of dendritic structures 

attached to luminescent chromophores has been shown to inhibit luminescence 

quenching. Therefore a good technique for avoiding aggregation of a guest 

chromophore within a host matrix is to incorporate it within a dendritic structure. 

It has previously been demonstrated with a new class of conjugated dendrImel, 1.1 

consisting of stilbene dendrons and luminescent chromophores that the emission colour 

in solution is determined by the chromophore at the "core" and ,,, independent of the 

dendron architecture [I 1- 14]. In this work an extension of this concept to the formation 

of a phosphorescent dendrimer is described, which provides a channel fol- triplet 

excitations to decay radiatively. A dendrimer host is used in the LED, which is then 

doped with a phosphorescent dendrimer guest to allow triplet har\-estlng. The common 
I- 



Chapter 7. Electrophosphorescen ce from a conjugated dendrimer blend device. 

dendrons of the singlet emitting host dendrimer and the triplet emitting guest dendrimer 
ensure excellent phase compatibility and uniform miscibility. In the following, the 
harvesting of triplet excitations from an organic LED based on either a blue or a areen 
emitting host dendrimer is demonstrated by doping the host with a red emitting 
platinum porphyrin based dendrimer. The materials A3 and B3 discussed in Chapter 4 
are used as the host materials. The guest dopant, labelled P 1. is shown in Fig. 7.1. The 

platinum porphyrin dendrimer is a novel compound, but it is conceptionally related to 
previously studied free-base porphyrin dendrimers [I I]. 

Fig. 7.1. Structure of thefirst generation platinum porphyriii dendrimer Pl. 

In this chapter the unique properties of devices containing blends of a fluorescent and a 

phosphorescent dendrimer are considered. The luminescence spectra are investigated in 

order to establish the absence of singlet excitation energy transfer from the fluorescent 

host to the phosphorescent guest. The remarkable difference between EL and PL spectra 

of the blends can be explained by trapping of charge carriers on the guest, which is 

investigated by cyclic voltarnmetry. Pulsed operation of the LEDs is found to gl'%-c rise 

to a substantial spectral modification depending on the pulse period, which can be 

attributed to quenching of long lived triplet excitations. This is im, cstigated further 
Zý' -- 

using a simple kinetic model. 

7.2 Emission and absorption svectra 

Films of PtPOR/host blends were formed by spin-coating THF , olutjons ot the two 

,t to cuc,, t of 10: 1 corre pondinL dendrimers (10 mg/iIII) in a wAN, ratio of ho, s, to a molar 
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ratio of approximately 3: 1. The PL spectra were measured both on an ISA Fluoromax 
Fluorimeter and on an ISA Spectrum One CCD spectrometer. EL spectra vvere 

measured with the CCD spectrometer. 

7.2.1 A3: Pl host: guest blends 

The chapter begins by discussing the absorption and luminescence properties of blends 

of materials A3 and Pl. The absorption spectra of the materials are shown in Fio. 7.2. 
The absorption is characterised by two main bands, which are due to electronic 
transitions in the chromophores and the stilbene dendrons. The ineta-linkage of the 
dendrons to the emissive central units limits electron delocalisation, so that the 

electronic properties of the material can to a first approximation be expressed as a linear 

superposition of the properties of the stilbene and core chromophores. For A3 and PI 

the stilbene moieties are found to give rise to an absorption peak at 320 nm. The core 

gives rise to an additional absorption at 420 nm for A3, whilst for PI absorption bands 

are observed at 420 nm, 514 nrn. and 544 nm and correspond to the Soret and Q-bands 

of the PtPOR. 
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Fig. 7.2. Absorptionspectra qf neat dendrimerfilins, -13, B3 and Pl. 
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Fig. 7.3 shows PL and EL spectra of blends of the materials under continuous 
excitation. To begin with, the PL results are discussed. Upon optical excitation. the 
emission of A3 is in the green and peaks at 495 nm and the guest dendrimer PI emit,,, -, in 
the red to near IR with peaks at 662 nm and 737 nm. The emission of the host 
dendrimer A3 is attributed to fluorescence, whereas the emission of the L'uest PI is 
believed to be due to phosphorescence, as platinum porphyrins are known as phosphors 
[3,6]. For the A3: Pl blend the host emission is much stronger than the guest emission. 
In order to investigate the energy transfer from host to guest in the blends, films of the 
blends were excited at 320 nm, which corresponds to the stilbene dendron absorption of 
the two materials, and 420 nm which coincides with the peak absorption of the gues-t. It 

was found that the host can be efficiently excited in the dendron absorption band, 

indicating energy transfer from the dendrons to the core. For blend A3: P 1, the guest and 
host core absorption bands both peak at 420 nm. As is seen in Fig. 7.3a, the guest 

emission is reduced upon excitation in the dendron band at 320 nm with respect to 

excitation in the core absorption bands of A3 and PI at 420 nm. As there are more 

stilbene units in the host than in the guest and the optical density of the host is hence 

grqOtqr g ý20 nm thqn thqt 9f the guest, this inoicqtqý thot thqrq ], ý little ýinojet qnergy 

tiýansfq between the host and the guest. The Igge contTibution of host emission in the 

blend A3: P1 upon excitation in the dendron band at 320 nm suggests that F6rster type 

energy transfer from the host to the guest plays little role, if any. 
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This was further investigated by considering the PL excitation (PLE) of the blend. Vic 

PLE spectra of the blend A3: Pl are shown in Fig. 7.4 with detection at 530 nm (host 

emission) and 660 nm (guest emission). The PLE data provide clear evidence tliat 

radiative energy transfer does not play a significant role in the A3-PI blend. Upon 

400 500 600 700 800 900 
Wavelength (nm) 
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detection in the A3 emission band at 530 nm, the absorption of the ho,, t is clearly 
resolved. However, upon detection in the PI emission band at 660 rim, there is no trace 
of the host absorption in the PLE spectrum, as excitations are not transferred from the 
host to the guest. In this case, only a narrow feature at 420 nm is oh,.,, er\-cd. 
corresponding to the absorption of the guest. Due to the close proximity of the A') and 
PI absorption bands as seen in Fig. 7.2, the A3 excitation spectrum appears to peak 
slightly offset to the red at 440 nm. This implies that excitation in the region of 420 nni 
results also in strong excitation of the guest, dramatically reducing the host excitation 

efficiency in this region. In the PI PLE spectrum, the PI Q-band is also clearlN, 

resolved. 
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Fig. 7.4. PLE spectra of blend A 3: PI- 

7.2.2 B3: Pl host: guest blends 

As for materials A3 and PI, dendrimer B3 exhibits an absorption peak at 320 ni-n 

corresponding to the stilbene dendrons, which can be seen in Fig. 7.2. The core of the 

dendrimer B3 gives rise to a further absorption at 370 nm. The PL results are shoýý'n ,, 

the lower panel of Fig. 7.3. Upon optical excitation, the emission is in the blue and 

peaks at 470 nm. As before, the host emission is much stronger than the guest ernision. 

For the blend BIPI the reduction in guest emission with excitation at 320 n"i ]ý' not &' 

ion pronounced as for A3: Pl. However, as the emission band of B3 overlaps the ab"orpti 
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band of PI, one would expect to observe energy transfer from the host to the guest. The 
PLE measurements shown in Fig. 7.5 demonstrate the absence of energy transfer. A,, 
before, the PI Soret and Q-bands are clearly resolved. Despite the o\, erlap of B3 

emission and P1 absorption in this case, excitation in the B3 absorption band doe,, Still 
not result in any significant emission from Pl. As before, the absorption of PI at 420 

nm results in a reduction in the excitation spectrum upon detection of the host emission. 
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Fig. 7.5. PLE spectra offilms of blend A3: PI - 

From the large contribution of host emission in blend BIPI upon excitation in the 

common stilbene dendron band at 320 nm it is concluded that singlet exciton energy 

transfer from the host to the guest does not occur in these blends. Finally. in all PL 

spectra an emission "maximum" is observed close to 520 nm. The local minimuni 

associated with this feature coincides with the first Q-absorption band of the guest 

dopant Pl. This feature is therefore assigned to a proportion of the host PL being rc- 

absorbed by the guest dendrimer. 

7.3 Charge trapping 

The most striking result of Fig. 7.3 is the large difference between EL , pcctra of the 

i ion blend B3: PI compared to the PL spectra. In contrast to the PL, EL the guest eni',,,, * 
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is much stronger than the host emission. For the A3: Pl blend, the same host emi,, sion k 

observed in EL as in PL, but the guest emission is increased in EL. particularl-. v toward,, 

the red. This difference between the EL and PL spectra can be rationallsed bv 

considering the relative HOMO and LUMO energies of the host and the guest, %\hich 

were determined by cyclic voltammetry. The relative offsets in energy levels between 

the hosts A3 and B3 and the guest dendrimer PI are surnmarised in Table 7.1. 

HOMO level 

Offset B3 to Pl 

Offset A3 to PI 

0.1 eV 

0.4 eV 

LUMO level 

0.7 eV 

0.8 eV 

Table 7.1. Relative offsets oj'eneiýgy levels of guest and host dendrimers (courtesy of M. 

Frampton). 

The HOMO energies of PI and B3 are similar with a difference of only 0.1 eV. In 

contrast there is an offset of approximately 0.7 eV in their relative LUMO energic, ", with 

dendrimer P1 being more easily reduced. This indicates that the guest dendrimer PI will 

be a trap for electrons in the blend with host B3 whereas the holes will not be trapped 

preferentially on either material as the difference in the HOMO levels is within the 

order of the thermal energy. Therefore, as the electrons are trapped on the guest and the 

holes are dispersed throughout the blend, the majority of the emission will occur from 

the guest PI. The fact that efficient emission from the guest in blend BIPI is observed 

is remarkable since from the analysis of the PL Rrster transfer is not effective. 

In contrast, for the A3: PI blend, electrochemistry indicates that the two components 

I is more easi would be expected to trap different charged species. Dendrimer A3 i 'k, 

oxidised by about 0.4 eV compared to the guest PI, whilst the guest is more easll\ 

reduced by about 0.8 eV. This means that the guest will act as a trap of electrons. 

whereas the host A3 will trap holes. The probability of an exciton being formed on 

either A3 or P1 will hence be closer to the ratio of the two materials in the blend as the 

charge carriers are not preferentially located on either a guest or host site. A" a 

consequence the EL and PL spectra are more similar for the blend A3: Pl. The trapping 

processes are summarised in a schematic energy level diagram in Fig. 7.6. 
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Fig. 7.6. Schematic energy level diagram showing trapping of electrons on dendrimer 

PI in both blends. Iii blend A3: PI, holes are trapped on A3, wlicreas in blend B3: Pl 

holes are not preferentially trapped on either material. 

There is another significant difference between the EL and PL spectra which is the 

positions of the peaks in the range 600 to 800 nm. In PL these are observed at 662 nm 

and 737 nm for both A3: P1 and B3: Pl. In EL the peaks of the two blends are at 675 nm 

and 772 nm. This suggests that there is a difference in the light emitting state or its 

environment. This substantial shift in emission spectrum could be a result ot' the 

porphyrin charging under electrical excitation, giving rise to a change in energy levels 

and a change in molecular geometry. It should be noted that there is a significant 

difference between the EL spectra reported here and those found in previous studies of 

platinum porphyrin compounds. Without the use of the dendrimer architecture, platinum 

porphyrin compounds have been found to show an emission maximum at 650 nm and 

mostly do not display the lower energy peak observed here [3.6]. In the present case. 

the lower energy emission is stronger than the higher energy peak. However, the guest 

concentrations used here are much greater than those in previously described devices, 

which is bound to influence the emission spectrum and may give rise to an increase in 

the red emission. Also, the effect of charge carriers on the emission in EL ma", be 

stronger in these devices due to the higher guest concentration. It is also found that the 

feature at 520 nm observed in the PL of the blends is not seen in the EL. 
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7.4 Pulsed Device Operation 

A further remarkable consequence of combined fluorescence and phosphorescence 
devices is a strong dependence of the emission spectrum on excitation denslt\,. In the 
following, a novel method of controlling the emission colour is demonstrated b\ 

exploiting the large difference in the lifetime of excitations on the guest and the host. 

The phosphorescence lifetime for platinum octaethylporphyrin has previously been 

estimated at around 70 ýts [3], although this value appears to be strongly dependcnt on 

the environment of the molecule. Baldo et al. reported a decrease in lifetime from 

approx. 40 gs to 10 ýLs with increasing excitation density [6] and a similar lifetime is 

expected for Pl, whereas the singlet emission lifetime of the host is of the order of I ns. 
Changing the driving conditions and the duty cycle should hence give rise to different 

excited state populations and control the level of interactions between Ion- ll\'cd 

excitations, which gives rise to emission quenching. This allows a tuning of the relatiVc 

ernission intensity of host to guest. 

Fig. 7.7 demonstrates this effect for both host materials for pulses of 100 ns duration. 

As the driving pulse period (inverse repetition rate) is increased from 300 ns to 20 ýts, 

the porphyrin emission increases relative to that of the host dendrimer, as is seen in Fig. 

7.7a for dendrimer A3 and in Fig. 7.7b for dendrimer B3. 
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Fig. 7.7. EL spectra of blend devices under pulsed operation. a) Device with blend 

A3: PI at 18 Vpulses of 100 ns duration over periods of 300 ns (lowest curve), 600 ns, I 

ps, 2 ps, 5 ps and 20 ps (upper most curve). b) Device with blend B3: PI at 24 V pulses 

of 100 ns duration over periods of 300 ns (lowest curve), 600 ns, I PS, 2 ps, 5 ps and 20 

ps (upper most curve). 

For longer periods the emission is unchanged with a change in period, as is seen in Fla 

8 for EL spectra of an A3: P1 blend device driven with 10 gs pulses at periods of 50 gs 

and 300 gs. There is no difference between the two spectra, other than a decrease in 

signal to noise ratio for the spectrum with the longer pulse period, which suggests that 

the long lived excited state population has decayed over a time scale of the order of 50 

9s. A similar behaviour is also observed for A3 blend devices. 
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Fig. 7.8. EL spectra of a B3: PI blend device at pulses of 10, us over periods (? 1'50 Av 

and 300, us showing no dependence on duty cycle for longer periods and pulse lengths. 

The increase in guest emission can be analysed by comparing the relative integrated 
intensities of the two components of the emission, as is shown in Fig. 7-9. As the period 
increases, the ratio of phosphorescence to fluorescence (emission of guest PI to host 

emission) increases following a square root exponent. Remarkably, as is seen in the 

figure, the scaling with period is identical for both host materials, despite the large 

difference in EL spectra, providing evidence that the frequency dependence of the 

emission is due to a common process. 

400 500 600 700 800 
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Fig. 7.9. Plot of ratio of guest emission to host emission for blends containing 
dendrimer A3 (o) atid B3 (p) ot7 a double logarithmic scale. The drive pillse duralion 

was 100 ns. The line indicates the region of square root scaling due to bimolecular 

recombination. 

The square root exponent observed in Fig. 7.9 is a characteristic of bimolecular decay 

resulting from interactions between the long lived excited states. One possible 

explanation of this behaviour is a direct destructive interaction between triplets present 

in the material, which is known to be a serious problem in electrophosphorescent 
devices [6,10,15]. However, it is also possible that interactions with charged species 

give rise to luminescence quenching. As the pulse period increases, the total number of 
long lived emissive excitations in the blend (the excitation density) decreases, gi%'in" 

rise to a reduction in interaction between these species and hence an increase In the 

emission of Pl. This power-law scaling is comparable to the singlet-singlet annihilation 

II ing pump intensi 116]. observed in polymeric microcavity lasers with 
However, in the present case it is apparent at much lower concentrations of excitation 
due to the longer lifetime of the emitting species. At very long periods the data point', 

deviate from the simple square root law as the signal to noise ratio decrease', with 

decreasing excitation density and the period approaches the lifetime of the porphýTin 

emissive state. Alongside the quenching. it is also conceivable that filling of the 
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porphyrin sites [6] resulting in saturation of the emission can contribute to the frequency 
dependence observed. 

7.5 Exciton-exciton annihilation 

In the following the results are investigated using a model of bimolecular recombination 
in order to provide evidence for the occurrence of triplet-trIplet ann'li'latIon In these 

devices. As there is no insight available into the actual excitation densitý', the model 

should be seen as a qualitative description of the physical processes. 

Bimolecular decay can be described through the bimolecular rate equation [ 171 

dn 
= -r, n -1 211 

2 

dt 2 

where n is the exciton concentration and r, and )12 are the radiative lifetime and the 

interaction rate, respectively. The integrated emission detected by the CCD camera 

corresponds to the integral of the exciton density as a function of time. The pulsed 

operation can be modelled by adding a fixed number of excitations, 110, to the overall 

density at fixed time intervals corresponding to the period. The iteration is repeated 

until the integrated excitation decay reaches steady state after every pulse. The 

numerical solution of the bimolecular rate equation as a function of pulse period is 

shown in Fig. 7.10 for rj= 1/70gs, r2=3.8x 10-5 cm 3 s- I, and no=10 12 CM-3 (the parameters 

arise from the best fit discussed below). It is seen that the overall shape of the calculated 

integral on pulse period is in excellent agreement with the measured data. For short 

periods the integrated density follows a square root dependence on the period and then 

flattens off at longer periods. 
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Although little is known about the total excitation density and the number of' excitons 

generated with every pulse, no, it is possible to fit to the measured data using comhined 

sets of the density no and the interaction rate ýA. It should be noted that identical fits can 
be achieved using larger densities and smaller rates. Fig. 7.11 shows fits of the 

calculated integrated excitation decay to the measured data seen in Fig. 7.9 using 

no= 10 12 CM-3 . Three different radiative lifetimes are used and it is found that the 

observed quenching is best described by a radiative lifetime 71=1/Yl of 3.5 ýts. This 

suggests that the lifetime of the phosphorescent porphyrin dendrimer is considerably 

shorter than that previously reported, which may be a consequence of the high 

concentrations used and the presence of charge carriers. The excellent agreement 

between the two data sets obtained for the two host materials and the calculated 

quenching provides strong evidence that the observed dependence of the cmission 

spectrum on pulse period is due to interactions between triplet excitations. 
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Using the model of bimolecular decay, it is also possible to investigate the effect a 
filling of emissive sites may have on the dependence of the emission spectrum on pulse 

period. The above calculation is run again with a limit on the number of excitations, n, 
imposed by the parameter Fig. 7.12 shows the calculated quenching with different 

limits on the number of sites. It is seen that the power law dependence of the integrated 
decay on the period yields larger exponents for the case where filling of sites plaýls a 

role. As the total number of available sites increases, the power law tends towards the 

observed square root dependence. It is hence concluded that filling of emissive sites 

does not account for the spectral dependence on pulse period observed here. 
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7.6 Conclusions 

A dependence of the emission spectrum on excitation density has been pointed out 

previously as a result of the applied bias and current density flowing through the deVice 

[9]. For the guest/host combinations used in this study a shift in weighting from the 

guest emission to the host emission is also observed as the bias and hence the current 

and excitation density is increased. This means that the drive voltage can also be used to 

control the colour of light errussion. However, a limitation of this form of spectral 

control is that different colours are achieved at different brightnesses. With regards to 

the physics of the quenching process the dependence on duty cycle ,,, also more clear 

cut. It is found that these devices, and indeed electrophosphorescent devices studied by 

the Author prepared with alternative phosphors in bilayer configurations. can yield 

power-laws of the singlet to triplet emission ratio as a function of current or light output 

and hence excitation density. Exponents extracted from these analyses arc generally in 

the order of 0.1, which suggests that the quenching processes present upon electric 

driving are considerably more complicated than a mere dependence on c, \citation 
zn 

density. 
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In view of these new results, the dependence on pulse period demonstrated aboN, e may 
be used in conjunction with the bias dependence of the emission spectrum to tune the 
perceived colour of the LED. A suitable choice of red and green dopants with ditYcFent 
triplet lifetimes dispersed in a blue emitting host should allow tunability over the entlFe 
visible spectrum and paves the way for novel, more compact backlights and high 

resolution RGB pixel. Finally, the above experiment also demonstrates the probin. 0 of 
excited state dynamics using steady state spectroscopy under suitable driving 

conditions. 

The application of a new PtPOR containing dendrimer as a triplet harvcsting 

phosphorescent dopant for EL devices has been demonstrated. Due to the common 
dendrimer architecture of host and guest molecules, excellent n-fiscibility of the 

materials in thin films is achieved. Efficient emission is observed from the guest dcspite 

a lack of radiative energy transfer. It is shown that charge carriers are preferentlallý- 

trapped on the lower energy dopant sites which then affects the ratio of EL enlission 
from each component in the blend. The long phosphorescence lifetime of the gucst 

porphyrin dendrimer gives rise to a frequency dependent quenching process, which is 

independent of the host material. The use of conjugated dendrimers hence provide,, an 

elegant way of controlling the phosphorescence, trapping and quenching of excitations 

in organic LEDs. 
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8.1 Introduction 

Low dimensional photonic structures are becoming increasingly important for optical C! 
applications, in particular for optical fibres, solid state semiconductor laser', and LED, 
[1]. Periodic structure on the scale of the wavelength of the radiation concerned has 

y of states, and been used to control the photonic densit leads to intriguing modifications 

of the interactions of light with matter [2]. One significant problem w1th us'n-g photon1c 

structures in practical devices lies in the fabrication process of wavelength scale 

periodicity with sufficient contrast in refractive index [3], as well as the actual physical 

modulation of the optically active material. The fact that sermi conduct ing polymers- are 
both mechanically soft and solution processable makes them ideal for imprinting 

structures on them, which can be achieved through lithographic means [4], or h\ 

stamping [5]. In this chapter an attractive and effective alternative moulding, technique 

is presented whereby one-dimensional photonic structure is induced in an optically 

active conjugated polymer using a high resolution Bragg diffraction gratin" as the Z_ 17 
mould [6-8]. The emitting material takes up the form of the nuicrostructure mould when 

cast onto a corrugated substrate. In particular, the simple processibility of conjugated 

polymers allows a detailed investigation of the effect of periodicity in the emitting layer 

on electrically driven devices in an LED configuration. This simple photonic structure 1" 

shown to be advantageous with respect to a planar device configuration. 

The relatively high refractive index of the emitting polymer results In a significant 

contribution of trapped waveguide modes to the total amount of light generated [9-10]. 

In the following it is demonstrated that the device efficiencý' can be increased hý 

scattering out these modes fTom the device by enforcing a periodic modulation on the 

emitting layer. Periodic modulation of organic thin films has been investiggated in a 

number of examples, most notably in the context of lasing [6-81. Although it has 

previously been shown that random structures and surface roughening or "Uhstrate 

shaping can lead to a significant improvement in light extraction [II- 12], the advantage" 

of periodical modulation of the emitting layer have only been considered in &N-Ice-like 

configurations which do not comprise injecting contacts [13]. Some work has focused 

Tom waveguide modes trapped in the substrate of an ori! an'c I-ED 
on extracting light f 

[14-161. However, as the refractive index of the eniating layer in an organic I-ED I%, 
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generally much greater than that of the glass substrate, structuring the en-fitting laý-er 

should be far more effective. 

8.2 Control of film emission through lateral microstructure 

In order to establish the effect of periodic microstructure on the erni s' fr s'lon om a thin 

polymer film, the PL efficiency of films in a devIce-like configuration ý'N'as measured by 

A. Safanov [17]. The grating substrates were fabricated on photor si-t -0 1 ng an ess I llo\\* 
. 

established technique using the interference pattern of two laser beams [18]. The 

integrated emission of a polymer film deposited on a gold co\-ci-cd (50 nm) substrate 

was measured in an integrated sphere under excitation by the 488 nm line of an argon 
ion laser. The film thickness was approx. 220 nm and the corrugation pitch and period 

were 13 nm and 388 nm, respectively. The results of this measurement are shown in 

Fig. 8.1. The spectra were normallsed by the amount of light absorbed so that the area 

beneath the curves becomes proportional to the erriassion efficiency. It is clearly seen 

that the emission efficiency is doubled upon introduction of the corrugation with respect 

to the planar sample. Also, it should be noted that due to the presence of the nictal laý, er 

all emission occurs in the forward direction. The increase in efficiency is hence believed 

to be due to an increase in cmission from the polymer film itself rather than from the 

substrate of the sample. 
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Fig. 8.1. Effect of corrugation on luminescence efficiency. The figure vhow, ý the 
integrated PL spectra of corrugated and uncorrugated layers mea, vitred in an 
integrating sphere. Inset is the sample structure. (Courtesy of A. Safanov, rej. ' [ 171). 

This relatively straightforward measurement compares to PL yield measurements on 
device-like structures carried out on inorganic materials with engineered photonIc 

properties [13]. However, the spin-coating process allows a much 'ýiinipler 

implementation of photonic structure and control of the photonic dens It ý' of states of the 

device than, for example, lithographic means. 

8.3 Microstructured LEDs 

8.3.1 Device structure 

The simple sandwich structures of LEDs mean that the incorporation of a photonic 

structure discussed above should be relatively stralghtforward. Ho"'ever. there ýire \, alid 

concerns that the electrical properties of the device maý, be affected bý' the corrulation. 

which can typically be of the order of the film thickness. The structure of the devices 
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studied is given in Fig. 8.2. Gratings of pitch 388 nm with depths of 10 nm to 100 nm 
were studied. The corrugation only extends across half of the substrate to allow direct 

comparison of corrugated and uncorrugated LEDs on one substrate. A thin strip of cold 
is evaporated onto the substrate, forming the anode and providino, the index contrast 
between substrate and film necessary to achieve scattering. The semiconducting 

polymer MEH-PPV is spin-coated onto the gold, which is optionally covered xith a 
standard hole-injecting layer of PEDOT. Calcium capped by aluminium is used as the 

cathode to provide sufficient electron injection. Remarkably, the corrugation is found to 

carry through all layers of the LED to the top of the aluminIUM cathodc. A small 

amount of silver paint was used to dissolve the polymer layer and make a rigid contact 

with the thin gold anode. This proved sufficient for use in the convcntional "prim-, 

mount testing rig. 

Aluminum/ 
Calcium (-200nm)-* 

MEH-PPV (-200nm)--,,. 
Gold (-15nm)--op. 

Photoresist (-400 nm)-l" 

Silica Substrate-po. 

Fig. 8.2. Device structure used in the study of corrugated LEDs. 

The use of the PEDOT layer on top of the gold electrode was motivated by two 

concerns. Firstly, the gold electrode is very sensitive to oxygen adsorbtion 1191, which 

dramatically reduces the hole injection efficiency. It was hoped that by introducing a 

PEDOT layer between the gold and the semiconducting polymer, efficient injection 

could be achieved. Secondly, the PEDOT layer increases the overall thickness of the 

device and hence allows longer wavelength modes to be present in the two polymer 

films. Whereas the inclusion of the PEDOT layer did give rise to some remarkable Z-- 

photonic effects, devices fabricated in ambient conditions with a standard PEDOT laý'er 

were found to have efficiencies two orders of magnitude lower than conventional 

II Z4 C, devices fabricated on ITO. However, it was found that by in-inier.. "'ing the gold coated 

substrate in the spinning solvent prior to coating, and then spin-coatincy the polymer 
I- 

L- Zt4 

under dry nitrooren in a glove-box, efficiencies in the order of 0.1 17c could be achieved. 
Z-- 
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Fig. 8.3 shows a photograph of an operating LED with 0.1 % external efficiencý- and a 
brightness of over 1000 Cd/m 2, demonstrating that the grating structure allows the 
fabrication of efficient devices with high yields. There are two features visible in Fig. 
8.3, the actual LED pixel marked A and a weaker feature B, which changes colour from 

yellow-green to deep red (from left to right). Feature B arises from the angular 
dispersion by the grating of modes scattered out of the substrate. Similar features have 

been observed in devices employing silica spheres to scatter out substrate modes [141. 

Our device, however, also scatters outfi/m modes, which gives rise to polarisation and 

angular peak splitting. 

Fig. 8.3. Photograph of an operating LED showing the direct emission A and a 

spectrally resolved fiaint fieature B approx. 5 mm firom the pixel. The colour of B 

changes ftom yellow-green to deep redfirom left to right, which corresponds to a 

change in scattering angle of substrate modes. 

The origin of the two features seen in Fig. 8.3 Is outlined in the sketch In Fig. 8.4 Nv, th 

respect to the grating lines. 
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Fig. 8.4. Top view ofthe device structure. The active pixel area is marked bv X Mid 
labelled A. The weak feature B results from the angular di, yervion of the subvi-ate 
waveguide mode scattered out of the device. 

8.3.2 Efficiency enhancement 

Devices were fabricated side by side on a substrate with both a planar and a corrugatcd 
(pitch 388 nm and groove amplitude 60 nm) region of photoresist. Fig. 8.5 shows the 

EL spectra measured in the forward direction for a planar and corrugated pixel on 

opposite sides of the substrate. The device current for both pixel was approx. 5 nIA. The 

result is remarkable: the light ermssion is enhanced by a factor of 4 in the forward 

direction due to the presence of the grating structure. Also, a modification of the 

spectrum is observed. This result demonstrates that a modification of the photonic 

structure of an LED allows both a marked improvement of the device efficiency as well 

as a control of the actual emission spectrum within a certain level. 
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LLI 
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uncorrugated substrate 
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L 
500 600 700 800 

Wavelength (nm) 

Fig. 8.5. EL spectra of uncorrugated and corrugated LEDs containing PEDOT. 

In order to assess whether the modification of the photonic device properties affects the 

electrical device properties in any way, the device characteristics of corrugated and 

uncorrugated LEDs are compared next. The EL intensity was measured by placing a 

large area silicon photodiode directly on top of the LED and is hence integrated ()%'cr all 

emission angles in the forward direction. The current-voltage and EL intensity-voltagc 

characteristics are shown in Fig. 8.6. It is seen that the current-voltaoe characteristic', of 

pixels on the corrugated and uncorrugated part of the substrate are very similar and 

follow each other closely over orders of magnitude on the current scale. In contrast, the 

corrugated LED exhibits a stronger luminescence at the same current, as is "cen in the 

inset lot of intensity as a function of current, indicating that more light is escaping p tl 
from the film. An increase in the external efficiency by a factor of 2.0±0.2 i" oh"crvcd, 

similar to that seen above for the PL yield measurements. The fact that the current 11N 

unchanged with the corrugation is important evidence that the injection characteristic,, 

are not modified by the grating structure and that the increa,, c in emi,,,, ion intensitN 

observed in Fig. 8.5 is not due to electric field effects, resultIn' t'rom the corrucration. 4- C, tý 

Indeed, also the light-output curves of the corrugated and uncorrugated LED,, are 
L- - t7 

identical over orders of magnitude, but merely shifted in magnitude. This denioll"trale" 
L- I 

that the injection processes of both electrons and liolc,, are unchanged. whicli i,, 
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remarkable considering the dimensions of the grating of amplitude 60 nm %ý ith re"pect 
to the film thickness of 200 nm. 

10-2 

C\l 
E 10-3 

10-4 

10-5 

u ncorrugg aatedd 

corrugated 0.00 0.02 
2 

0.04 
J (A/cm 

10-1 

10-2 

10-3 

10-4 

10-5 

10-6 

Bias (V) 

Fig. 8.6. Current-voltage and EL-voltage of an uncorrugated atid corrugated LED. The 

current is very similar for both devices, whereas more light is observed froni the 

corrugated LED. Inset is the EL intensity as afunction of current. The device contained 

PEDOT. 

8.3.3 Peak splitting 

Evidence that the enhancement in emission is due to Bra ga -scat t ering conic,, rom the c7ltl - 

corrugated 

uncorrugated 

10 15 

emission spectra. Fia. 8.7 displays the angular dependence of the cnik,, ion , pectruni of 
L- 
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a strongly corrugated LED, recorded using a fibre coupled CCD spectrometer in a plane 
perpendicular to the grating grooves. As the angle at which emission spectra arc 
recorded is increased, the middle peak at 625 nm splits- symmetrically into two peaks 
which move to higher and lower wavelengths, respectively, as seen in the inset plot of 
peak wavelength versus angle. A similar angular dependence in PL spectra of MEH- 
PPV spun on gratings covered with a non-transparent metal layer has been ob"erved 
[17] and could be used to deduce the dispersion of the refractive index, Lis described in 
chapter 2. In the case of the device structure, the calculation of the internal angle of 
mode propagation is considerably more complicated than for the case of a 

polymer/metal structure due to the presence of a semitransparent contact and the 

resulting interference and microcavity effects [20]. However, the fact that the main peak 

splits into two as the detection moves off-normal is clear evidence for Bi-a---scattering. 

As substrate modes are suppressed in the PL measurement by the metal film between 

polymer and grating, the peak splitting is attributed unambiguously to scattering of film 

modes. One possible concern of this observation is that the angular dispersion may be 

detrimental to the colour purity required in display applications. However, a calculation 

[21] of the colour co-ordinates of the extreme spectra showed that due to the broad 

reddish emission band of the polymer, the dispersion has a negligible effect on the 

colour co-ordinates of smaller than I %. 
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Fig. 8.7. Angular dependence of the emission from a corrugated LED. lor iiornial 

emission (, emission at -4.5 '( --- ) and +9.0' ( ...... ). The left inset shovv. ý the 

experimental alignment relative to the grating. The peak at 625 nm splits into two peaks 

as the detection moves o normal. The right inset shows the positions oj'the enu. v%ion ff 

peaks as a function of angle: normal emission at 590 imi (A), split part of 62 5 imi peak 

moving to shorter wavelengths (0) and split part of 625 nin peak moving to longer 

wavelengths (40). The device contained PEDOT 

An interesting way of representing all the angular dependent data iý, bN plotting the 1--L 

intensity on an intensity map as a function of wavelength and angle. This ,, shown in Z-- ltý 

Fig. 8.8 for the same data discussed in Fig. 8.7. The X-shape structure is visible a, in 

the inset in Fig. 8.7. However, a close analysis of the measured spectra sho\ý" that the 

central peak does not split into two peaks of equal \\'cightingý but rather a peak and a 

shoulder. Although the measurement was somewhat complicated by the low ntcn,,, t,, 

the LED emission, it is believed that this suppression of a full peak ma,, he due to the 

coupling of the scattered mode to a further photonIc mode such w, a surt', tcc plýinion 
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with different film thicknesses on gratings of various depths. The unpolari"ed EL 

shown together with polarised EL, which is of lower intensit, N, due to the ah"orptIon of 
the polarisation filter. For all devices, the emitted light exhibits a degree of polar'sat, ion. 

which increases with increasing film thickness and grating depth. A detailed analr'sis of 
this effect is complicated by the presence of two metal electrodes. one of ýýhich i" cmi- 
transparent, resulting in contributions from surface plasmons and interference ýý'Ithin the 

cavity. However, the polarisation effect does demonstrate that there is a contribution in 

the forward emission from scattered light, which gives rise to the observed increase in 

efficiency. 

The coupling of light out of the LED structure depends on the polarisation, wavclength 

and direction of propagation of the waveguided light. A modc p ro p a-, -,: ati nc, 

perpendicular to the corrugation lines will be scattered out of the device effectively, 

whereas a mode propagating parallel to the grating lines will not couple to radiation. 

Both transverse electric (TE) and transverse magnetic (TM) modes will be coupled out 

of the structure, but at different wavelengths because of their different disper'sion 

relations. For a metal clad polymer structure, the lowest TM modc is at longer 

wavelength than the lowest TE mode of the same wavevector [24]. This explains the 

observation in Fig. 8.9 that for thicker films there is also a broad polarised feature at 

long wavelength with polarisation perpendicular to the grating direction, wherca. " the 

higher energy TE modes are polarised parallel to the grating and scatter out as relatively 

narrow features. The comparison of Figs. 8.9 b) and c) also shows that the scattered TE 

mode moves to longer wavelengths with increasing film thickness, as discussed in 

chapter 2. 
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Fig. 8.9. Emission spectra in the forward direction, unpolarised ( ...... ), jmlari. ved 

parallel to the direction oj* the grating ( --- ) and orthogonal to the direction of the 

grating ( --- ---- ). a) Thinfilin (120 nin) on shallow grating (10 nin). b) Thinfilin (120 n/11) 

on deep grating (80 nin). c) Thickfilm (200 nin) on deep grating (70 /Im). d) Plick filln 

(200 nm) plus a PEDOT layer (50 mn) on a deep grating (80 mn). 
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It is interesting to note that the spectrum of the erfiitted light depends , enitivelv on the 
device structure under investigation and is readily modified by grating depth and film 
thickness. Although in the above example this modification is accidental. further , tudi*c, % 
could determine a systematic relationship, which would be useful as a direct photonic 
control of the emission spectrum. The absorption of the green photoresist laý'Cr as well 
as the gold layer, in conjunction with interference effects in the device ca\'it\. a" well a,,, 
the strength of scattering, give rise to this wide range of spectra measured. 

The observation of polarised EL in the forward direction is not only of importance in 
understanding the structure of waveguided modes in the device and the nature of the 
efficiency enhancing scattering process. It is particularly important in v1c%v of backlight 

applications for LC displays, where conventional devices rely on a polarisation filter, 

which results in a loss of at least 50 % of the ernitted light. The rrucroscale control of 
polarisation and emission through lateral microstructure provides a novel route to 

efficient display components. The simple processing of organic materials makes thern 

well suited to being formed as corrugated structures, and it is evident that such 

structures may provide a significant contribution to increasing the overall device 

efficiency. In view of applications to backlights and displays, the use of a gold electrode 
has previously been shown to be preferable as a hole injecting contact due to the higher 

work function with respect to conventional indium tin oxide [ 19]. Also, gold electrodes 

are readily evaporated and are ideally suited for shadow masked electrodes in matrix 

displays. As up to 80 % of the generated light is believed to be trapped in the polymer 

film [9,15], a suitable structure could be fabricated which extracts most of thl" light 

polarised in the plane of the film. Although the implementation of the microstructure 

concept has been limited here to the context of organic systems, it should also he 

applicable to a wider selection of materials. 

8.4 Practical device considerations 

Clearly there are numerous benefits related to the use of microstructured LED 

I The fact that the ý, cattering technology, the most obvious being an increase in efficiency. 

process also allows a control of polarisation is of particular significancc to the dc', ign of' I ilt! 

backlights for LC displays. Although the research to date has been of more fundamental 
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rather than applied interest, one should expect to be able to extract a "i2nificant fraction 

of the light in the desired polarisation, which would dramatically reduce the lo""es bý 

polarisation filters. 

As is seen from Fig. 8.9, the polarised scattered peak of the TE mode extends onl\ o%, cr 

a relatively small wavelength range. This means that the scattering is more effective for 

narrow band emitters such as organolanthanides. The effect of efficiency enhancement 

could hence be increased by the use of narrow band emitters. Also, a strong , catterincy 

would imply that most of the emission is polarised, which could potentially mean that 

backlights could be constructed without the need of absorbing polarisatIon filters. These 

two combined facts suggest that a backlight employing both narrmN- band emitters and 

wavelength scale microstructure should be superior to previously suggested device 

concepts. The use of a diffuser in the backlight should eliminate aný, parasitic dispersion 

effects with viewing angle. 

Gold electrodes have previously not found much attention as anode materials, although 

the work function of -5.2 eV is far more suited to hole injection than that of ITO. It has 

been shown that the efficiency of an MEH-PPV LED using gold as an anode is doubled 

with respect to that of a conventional ITO-anode device [19], due to the preferential 

alignment of the energy levels. In wide-gap materials such as organolanthanides hole 

injection is a significant problem and could be considerably enhanced by the use of a 

higher workfunction electrode. 

Gold is extremely sensitive to the adhesion of atmospheric impurities. However. if the 

111 L- I is anode deposition is performed in the same step as the deposition of the organic. th' 

problem is not an issue - quite the opposite is the case, an anode and organic lavcr 

evaporated in one step would exhibit much greater stability and purity than a chernically 

cleaned ITO substrate coated with an organic, as there is no possibility for impuritie,, to 

reach the anode/organic interface. 

Contacting is a potential problem, but by preventing a part of the ! old anode fi-om being 

covered with the organic. contact can readily be made by conductIN-c epo\y/paint a, in 

the case of ITO. Contacting is a much more severe problern in the cae of , pin-coated 
t__ 
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materials, as this process relies on covering the entire substrate to achieve a uniform 
film. There are, however, conceivable ways of circumventing this problem. L- 

A thin 10 nm gold layer has an optical transmission of 60 %- to 70 '-'(. yet electrical 
properties far superior to those of ITO. The resistivity P of sputtered ITO P, t\plcall\' 
200 ýQcm (for a 100 nm thick film), whereas the resistivity of most metals, such &, 
gold, is 2 ýMcm. To estimate the sheet resistance, a film of the structure sccil in Fi, -,. 
8.10 is considered, 

d 

plane of substrate 

Fig. 8.10. Calculation of the sheet resistance of gold. 

where d is the thickness of the metal film, and I are the lengths of the sides of a square. 

The resistance of the film is then defined as the resistance to conduction across an arca 

d*l over a length 1, hence p*l/(d*l). The length hence drops out and one is left with the 

quantity of resistance per square. In the case of a 100 nrn thick ITO film this givc a L- 

resistance of 20 92/0, whereas a 10 nm thick gold layer gives 2 92/El. This lower 

resistance means that gold is actually the ideal material of choice for passive matrix 

displays. In addition, patterning of electrodes is much simpler for shado\v mask 

deposition than through chemical etch and lithography, and also gives the advantages in 

cleanliness and purity as discussed above. 

Furthermore, corrugations of 200 nm to 400 nm period can be embossed mechanicall) 

on polyethylene films heated above the glass transition temperature (-80' C) 15-6,81. In 

terms of large scale processing this provides a substantial advantage over ITO co%cred 

glass in that a flexible substrate allows continuous processing on rolls rather than on 

individual substrates. 

It is hence thought that the requirement tl of microstructure rcý'Lilts in onl% limited 

additions to the manufacturing process of LED, ý- The advantage, I of control of 
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polarisation, increase in efficiency and the use of gold electrodes are most likely to 
outweigh any constraints on manufacturing steps. 

8.5 Conclusions 

Lateral microstructure provides an elegant and effective way of controllino, the photon' ic 
mode structure of organic LEDs. Through the use of wavelength scale microstructure a 
control of the emission and polarisation is achieved. In comparison to planar de,,, icc.,.,. 
the external efficiency is found to double without any measurable changes of the 

electrical characteristics of the device. This device structure is the first application of 
controlled photonic structure to an electrically driven light-emitting deý, ice, and should 
be distinguished from alternative techniques such as photon recycling [II- 12 1. which 
have been used to increase the efficiency of inorganic diodes. 

Although it appears that the increase in efficiency observed here results purelý, from 

scattering, a combination with a blocking of waveguide modes through an alteration of 
the photonic band structure could provide an even greater increase in efficiency. Hence 

suitable tailorin of the photonic band-structure of the LED through appropriate 9 

periodic microstructure can allow for the preferential excitation of a desired waveguide 

mode. This may allow for an additional increase in efficiency over and above that due to 

extracting guided modes by Bragg- scattering. The higher mode density associated with 

a mode at the edge of a photonic band gap [2] would further enhance the overall 

efficiency of the device by ensuring that dipole emission into waveguide modes 

preferentially produces waveguide modes that propagate in an in-plane direction that the 

microstructure is able to couple to useful radiation. Additionally. flattened photonic 

bands and increased emission efficiency lead to an increase in the emission decay rate 

[251, which may prove to be advantageous when high modulation rates are required or 

emitters lose a significant amount of energy through non-radiative decay channels. 
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polariton mode [22]. This gives rise to an apparent asymmetry in Fig. 8.8 With the lower 
left-hand section of the cross vanishing close to the origin. Such deviations from the 
simple B ragg-scatte ring expected have been observed in polymer/metal structures and 
have also been treated theoretically in the framework of surface plasmons [22]. Clearly 
more experimental work is required to clarify whether there are effects which maN, add 
to the observed Bragg-scattering and to which extent microcavity and interference 
effects also play a role in these devices. 
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Fig. 8.8. Intensity map of the scattered mode shown in Fig. 8.7. Plotted is the El 

intensity (: -axis) as a J-unction of the angle and wavelength. The X-shupe oj' Me 

scattered mode can be identified and is centred at 0' 

8.3.4 Polarisation of the forward emission 

It has previously been demonstrated that the emitting dipoles in spin-coated MEH-PPV 

II lie preferentially in the plane of the substrate [23]. Their random distribution in this 

plane results in unpolarised emission in the forward direction. In contrast, waveguided 

light in the plane of the substrate is expected to be strongly polansed due to the 

presence of oriented dipoles. This effect Is highlighted In Fig. 8.9 for LEDs fabricated 
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Organic semiconductors are Ideally suited to explore the possibilities of electronic. 
structural and photonic nanoengineering in LEDs. Complex molecular , emiconductors 

can be created by elegant synthesis rather than complicated epitaxial proces"'C. S. In this 
thesis a novel group of molecular semiconductors for organic EL applications wa'ý 
presented. These dendritic materials were shown to give rise to strong exciton 
localisation at the core region, which has profound effects on the electronic interactions 
between adjacent molecules as well as the charge transport properties 

Dendrimers exhibit three key advantages over conventional materials for LEDs. Firstly, 

the emissive core can be chosen Independently of the dendron architecture, allowing a 
tuning of the emission colour or even a choice of the nature of the excited state, Le. 

whether singlet or triplet. Secondly, the dendron architectui-c. descl-ibed h\, the 
dendrimer generation, shields the ermssive core and allows a direct control of the IcN, cl 

of protection with respect to the environment and neighbouring emissi\'c species. As the 

dendrons are wider gap than the core in the systems studied, injection occurs into the 

core region and the separation of cores is hence directly related to the charge transport. 

Thirdly, the surface groups may be chosen independently of the core and dendron 

region of the dendrimer, allowing solution processing of these nanoscopic compounds. 

The dendrimer generation provides a direct control of the charge carrier hopping 

mobility. The significance of this was demonstrated in this thesis in the context of 

bilayer devices. Additionally, it was realised very recently, that the power efficiency of 

an LED depends sensitively on the mobility [1]. Due to the quenching processcs prescnt 

at the cathode, LEDs exhibit a distinct maximum in power efficiency at a mobility of 

10-11 M2 Ns for a brightness of 100 Cd/m 2. Depending on the application em'isaged for 

the LED, whether as a bright pixel or a dim backlight, the optimal power efficiency 

depends strongly on the mobility. There is hence an optimal mobility, to which the 

material can be tuned by varying the dendrimer generation. 

A n-&roscopic route to nanoengineer the emission properties of organic LEDs \\a" 

explored by incorporating a wavelength scale periodic Bragg orating structure into the Z-- L- ý t, 

en-fitting layer of the LED. This was found to vield a control of the "pontaneous 

emission from LEDs. With no measurable change in the device currcnt-voltage 

characteristics, a doubling in light output was detected for corrugated LIDs. Thl,, could 
r_- C 
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be understood in terms of Bragg scattering of lossy ký'aveguide mode..,, ýý'ithin the organic 
film, which would otherwise be reabsorbed. Signatures of the "cattering proce"', were 
found in the angular dependence of the emission as well &, the polari,, ation of the 
en-fission in the forward direction. It remains to be seen whether such a microstructure is 
viable in commercial devices. However, the preliminary experiments do not 'uggc"t aný 
detrimental effect of the grating structure on the device operation. It 1" also of interest to 

investigate whether narrow-band emitters, such as organolanthanides. exhibit "tronL'cr 
scattering than the broad band emitter used in the present study. The preliminary results 

suggest that the scattered feature is relatively narrow and that an optirni,.,, -ed device 

structure tuned to scatter out light of the emission peak of a narrow band cn-fittei- may 

exhibit much greater polarisation ratios and an improvement in efficiency significantly 

above the factor of 2. 

LEDs offer an exciting ground for exploring the physics of molecular organic 

serniconductors. In this thesis a link has been drawn between the chemical structure of 

an electro-optic ally active material and the macroscopic device properties. A numerical 
device model as well as quantum chemical calculations complement the investigation 

and offer a good description of the experimental results'. Future effort should 

concentrate on the systematic development of new materials with increased 

luminescence yield and optirrfised charge transport. The blending of dendrimers in order 

to harvest triplet excitations has shown the feasibility of combining different 

electronically active components in one layer. The dendrimer concept may be extended 

to very large macromolecular materials, which comprise a number of electronically 

active components in the core such as a singlet emitter and a triplet har%, ester. 

An obvious application of the dendrimer concept is to use the material.,,, as artificial light 

harvesting complexes in photovoltaic devices. However. thi.. ", would require much 

narrower band gap dendrons, which ideally absorb in the red end of the spcctrurn. In 

combination with a suitable choice of energy level offsets. donor and acceptor function,, 

could be assigned to the core and dendron regions. respectively. allo-wing, charge 

carriers to be generated within one molecular unit and to subsequentIN be "wcpt out of 

the device. The fact that different components in a blend structure can be a', "izncd to 

trap differently charged species was demonstrated in this thesi, in the contcxt of 

platinum porphyrin doped dendrimer films. 
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Organic electronics covers a vast array of fields from basic , cience to application,,. It iý' 
the feedback between the material structure, synthesis and properties ýýhicli gi%ýe, this 

research area its unique dynamics and will ensure the development of man% more 

exciting systems and applications in the future. 
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