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Abstract

“O rganic Light Em itting Diodes -  New Em issive M aterials and Device 

Architecture” by Adam Strevens.

Organic materials are now used for a variety o f  electronic devices including 

organic light-emitting diodes (OLEDs). However, most organic electronic display 

applications require more efficient red, green and blue OLEDs with improved 

lifetimes. Significant improvements are possible by developing better materials and 

device structures pertaining to charge-injection, -transport, -recombination and 

radiative exciton decay.

In this thesis single and multilayer LEDs were made from four poly(phenylene- 

vinylene) (PPV) light-emitting polymers: MEH-PPV control homopolymer (orange 

emitter), TPD-M3EH-MEH-PPV (red emitting copolymer), TPA-MEH-PPV (green 

emitting copolymer) and TPD-MEH-PPV (green emitting copolymer). The 

copolymers contain TPD and TPA backbone moieties intended to improve hole- 

transport and blue-shift emission with respect to the homopolymer. Single-pixel 

brightness levels o f  100 -  1000 cd/m‘, sufficient for many electronic display 

applications, were achieved. New fluorene type emitters were also studied. These 

included a PFO-PPV copolymer and the small molecule 9.9-bis[4-(diphenylamino)- 

phenyl]fluorene  which resulted in green and blue electroluminescence respectively.

This thesis details the development o f  a new nanodot-array-anode, produced by 

planarisation o f  a nickel-filled porous alumina membrane, designed to reduce the 

effects o f  Joule heating which often cause early failure in devices and limit maximun 

current density and brightness. Nanodot-array OLEDs (NA-OLEDs) with the TPD-
5MEH-PPV copolymer as emissive layer reached current densities o f  10 A/m" - 

amongst the highest values reported for constant current driving. Nano-pixelation 

did not significantly alter the LED emission spectrum. The results for OLEDs using 

this new nanodot-array anode device architecture are encouraging from the point o f  

view o f  passive matrix displays and achieving an organic laser-diode.
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CHapter 1

INTRODUCTION



1.1 ORGANIC ELECTRONICS

This introduction first explores some o f  the basic forms and terminologies in 

organic electronics, in particular organic displays, and then briefly outlines the main 

content o f  each chapter in this thesis.

Organic electronics is, as the name suggests, concerned with electronic circuits 

comprised o f  organic materials through which electrical current flows. Organic materials 

are predominantly composed o f  carbon and hydrogen atoms bonded together. With 

regard to organic materials, only small molecules and polymers are considered in this 

thesis. A small molecule has a low molar mass whereas Oligomers only have a few 

repeat units (usually between 3 and 12). A polymer or '"polymer chain"', typically 

consisting o f  several thousand repeat units - hence the name poly-mer, has a high molar 

mass. While all the polymers considered in this thesis are synthetic in nature, polymers 

do occur naturally - in proteins, for example.

Many people think o f  a plastic bag or other plastic objects such as toothbrushes 

etc, as representative o f  the class o f  materials called polymers and they are correct in this 

in many respects. However, polymers can be a lot more exotic than the electrically 

insulating polymers used to make such items. The term organic electronics refers to 

electronic devices or circuits which use organic materials as the active material. The first 

impetus for research in the field o f  organic electronics was the discovery o f  high levels o f  

electrical conductivity in the conjugated organic polymer polyacetylene. Here the term 

conjugated  refers to the particular form o f  carbon-carbon bonding found in this material, 

i.e. alternating double and single carbon bonds along the polymer backbone, the details o f  

which are discussed in chapter 2. High-tech conjugated polymers actually have 

something in common with the ancient peat bogs o f  Ireland! -  both materials are organic, 

carbon-based materials.

For small molecules and polymers with a large degree o f  conjugation, the 

extended overlap o f  atomic orbitals provides a band structure with high enough intrinsic 

charge mobilities to make low operating-voltage optoelectronic and other devices, such 

as organic thin-film-transistors (TFTs), organic solar cells, and organic light-emitting
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diodes (OLEDs), based on thin films o f  these materials. Note that OLEDs is a generic 

term encompassing both small molecule- and polymer-based LEDs.

The term synthetic metals refers to polymers which are conducting in their solid 

state. Polyacetylene was the prototypical synthetic metal. Others exist but have 

conductivities lower than that o f  polyacetylene. However, polymers that conduct well 

have small bandgaps, are usually not fluorescent and, therefore, are not useful for opto

electronics where materials with bandgaps corresponding to the wavelengths of light in 

the visible range o f  the electromagnetic spectrum are required.

1.1.1 L ight-Em itting Organic Materials

Fluorescence, defined as the emission o f  visible light from a material upon 

absorption o f  light, is the primary driver for the use o f  organic materials for electro- 

fluorescent applications. The term fluorescence was coined by the famous Irish-born 

physicist George Gabriel Stokes who named the phenomenon after the mineral tiuorspar, 

or calcium fluoride, (1852) following observations of this phenomenon in quinine 

sulphate solution originally made by Herschel in 1845. Organic fluorescence was first 

observed in urea salt which was the first synthesised organic material (1828) and is a 

small organic molecule. Fluorescent organic materials include small organic molecules, 

the first o f  which to be synthesised was M auveine. Fluorescent small molecules are 

widely used as efficient chromophores or dyes in dilute solution. The discovery o f  strong 

photoluminescence (PL) or fluorescence  from a light-emitting-polymer (LEP) in the solid 

state caused much interest in the optoelectronics community as these materials can easily 

be altered to change the emission colour and allow for simple solution-based processing. 

This makes LEPs interesting and useful and potentially useful for LED applications.

1.1.2 Processibility o f  L ight-Em itting O rganic  M aterials

To date a primary and crucial benefit o f  LEPs over small molecules is that for 

polymers thin films may be formed by solution processing. Depending on the type o f  

polymer and the procedure used to make it, the polymer may exist as a powder, a fibrous
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mat or a homogeneous thin film (electrochemically grown). LEPs come in the first two 

forms and can be redissolved with solvent in order to produce homogeneous thin films.

Aromatic small molecules or dyes, however, require the use o f  either an inert 

matrix, such as polymethymethacrylate, in solid state or a dilute solution o f  the dye for 

most practical optical applications. The reason for this is that small molecule solution 

cannot be used to spincoat thin films and also aggregation induced quenching o f  

fluorescence is reduced in a matrix. This is due to the size o f the small molecules which

means they do not form viscous enough solutions to produce films from. Small

molecules can be sublimated but are not very efficient used on their own in an OLED, 

requiring extra charge transport layers to produce efficient devices. Although organic 

dyes exhibit some o f the highest PL quantum yields (PLQY) known in solution, the 

aforementioned processability factors somewhat limit the use o f  these molecular organic 

chromophores in solid state applications. Small molecules may, however, be doped into 

light-emitting polymer films to achieve energy transfer to the more efficient dye emitter.

LEP films, however, can be formed from solution because the intrinsic viscosity 

o f  their solutions is often very high. The viscosity o f  large molecules depends on the 

size, shape and molecular weight o f the macromolecules as described by the Flory- 

Huggins equation below:

lim >]w lim 1 , n/; = -------- — = -------- In —
C —» 0 c  C - > 0 C  l7o

[w] - KM‘̂

where a falls between '/2  and 2 and is a parameter related to the shape o f the molecule'. 

The high viscosity o f concentrated polymer solutions arises from the entanglement o f  

polymer chains flowing along with the solvent. When the solute molecule is nearly 

spherical, a (the constant in the equation above) is about 0.5 (case for small molecules), 

but when the molecule is long, extended or rod-shaped (polymers), its value may reach 

1.7 to 1.8. The equation predicts higher viscosity for polymers than for small molecules, 

and polymer solution viscosity can be high enough to enable thin film formation.
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1.1.3 Organic Light-Emitting Diodes

Active, organic-based electronic com ponents  exhibit good  enough electrical and 

optical properties for them  to be used in place o f  some traditional sem iconductor 

com ponents  and are o f  huge technological and commercial interest. This is largely 

because o f  the highly processable, plastic nature o f  organic materials and the possibility

o f  roll-to-roll production o f  flexible electronic devices, potentially over large areas, on a
♦ • ♦ 2low-cost basis. To date, thin-film organic m em ory  devices based on charge storage ,

transistors'*, photovoltaic cells^, and batteries^ have all been dem onstrated  and, in all but 

the first case, com m ercialised . Historically, thin-film organic photodetectors (solar 

cells) were demonstrated  prior to the invention o f  thin-film display type 

electroluminescent cells^ which are now a major focus o f  the electronic display industry.

An O LED  is the same as an inorganic diode in that current flows more easily in 

forward than reverse bias. The device acts as a light switch with light emitted as a 

function o f  current above a threshold voltage when the device is under forward bias. 

This, however, is where the similarity ends. The details o f  the electro lum inescence (EL) 

process are quite different for inorganic and organic materials and are described in 

relation to O LED s in detail in chapter 3 o f  this thesis.

Although discovered much later than fluorescence, organic EL is closely related 

to the PL in conjugated organic materials. As visible in Fig. 5 , these materials are highly 

fluorescent, making them  good candidates for EL applications.

Some small molecules, such as AIQ3, (Fig. 1), for example, have been 

specifically designed for use as the light-emitting active layer in an O L E D . AIQ3, like 

other dyes, cannot be solution-processed and m ust be deposited using thin film 

evaporation/sublimation techniques which require a h igh-vacuum  environm ent.  A 

solution-processible po lym er analogue o f  AIQ3 has also been synthesized and it is o f  

course possible to polymerise or co-polym erise small molecules -  the m onom ers  from 

which polymers are m ade are essentially small molecules.

For physical and economic reasons, vacuum -processing using shadow -m asks 

ultimately limits the area o f  display panels m ade using AIQ3 and similar materials.
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F ig . 1 A b o v e: C iiem ica l s tr u c tu r es  o f  A lQ 3 (Ieft) and  T P D  (r ig h t) w h ich  are ty p ica l sm a ll m o lecu les  
u sed  fo r  e le c tr o lu m in e sc e n c e .

F ig . 2 C h em ic a l s tr u c tu r e  o f  th e  p r o to ty p ica l l ig h t-em ittin g  co n ju g a ted  p o ly m er  P P \'

The structure in Fig. 2 is essentially that o f an oligom er (pentamer), with the 

repeat unit highlighted. However, in reality, there are thousands o f repeat units. Despite 

this, the photophysical properties typically depend on conjugated segments not much 

longer than a pentamer.

1.2 THE ELECTRONIC DISPLAY INDUSTRY

OLED displays currently represent a only a small fraction o f the many flat panel 

display (FPD) technologies available which include cathode ray tube (CRT), field 

emission (FEM ), thin-film  electrolum inescent (TFEL) -  an inorganic EL technology, 

liquid crystal display (LCD), plasma, projection, electrochromic, electrophoretic aswell 

as OLED displays.

23



1.2.1 Organic Light Em itting Diodes for Electronic Displays

The advent of organic electroluminescence from thin sublimed films o f small 

molecules and solution processed conjugated polymers heralded the birth of the organic 

electronic display industry. Efficient LEDs made from these materials possess the basic 

requirement of light emission across the visible spectrum necessary for fiall colour RGB 

(Red, Green, and Blue) displays.

Fig. 3 M agnified im age o f RGB pixels in an electronic display.

Large (>14 inch diagonal) high resolution (WXGA) full colour video rate displays 

represent one o f the most advanced electronic display applications seen and are found in 

laptops, for example. Larger TV displays are also very challenging to produce but do 

not require the high resolution o f laptop displays because of the increased viewing 

distance. In order to achieve full-colour electronic displays, pixels are subdivided into 

red green and blue sub-pixels. WXGA is a high resolution electronic display industry 

standard and simply means that there are 600 pixels per inch. Generally displays are 

rectangular with a longer horizontal edge. To compensate for this, pixels are scaled 

roughly 3:1 vertical height to horizontal length. At 600 pixels per inch, the pixels are 

about 42 micron : 14 micron which is at the resolving limit of detection for the human 

eye.

Full-colour electronic displays based on OLEDs can be made using separate, 

coplanar LEDs for each colour or by using stacked LEDs. Using organic materials as 

active components for displays is not new as liquid crystals (used in LCDs) are organic 

materials. However, the main attraction of OLED displays is that they are self-emissive 

whereas LCD displays are not. The requirement of a backlight for LCD displays offers 

potential for OLED displays to be more power efficient.

OLED technology has advanced greatly since the discovery of low-voltage EL in 

small molecules and polymers and promises to become the principle next generation 

display technology. Advantages offered by OLEDs include; (i) wide viewing angle
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(>170 view angle), (ii) fast response time (microseconds) enabling video rate display o f  

images and smooth playback o f  fast moving images, (iii) high contrast ratio (>200:1 dark 

contrast (ratio o f  black to white in darkness)), (iv) a slim, lightweight display module, (v) 

and flexible displays. Polymer LEDs (or PLEDs), in particular, can offer the added 

advantage o f  low fabrication costs through solution processing.

OLEDs are the most immature o f  the FPD technologies but are rapidly gaining a 

foothold in the overall electronic display market and development o f  this display type has 

seen phenomenal expansion since the late 1980s. Campus companies (Princeton: Uniax, 

Cambridge: CDT and Oxford’s Opsys, for example, and more recent start-ups like MED 

(Edinburgh) and NovaLED (Dresden), have played a huge role in the development o f  

OLEDs. In-house research by the large consumer electronic corporations, among them 

Phillips, Dow, Dupont, UDC, MEI, Seiko-Epson, Sony, Samsung, Toshiba, and Kodak, 

to name but a few, has also greatly contributed to OLED development. As a measure o f  

the seminal nature o f  their innovative research and development, some o f  these campus 

companies are now listed on the Nasdaq. The commercial potential o f  this technology 

has been recognized by the display industry's representative body, the Society for 

Information Display (SID) in the form o f  numerous industry and research awards. 

Included here is the recent awarding of the "Jan Rajchman F ellow ship’ to Prof. Forrest 

and Prof. Thompson o f  Princeton University for their development o f  efficient organic 

electro-phosphorescent devices.

The delivery o f  OLED products to the market will largely follow the trend 

exhibited by LCD displays in that, initially, small mobile applications will be targeted 

and, later, larger flat panel displays will follow. Kodak’s digital camera (Easyshare, 2002 

model) electronic display was one o f  the first examples o f  a small molecule based OLED 

display and the Sony MP3 player (2005) is an example o f  an OLED display based on 

polymers. The race is on to bring the first single panel organic television or “O T V ” to 

the market. To date the largest prototype demonstated is an impressive 40”  Samsung 

polymer-based television (2005). Small molecule prototypes (Sony 14”  single panel 

2001) have also been made and CDT only recently demonstrated a full colour, flexible 

polymer, single panel display (2006). OLEDs will not only be excellent for full colour 

electronic displays but may also soon find application for efficient LCD backlighting and
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low-cost general illumination where white OLEDs or 'W O L E D s ’ are used. Recent lab 

data is encouraging indicating power efficiency^ competitive with the long- established 

fluorescent tube lighting. Inorganic LEDs, not common in small electronic displays for 

cost reasons), are being used as colour and white-light sources. Increasingly inorganic 

LEDs are replacing filament bulbs for lighting applications including spot-lighting, 

torches, traffic lights, automotive lighting, outdoor signs, advertising, and instrument 

panels. In the future, OLED-based modules will compete in all these areas.

1.2.2 The Trouble with Using Inorganic Materials for Electronic Displays

Though the active organic material used in organic electronics may be crystalline 

(as in the case o f  pentacene) or amorphous (molecules and polymers), the vast majority of 

organic solids are amorphous, weakly bound materials, which show very little long range 

order. Covalently bound inorganic solids, on the other hand, are typically quite rigid due 

to their makeup o f  strongly bound networks o f  atoms. Silicate, which makes up 50 % 

earths crust, is an obvious example. Inorganic semiconductors are rigid, covalently 

bound, crystalline materials which, unfortunately, do not make for easy processing. The 

term semiconductor is usually associated with inorganic materials whose extrinsic doping 

permits control over charge densities and mobilities. Extrinsic semiconductors are 

widely exploited to produce high quality transistors and optical devices such as 

transistors, LEDs and laser diodes - all based on p-n junctions Despite a very high degree 

o f  control over production and performance parameters, applications are still, 

nonetheless, limited by epitaxial growth constraints and the rigid nature o f  the crystalline 

films. Furthermore the most ubiquitous semiconductor, silicon, has in fact got limited 

usefulness in optoelectronic applications due to its indirect bandgap. The reason radiative 

recombination is not possible in bulk indirect-gap semiconductors is because o f  the 

requirement for momentum conservation. The momentum offset between an electron at 

the bottom o f  the conduction band and the top o f  the valence band is too great for any 

photon to match, so the small momentum kick associated with an absorbed photon 

requires additional momentum from a phonon producing event such as a lattice collision. 

The probablility o f  both a photon being absorbed and a suitable phonon energy event 

occurring simultaneously is small resulting in inefficient non-radiative recombination.
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U.K
Wave vector, k

Fig. 4 G raph o f bandstructure for silicon show ing bandgap versus w avevector, k, for different 
crystal orientations. T he sm allest gap betw een the upper conduction bands and the low er valence  
bands is clearly an indirect gap (m inim um  o f green band is not in line w ith m axim um  o f red band).

The only way o f overcom ing the indirect gap constraints o f sihcon and other 

indirect gap materials is to exploit the effects o f quantum confinement. Although this 

has been achieved, with visible fluorescence observed from silicon nanocrystals, 

fluorescence yields are low, and mass production o f  these materials is not feasible at the 

moment.

Electronic components based on silicon and other semiconductors perform very 

well on criteria such as reproducibility, switching speed, device lifetime and power 

consumption. However, these positive aspects are limited by the facts that inorganic 

materials are difficult and expensive to process and that inorganic device yields per 

w afer (transistors) and panel sizes (detectors) are limited by the size o f the high purity, 

single crystals from which they are made. Ironically, organic devices, which form the 

basis o f this thesis, are currently also limited by inorganic wafer size. This is because as 

yet, the driving circuitry relies on inorganic-sem iconductor technology and will remain 

to do so until organic-based logic circuitry can compete.
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1.2.3 Challenges to be Met by the Organic Display Community

Despite their promise, OLEDs still present certain issues o f  m ajor concern for 

companies considering organic display technology over semiconductors. These issues 

are predom inantly related to the relatively rapid degradation o f the organic materials 

which makes CRT and LCD technologies preferable for large displays from a display 

lifetime point o f  view. This degradation usually manifests itself in a decrease in electrical 

conductivity, carrier injection, shifting charge balance or changes in the optical properties 

o f the active materials caused by susceptibility to environmental factors like exposure to 

moisture*^, excessive heat'*’ and UV irrad iation", or, indeed, all o f  these factors together. 

The reason for the greater susceptibility o f organics to such environmental effects can be 

linked to the type o f chemical bonding in the molecules, and to their amorphous packing. 

This makes it relatively easy for oxygen, for example, to penetrate an organic film. It 

will also be shown later that any defects or impurities present alter the structure o f the 

organic material significantly on a localised basis to the extent that the physical properties 

o f the material may be irreversibly modified. However, control o f  defect and impurity 

densities is neither as easy nor as exact as it is with inorganics. The electronic structure 

o f a material determines its optical and electronic properties, in polymers it is important 

to understand the ground-state chemical stucture and how excitations, which alter that 

structure, are fonned. This is essential if  we are to be able to design new compounds 

which take account o f  the inherent electronic features o f organic materials and so that we 

may exploit organic electronics better. Although chemical synthesis o f  more stable 

m olecules is one approach to improving device stability, the inherent electronic structure 

o f conjugated molecules means that optim ising device architecture to improve device 

lifetime, will always also be a very important device engineering issue.

The display o f  information electronically is a major part o f the knowledge-based 

society in which we now live. As energy costs and sources become more o f  an issue for 

society, - lighting accounts for a huge proportion o f all the energy consum ed - the need 

for more efficient, low cost lighting will intensify. With record gross revenue from the 

electronic display market as a whole expected to top 100 billion dollars (up 8 % on 2006)
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by the end o f  2007, it is clear that OLEDs which are increasingly in demand are largely 

responsible for driving the organic electronics industry.

1.3 OVERVIEWOFTHESIS CHAPTERS 2 -7

Chapter 2 covers background theory, drawing connections between chemical 

structure, excited states, electrical and optical behaviour o f  conjugated organic materials. 

The huge diversity o f  organic materials is due to the readiness o f carbon to hybridise its 

orbitals to form a wide range o f chemical bonds. This is due to the fact that the energies 

o f  electrons in the 2s and 2p orbitals in carbon are quite close, allowing the orbitals to 

combine to form a new hybrid orbital so that carbon can bond with itse lf Also, since 

carbon is elem ent 6 and has 4 valence electrons, it can bond in a wide range o f  valence 

states, allowing it to bond to different elements, and to form different carbon-carbon bond 

types. To understand what makes a conjugated polym er conductive, an explanation o f 

the electronic structure which gives rise to this chemical bonding is given. Polymers have 

carbon-carbon bonding between the repeat units and since the length o f a carbon bond is 

only a few Angstrom s and there are a large num ber o f  repeat units, linear polym er chains 

have very large aspect ratios. The implications from an electronic point o f view, o f 

having quasi-1 dimensional materials, are discussed. Polymers may be classed as 

insulating, sem iconducting or conducting according to their electronic properties.

Fig .  5 Po lym er solutions; conducting  (black; PEDO TiPSS),  sem iconducting  (coloured: red: T PD  iVlEH IM3EH 
PPV, green:  T PD  M E H  PPV and  blue: PFO). The  b andgap  of these materia ls  increases going from left to right.  
A solution o f  the insulat ing  polymer,  PIVIMA (not shown), would be t ran s p a re n t  and be on the far  r ight above.
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Chapter 3 is the second background theory chapter and discusses the 4 main 

requirements for electroluminescence, from the point o f view of organic 

electroluminescence, in detail. These are charge injection, transport, recombination and 

decay. The interesting issue o f the maximum EL efficiency possible in polymeric 

devices is discussed, and the main classes of OLED material and device architecture are 

introduced. It is worth bearing in mind that many of the original theoretical concepts for 

describing the electrical behaviour of materials and electronic devices were developed for 

crystalline inorganic materials and later modified for disordered organic systems.

Chapter 4 is the first experimental chapter o f the thesis and describes how I 

fabricated and characterised OLEDs with a selection of new organic emitters using 

typical device structures. 1 designed and installed virtually all of the test equipment, 

fabrication and test processes used. As can be seen from the chemical stucture of PPV in 

Fig. 2, the polymer chain is not higly symmetrically bonded, with substituted side groups 

breaking the symmetry. The steric interactions of these side groups alter the overlap of 

the n orbitals along the labile polymer chain. Because the bandgap depends on molecular 

structure, synthetic chemists can attempt to control the bandgap by design at the 

molecular level. Often, there is a trade-off in structure related properties. Larger side- 

groups, for example, can make a polymer more soluble but may also alter the bandgap 

with respect to a chain with shorter side groups. Similarly, large side groups may help to 

reduce interchain interactions in solid state (typically required in order to maximize the 

photoluminescence quantum yield), however, this may also reduce mobility and increase 

the drive voltage.

Chapter 5 is the second experimental chapter and marks my most original thesis 

work, as I designed the device architecture used and developed the materials components 

required. In this chapter a new anode was developed comprised of an array of injecting 

points, each with an injection area o f equivalent to a square of side 45 nm.

Chapter 6 summarises the main conlclusions drawn from each chapter, some 

more general comments on the field o f OLED research and suggests possible future 

directions for research in these areas.
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chapter 2

2 AN OVERVIEW OF BONDING, EXCITED STATES, AND 
ELECTRONIC TRANSITIONS IN CONJUGATED 

ORGANIC MOLECULES.
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2.1 MATERIALS CLASSIFICATION BY BAND-STRUCTURE.

The electronic structure o f  a material determines how it is chemically bonded 

and what its energetic band-gap, i f  any, will be. Knowledge o f  bond formation requires 

knowledge o f  the electron distribution as a function o f  energy or the electronic structure 

in a group o f  atoms or electronic system (hereafter referred to simply as the system) one 

needs to be able to describe a system mathematically. The total electronic energy o f  a 

system is given by the quantum mechanically based Shrodinger equation (SE):

where p  is the momentum operator defined by the position-momentum commutation 

relation following experiments such as the Stern-Gerlach experiment, m is electron 

mass, E is the electron energy in an eigenstate o f  the associated electron wavefunction

The Hamiltonian, named after Sir William Rowan Hamilton, arguably the most 

renowned Irish mathematician, can in principle be used to provide solutions for the 

allowed energies o f  discrete energy levels (atomic orbitals) or energy bands (molecular 

orbitals) o f  a system  (i.e. eigenvalues or their corresponding eigenvectors) if the 

wavefunctions o f  the electrons o f  the atoms in the system  are known. Analagous to 

light-wave intensity, and allowing for complex electronic wavefunctions. Max Born

^ ( x ) .  Grouping the operators in S.E. defines the Hamiltonian operator, simply

reffered to as the Hamiltonian, for one dimension as follows:

The Schrodinger equation, may then be simply written as;

Hy/[x)  = Ey/{^x)
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d e f in e d  the  p robabiH ty  density ,  w h ich  m u s t  be  a real n u m b e r ,  as  \ y / ^  =  ■ T h e  rad ia l

pa r t  o f  the  e lec tro n  w a v e fu n c t io n  d e p e n d s  on the radial d is tan ce  o f  the e lec tro n  f rom  th e

n u c le u s  (q u an tu m  n u m b e rs  n and 1) w h ich  desc r ib es  h o w  varie s  o u t  f rom  n uc leus .

T h e  spherica l  p o la r  co -o rd in a te  d e p e n d e n t  part  o f  the  e lec tro n  w a v e fu n c t io n  (w h ich  

d e p e n d s  on  the  q u a n tu m  n u m b ers  1 and  mi) g ives  in fo rm a tio n  on  e lec tron  (o f ten  d en o ted  

by  ‘e ’) orbita l  shape . C o n s id e ra t io n  o f  the  a l lo w ed  w a v e fu n c t io n s  and  the  d e f in i t ion  o f

en ab le s  us to  v ie w  the  spatia l p roper t ie s  o f  a to m ic  o rb ita ls  in te rm s  o f  the

probab l i l i ty  d is t r ib u t io n s  o f  the ir  e lec tro n s  on a C ar tes ian  plot. T h e  k n o w le d g e  both  o f  

a to m ic  orbita l  sh ap es  fo rm ed  by  c o m b in in g  d if fe ren t  a to m ic  o rb ita ls  u s ing  the 

su p e rp o s i t io n  pr inc ipa l  and  o f  p robab il i ty  densi ty  d is t r ib u t io n s  read ily  a c c o u n ts  for  the 

ty p e s  o f  b o n d s  w h ic h  m ay  be fo rm ed ,  inc lud ing  h y b r id ized  b o n d s  (sec t ion  2 .2) , and  

h en ce  fo r  the  sh ap e  im p o sed  on  m o lecu le s  by d if fe ren t  bo n d  types .

Q u a n tu m  n u m b e r M a g n i tu d e  o f  
a sso c ia ted  v ec to r  (1 e)

S pace  q u an tiza t io n  o f  
a sso c ia ted  v e c to r

O rb i ta l  im p l ica t io n s

n (p r inc ipa l)  =  2 - - -
1 (az im u th a l)  (n-1) =  1 

orb.  A ng .  m o m e n tu m
I =  [ l ( l + l ) ] ' ' - h =  V2h Iz =  mi ti ; - h , 0, + h C o n e s  d u e  to  indep  

axia l c o m p o n e n ts
mi (m ag n e t ic )  -1,0,1 

o rb  ang. m o m e n tu m
3 orb i ta ls

s ( s p in )  =  Vi ( fe rm io n s)  
sp in  ang .  m o m e n tu m

s =  [ s ( s + l ) ] ' ' ‘ ti 
= (V3/2)h

s^ =  nis h 
W h ere  =  +1 /2 o r  -1 /2

2 e /orb ita l  at m os t

Table 1 Sum m ary o f  situation for a single 2p electron in a carbon atom. 2p electrons are o f  primary  
interest in conjugated materials.  The total spin or orbital angular m om entum  is found by sum m ing  
the individual s or I over all electrons present in the atom. T he 2p atom ic orbital is dum bbell  shaped

In m a n y -e le c tro n  a tom s, w h e re  o n e  a lso  has e -e  repu ls io n  te rm s, th e  cen tra l  field 

ap p ro x im a t io n  is used  a po ten tia l  e n e rg y  is o b ta ined  by a v e rag in g  the  e lec tron  

rep u ls io n  o v e r  all o f  the  o th e r  e lec tron  p os it ions ,  o v e r  all ang les ,  in o rd e r  to  g e n e ra te  a 

sph er ica l ly  sy m m e tr ic  po ten tia l  s im ila r  in form  to tha t  fo r  the s im p le  c a se  o f  the 

e lec tro n  in a h y d ro g en  a tom . T he  c o r re sp o n d in g  on e -e lec tro n  o rb ita ls  are  ca l led  S la ter-  

T y p e  O rb i ta ls '  (S T O s) .  F o r  m any  e lec tro n  a tom s,  the s im p le s t  ex am p le  o f  w h ic h  is the 

H e l iu m  a tom , a q u an t i ty  ca lled  spin  m u lt ip l ic i ty  is d e f in ed  as b e in g  2S + 1, w h e re  S is

34



the sum o f  electron spins, ^ 5 , .  Since s itself is fixed (ms though, has two values), S

can only be 3 and 1 which correspond to triplet and singlet states respectively.

In order to describe the bulk properties o f  a solid material focus is no longer on 

atoms but rather molecules or at least many atomic orbitals. When atoms approach 

each other atomic orbitals coalesce to form molecular orbitals. Using the S.E. to 

describe molecular systems, one can simplify the calculations involved using the Born- 

Oppenheimer' (B.O.) approximation which rationaliss factorizing the time independent 

molecular wavefunction into nuclear, N ,  and electronic, E ,  motion parts ( ^  = N E ) .  

Because o f  the heavier masses o f  the nuclei (2 x 10'“  ̂kg for carbon), the electron (9.1 x
3 1 *10' kg) motion occurs on a faster timescale compared to the nuclear motion. Thus, 

changes to the electronic structure such as excitation or de-excitation o f  an electron, 

occur with the nuclei essentially stationary during the transition. Similarly because 

electron motion is so fast, any changes to vibrational and rotational nuclear motions are 

accompanied by essentially instant response o f  electronic wavefunction to the new 

nuclear coordinates. The BO principle is also very useful when describing electronic 

transitions. Because the exact electronic wavefunction is still very complex for a 

molecular system, simpler approximate wavefunctions called basis functions which 

form a basis set are used to yield expectation values in accordance with the variation 

theorem. The use o f  the BO approximation and the variation theorem allows for 

comparison o f  system s  rather than extraction o f  absolute system  energies.

Implementing the approximations above, it is possible to write the molecular 

electronic wavefunction 4̂  as a product o f  A.O. wavefunctions (p. This involves the 

LCAO (linear combination o f  atomic orbitals) method initially proposed by John 

Edward Leonard-Jones in 1929 where:

= C , ^ ,  + C ^ ^ 2 + . . . .
/

How the AOs wavefunctions, are combined depends o n ^  symmetries and 

antibonding , bonding and nonbonding MOs may be produced. MO theory based upon 

the LCAO method, produces energy bands, as a consequence o f  the Pauli exclusion 

principle, as more atoms are bonded together. As isolated atoms approach the 

interatomic spacing they have in any given solid, the wavefunctions o f  the outer, or
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valence, electrons in particular begin to distort because o f  electrical interactions and the 

exclusion principle. For N identical atoms the discrete energy levels shift and split to 

form separate bands. Ordinarily in 3-D systems N ~ 10'^ so the bands consist o f  N 

closely spaced energy levels with a continuous energy distribution. Fundamentally, 

however, the more orbitals that overlap, the larger the bandwidth and the charge carrier 

mobility. Metallic levels o f  electrical conductivity require a continuous, partially-filled 

band o f  overlapping valence electron orbitals. The concepts o f  energy bands, and the 

degree o f  mobility carriers have in the respective bands are used to explain the electrical 

properties o f  solids.

(a) (b) (c)

F ig .  6  E n g e rg y  b a n d s  in i n s u la to r s  (a),  s e m ic o n d u c to r s  (b)  a n d  in s u la to r s  (c) (d o t te d  line is th e  F e r m i  en e rg y  
level a n d  th e  g rey  b o x ed  a r e a  r e p re s e n t s  filled e n e rg y  levels a n d  th e  w hite boxed  a r e a  e m p ty  e n e r g y  levels.)

In semiconductors, the Fermi-Dirac distribution function defines the probability o f  band 

occupancy by an electron:

where Ep is the fermi energy, T is temperature and k is Boltzman’s constant. In 

insulators and semiconductors at 0 K, the highest occupied band, the valence band, is 

completely filled by valence electrons. The next highest band, the conduction band, is 

completely empty and the energy gap Eg separating the two is ~ 1 - 5 eV. At any finite 

temperature there are a few electrons in the conduction band so no material is a perfect 

insulator. In intrinsic semiconductors like silicon (Eg = 1.14 eV) or germanium (Eg = 

0.67 eV) there are very few free electrons at low T and they actually behave as 

insulators. At room temperature few electrons can jum p the gap and contribute to 

conduction. The conductivity can be improved through the use of dopants which provide
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acceptor or donor states close to (within 0.01 eV) either the valence or conduction band 

edge. The small difference in energy between intrinsic and dopant energy levels means 

it is facile to thermally excite electrons into the acceptor band or from the donor levels 

into the conduction band providing electrons, thus indirectly providing electrons in the 

conduction band and holes in the valence band.

2.2 CARBON-CARBON BONDING

Pi-conjugated organic molecules containing alternating carbon-carbon single and 

double bonds form the basis o f organic electronics. Carbon bonds with itself in several 

ways by combining the s orbitals o f one carbon atom with the p orbitals o f another 

carbon atom. When it is possible to draw more than one valence bond or Lewis 

structures for a substance, the actual Lewis structure is said to be a resonance hybrid o f 

the resonance forms. The notion o f a resonance hybrid structure is made plausible by 

the theory o f orbital hybridisation suggested by Linus Pauling^ in 1930. Generally, 

when VB theory fails to correctly predict the stucture for a compound, hybridisation 

theory must be used, it requires energy to form hybrid orbitals, but this is more than 

recovered when forming MOs by overlapping the hybrid orbitals with the AOs centered 

on other atoms. In the case o f a sp“ hybridised carbon atomic orbital, three a bonds and 

one n bond are formed. In this case there is one electron in each o f the three sp“ hybrid 

orbitals and one in the remaining unhybridized p orbital. The combination o f a a bond 

and a n bond produces a carbon-carbon double bond. In sp  ̂ hybridisation four a bonds 

(tetrahedral shaped molecule) only are formed and thus single bonds are longer than 

double bonds. Sp hybidisation, where two a bonds and two n bonds are formed, results 

in the formation o f a carbon-carbon triple bond, however, this type does not exist in any 

o f the materials under discussion in this thesis. The allotropes o f carbon are diamond 

and graphite.
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Fig .  7 T he  s t ruc tu res  o f  d iam ond (left) and  graph ite  (right).

The sp^ bonding in diamond renders it an insulator with a bandgap"* o f  5.4 eV and 

its high symmetry gives it isotropic physical properties. Although diamond is an 

insulator there is a significant amount o f  research being carried out on synthetic diamond 

films (diamond like carbon) which may be doped with Boron (for P type diamond) and 

Phosphorus (for n type diamond) in a similar manner to traditional semiconductors. For 

example in B-doped diamond Boron has an electron acceptor level just above the valence 

band edge in diamond allow mobile hole carriers to be generated in the valence band. 

Doped diamond films have most potential in high temperature electronic applications as 

contacts and for semiconductor p-n junctions^.

Graphite is another pure form o f  carbon, like diamond, but unlike diamond the 

carbon bonds are sp hybridised and graphite has a multi-sheet structure, very loosely 

bound by weak Van der Vaals forces. The 2pz orbitals contain one electron each and 

overlap to form bands so that the n electrons are highly delocalised above the plane o f  the 

carbon atoms in a sheet, making graphite a highly anisotropic metallic conductor. The 

parallel to perpendicular conductivity ratio^ is about 10^. In practice bulk graphite is 

highly conductive in all directions due to the presence o f  many microscopic fragments o f

crystalline sheet material oriented randomly towards each other.
2 * •Other forms o f  sp hybridised carbon are the fullerene family o f  cage-like 

structures discovered by Kroto et al in 1991^ (e.g. Ceo molecule) and single and
o

multiwalled carbon nanotubes which were subsequently discovered. Ceo has been used 

in organic solar cells^ to increase their efficiency due to the fast, efficient photoinduced 

electron transfer to C6o- Multiwalled tubes have been used to make polymer composites
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and fibres."^ The quasi-ld  nature o f  single wall nanotubes makes them very interesting 

m aterials electronically. The electrical conductivity o f  the tubes depends strongly on the 

tube ch ira lity". Insulating, semiconducting and metallic nanotubes exist. Metallic tubes 

are o f interest for tiny integrated circuit interconnects since a single tube can exhibit 

ballistic charge transport. This is because the mean free path o f electrons can be much 

greater than the size o f the nanotube, simply because o f  the small size o f the nanotube, 

and m eans that electrical resistivity due to scattering is negligable. In the case o f ballistic 

transport, when a constant electric field at a speed «  c, the speed o f  light, is applied to 

the material, electrons will continue to accelarate according to Newtonian physics.

However, high contact resistance is means that device characteristics are limited by the
12contacts. Semiconducting tubes have been used as active components in nanoscale 

transistors'^. Selective processing, resulting in one specific type o f  tube, and controlled 

positioning o f  individual nanotubes are still major challenges in this field.

Fig .  8 C hem ical  s t ru c tu re s  of  SWN I' & MVVNT.

2.2.1 sp2-Hybridised Organic Molecules

Organic molecules are comprised o f the elements C, II, O, and N. There are 

many naturally existing organic compounds but synthetic organic chemistry (and the end 

o f vitalism) dates from 1828 when crystals o f urea were synthesised by FriedrichW ohler. 

Benzene, the molecule o f which is the basis o f aromatic (organic) chemistry, was first 

isolalated in 1825 by Michael Faraday. Its chemical formula was shown to be C6H6 in 

1834. Benzene, a hydrocarbon, exists as a colourless liquid at room temperature with its 

absorption peak at 280 nm (4.4 eV).
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Fig. 9 Ground state structures of benzene including (a) 2pz orbitals of C atoms , (b) resonance forms, (c) 
delocalised form. In benzene the carbon bonds are sp  ̂ hybridised. From  the boundary surface plots it is 
im m ediately  obvious that bonding involving 2p atom ic orbitals occurs when there is overlap  o f a 2p 
orb ital lobe w ith another 2p lobe or another atom ic orbital as all the electron density  is in the lobes.

Kekule (1865 -  1872) suggested the conjugated (alternating single and double C- 

C bonds) structure for benzene (Fig. 9b) to be two rapidly switching isomers which 

existed in equilibrium. The Kekule structure could not account for the stability of 

benzene which was later explained by Pauling’s resonance theory (hybridization) which 

predicts equal bond lengths and highly delocalised electrons in electron clouds above and 

below the benzene ring (Fig. 9a). However, Kekule’s idea of resonance forms could be 

considered to represent the dawn of organic electronics.

Benzene is the repeat unit o f the -acenes (anthracene, tetracene, pentacene etc) 

which are crystalline organic semiconducting hydrocarbons known as molecular 

crystals. Most o f them have a wide energy-bandgap and low melting point and low 

carrier mobility. They are called semiconductors because their dark electric 

conductivity increases exponentially with temperature and some other properties are 

similar to those o f inorganic semiconductors. Most of the initial research into organic 

electronics was done using films o f these materials (e.g. first EL seen using anthracene). 

The electrical conductivity o f their polycrystalline films is low (10"̂ *̂  to 10''^ ohm 'cm"' 

for anthracene for example) because the intermolecular separation is quite large. 

However good quality organic field effect transistors (OFETs)''* have been demonstrated 

from pentacene thin films which have high mobilities. These materials all require high 

vacuum deposition techniques, and do not lend themselves to cheap or large area 

organic electronics applications. Solution processed OFETs have been made from
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polythiophenes and a solution processible pentacene material, however, mobilities are 

lower than single crystal pentacene.

Soluble and highly fluorescent (in dilute solution) aromatic dye molecules (e.g. 

rhodamine and coumarain laser dyes''*'’) are known as small molecules. Some small 

molecules are electroluminescent (e.g. AlQs'^). Such materials can possess good 

mobilities and photoluminescence yields, however, they possess limited processibility as 

amorphous thin films are only formed upon sublimation under high vacuum. The 

photophysics o f  larger organic molecules (macromolecules) is based on that developed 

for small molecules.

Macromolecules are essentially molecules with a large number o f  atoms where often 

there are repetitive identical molecular subunits which add to produce large cyclic 

{macrocylces) or linear (polymers) molecules. For most organic compounds, including 

those studied by Nobel prize-winners Staudinger, Natta, Ziegler and Flory, there is no 

delocalisation o f  charge possible throughout the molecule. This is because they are 

saturated (sigma bonded) polymers with no extended overlap o f  atomic orbitals. With 

wide bandgaps (>5 eV), saturated synthetic organic polymers such as poly-ethylene are 

excellent electrical insulators and are commonly used in the packaging industry. They 

are readily processed using solution-based, thermal or mechanical-assisted-molding 

methods which are low-cost and industrially scaleable.

Organic materials which combine electrical functionality and  processability are 

desirable. In conjugated polymers the sp“pz bonding (n bonding) with one electron per 

unhybridized pz orbital, leads to extensive orbital overlapping and electron 

delocalisation along the polymer backbone and provides a route for charge carriers 

along the polymer chain. The number and type o f  atoms in the repeat unit o f  the chain 

(i.e. the chain symmetry) determines the electronic structure in conjugated polmers. 

Poly-acetylene is the prototypical conjugated polymer.

Polyacetylene (CH=CH)n was first made by Natta et al in 1958 as a black powder. In 

1967 Hideki Shirakawa et al used a Ziegler-Natta type catalyst to produce a thin 

nanofibular film o f  the thermodynamically stable trans-isomer o f  polyacetylene. 

Electrical measurements on these thin films and on powder pellets indicated that the 

intrinsic properties o f  polyacetylene did not change much between powder and film.
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During efforts to use the film as a source o f  graphitic carbon, strong IR film absorption 

peaks were observed, when trace amounts o f  chlorine were added to the film. At high 

chlorine doping levels, the material became opaque and the spectrum for Cl- 

polyacetylene became clearer. It is now known that the three bands at 1397, 1288 and 

888 cm '' are ‘doping induced’. Observed isotope shifts (in N M R  data) imply that the 

bands are o f  vibrational origin in the vicinity o f  a carbon cation (positively charged 

carbon atom) on the chain. In 1976, intentional doping o f  polyacetylene with bromine by 

Heeger et al, resulted in a seminal paper on conducting polymers'^ describing metallic 

levels o f  electrical conductivity in polyacetylene which was the basis upon which the 

Chemistry Nobel prize was awarded in 2000. The cationic carbon species responsible for 

the high conductivity is known as a positively charged soliton after Heeger et a t'’ 1979.

F ig .  10 D e g e n e ra t e  ( e n e rg e t ic a l ly  e q u iv a le n t )  g r o u n d  s ta te  ch e m ic a l  s t r u c t u r e s  f o r  t r a n s -p o ly a c e ty le n e .

Trans-poiyacetylene is a degenerate ground state polymer because o f  its symmetry. The 

angle between any two o f  the three sp" orbitals o f  a C atom in trans-polyacetylene is 

close to 120°, which tends to constrain it a plane. Neighbouring carbon atoms are 

strongly sp (sigma) bonded forming a bonding and antibonding energy level with a 

separation o f  approximately 20 eV. The a  electrons contribute to the rigidity o f  the 

polymer but not the electronic properties. There is a small coupling between 

neighbourmg sp“ orbitals not oriented toward each other, giving the o electrons a small 

bandwidth, but this coupling is neglected in most tight binding MO calculations.

2.2.2 The Prediction o f a Zero-Bandgap for Polyacetylene

Modelling polyacetylene as a chain o f  equidistantly spaced carbon atoms (regular 

Hubbard chain), the 1-D particle-in-a-box model can be applied. Consider a row o f  N 

atoms separated by a distance d, the total length o f  the chain is (N-l )d or, for large N, Nd. 

The energy required to excite an electron from the HOMO (highest occupied molecular 

orbital) to the LUMO (lowest unoccupied molecular orbitalO, AE, for large N is
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AE I S m ^ l N . The model therefore predicts polyacetylene to be a metal at long 

chain lengths.

Fig. 11 Schem atic o f delocalised electrons (dotted line) along the backbone of trans-po lyacety lene.

Huckel MO theory (or HMO) is a simple subset o f  LCAO-based MO theory, 

developed by Erich Huckel in 1930'^ HMO theory successfully predicts the 

delocalisation energy for benzene when the electrons are completely delocalised around 

the ring, in support o f  the hybridisation theory. HMO also correctly predicts the guiding 

o f  substitution by an N atom in the benzene ring to the ortho and para positions. HMO 

may also be applied to polyacetylene. In HMO theory (which only considers nearest 

neighbour overlap integrals), only the 2pz orbitals are considered. HMO theory 

postulates that the re MOs are considered to be separate from the a  framework since the 

Pz orbitals are perpendicular (orthogonal) to the a  orbitals. HMO theory can, therefore, 

be used to describe the n MOs o f  planar, unsaturated ethenic and benzenoid 

hydrocarbons. In common with the particle-in-a-box model, each carbon atom 

contributes one electron to the k system in HMO and polyacetylene is predicted to be a 

metal. This is due to the extended overlap o f  half-filled p^ orbitals along the chain for a 

long polyene chain resulting in a half-tilled 7i-band and a large delocalisation energy.

Electronic bandstructure calculations using a more detailed tight-binding 

Hamiltonian for a regular Hubbard chain provide the widths o f  the energy bands and 

their distribution in k-space. Again with this approach to modeling the bandstructure of 

polyacetylene, the main results support those o f  the particle-in-a-box and HMO models:
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Fig . 12 Energy  bands  calculated for a H u b b a rd  chain of c arbon  a tom s af te r  condensed m a t te r  theory  course  
1024 by Dr. S. Sanvito T C D  2005. Top: band  s t ruc tu re .  Bottom: correspond ing  total density o f  states (DOS)

The singularities in the DOS are characteristic o f  1-D systems like polyacetylene'^. The 

bandstructure calculation includes p and s orbitals and the central band in the DOS (Fig. 

12) is largely due to the pz or 7i-band. This band has no energy gap, again indicating that 

polyacetylene is a metal with uniform charge distribution and equal C-C bond lengths 

along the chain, in agreement with the other models already described.

Polyacetylene in the undoped state is, however, not metallic and has a finite band 

gap. Furthermore, the observed progression in absorption wavelength on going from 

butadiene to hexatriene does not follow the particie-in-a-box equation. This fact suggests 

an upper limit for the absorption and that there is a point beyond which further increased 

chain conjugation length does not change the bandgap, AE. This convergence has been 

confirmed by several predictions including those by Lennard-Jones and Peierls.

2.2.3 The Finite Bandgap in Peierls-Distorted Polyacetylene

A 1-d metal would be the ultimate solid state conductor, however, it was shown, 

before polyacetylene was discovered, that such a system is unstable and exists only as a 

theoretical model. Intuitively one expects that the physical properties o f  a linear chain 

will be more sensitive to the precise position o f  each atom in the chain than in the case of 

a 2-d or 3-d metal where interacting orbitals in two and three dimensions provide the 

bands for charge transport. Strictly speaking no atomic system can be truly 1-d as 

atoms by definition are 3-dimensional. Flowever, reducing the system  to the electrons
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from a particular orbital which overlap with those o f its nearest neighbours for all the 

atoms in the chain, then the system may be considered quasi-1-dimensional.

The hypothetical case o f an equidistantly spaced linear chain o f  sodium atoms 

was first considered by Rudolph Peierls^**. Sodium has a half filled 3s valence shell so 

each atom on the chain is expected to contribute one electron to the band formed by the 

overlap o f  these orbitals along the chain. As per the simple models above, one would 

expect the chain to be metallic. Peierls showed, however, that upon dimerisation o f  the 

chain, the overall chain energy could be lowered because the resulting reduction in 

electronic energy o f the system is greater than the gain in elastic energy caused by the 

chain deform ation known as “Peierls distortion” . The Peierls instability itself is a result 

o f  the nesting property o f  the Fermi Surface^' (FS). Overlapping o f  parts o f the FS as a 

result o f  a translation is called nesting. For a 1-d chain the crossing points o f the energy 

band with the Fermi energy can be shifted exactly onto each other using the translation 

|k| = 2 kp. The Peierls instability opens an energy gap at the new Broullian-zone 

boundary^'’’̂ ' and the total energy is reduced. Peierls Distortion provokes a m odulation 

o f the charge density along the chain resulting in a charge density wave (CDW ) state. 

Regions o f  greater electron density correspond to shorter bonds. The Peierls transition to 

the CDW  state, is a general result applicable to all theoretical!-d systems.

/ > ( •  1

0* r /f l

Zo

0

Fig. 13 E(k) for a linear chain with equidistant spacing o f  atoms (left) and for a dimerised chain  
(right). Note the opening o f  a gap at k = n/2a for the dimerised chain due to a Peierls instability.

Displacem ent o f  every r atom on the chain means that the basic cell in reciprocal space 

changes from -7t/a < k < 7t/a to - 7i/ra < k < Ti/ra. Since the states on either side o f the 

breaks coincide exactly or very nearly with the edge o f the Fermi distribution, then the
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states which are displaced downwards in energy are occupied and those raised are empty, 

so that there is a net reduction in energy. The total (electronic plus elastic) energy 

change, AE, due to dimerisation (or any Peierls distortion) can be calculated using second 

order perturbation theory^^ on the lattice potential.

L\V ,f  
A £ « — L ^l-

^vln|Fj

Since Vk large AE will always negative and lattice distortion will be entropically driven.

It is due to Peierls distortion that every second bond in undoped trans

polyacetylene has double bond character, that it is a semiconductor with an energy gap of 

1.4 eV between n and n* sub-bands and that it has an electrical conductivity^ o f 4.4 x 10’’̂ 

Sm '. Dimerisation in polyacetylene is confirmed by X-ray diffraction measurements. 

Theses show a herringbone structure with a length differential o f 0.07 A between single 

and double bonds which is much less than that in ethene or methane.

2.3 THE SU-SCHRIEFFER-HEEGER ELECTRONIC 

BANDSTRUCTURE MODEL

In the Su-Schrieffer-Heeger Hamiltonian (SSH) and its continuum version^^ 

polyacetylene is modeled by taking a regular Hubbard chain (i.e. chain zig-zag is 

ignored) and incorporating chain dimerisation (Peierls distortion) by using a 

dimensionless electron-lattice (electron-phonon) coupling constant, a. The Hamiltonian 

is;

] + V2Kj^iu„-u„^,f+Y2MY^uI
n=\ n n

K is a stiffness force constant, taken to be the bond-strain for sigma bonded electrons, M 

is the mass o f a C-H group, to is value o f the transfer integral, t (= t^+ a{u^ -  )),

between nearest neighbour electronic wavefunctions for an equidistantly spaced chain of 

carbon atoms, Un is the displacement of the CDW for the atom at position Xp on the chain, 

ii is the momentum of an atom at site n, and cl and are the creation and annihilation
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operators for a Ti-electron on the C atom with N being the total number o f  C atoms on 

the chain. the electronic part (kinetic energy o f  n  electrons) is the first sum, the

second sum is the sigma bond strain energy and the third sum gives the lattice kinetic 

energy. The corresponding eigenvalues o f  the Peierls distorted state are:

\ 2  /  ,  . .  x 2 'E,= + {2t^ cos ka)  + (Aau^ sin ka)

,where, uois a constant called the frozen-in distortion.

The first term is the energy o f  an electron o f  wave vector k in a uniform Hubbard chain.

In the Su-Schrieffer-Heeger (SSH) model, for a Peierls-distorted chain o f  

polyacetylene, the Peierls gap is 2Ao = 8 auo. The n-n* band gap, (2Aq ), is determined by 

the dimensionless electron-phonon coupling constant, X, through the relation^:

Aq = Stg exp where, /I =
k IqK

Electron-phonon coupling is usually incorporated in the Hamiltonian as a variation o f  the 

strength o f  the transfer integral as a function o f  the distance between nearest neighbour 

atoms in the chain. Usually t is taken as a parameter adjusted to fit macroscopic 

properties making the SSH model semi-empirical. By finding values o f  uo and a  which 

minimise the system  energy (sum o f  all states at 0 K in the lower t c  band) and the 

associated elastic enerav. a Peierls eao o f  1.4 eV is obtained for oolvacetvlene.

la

Fig . 14 Band s t ru c tu re  (left) and  DOS (right)  fo r  a d imcrised  chain (ref) o f  polyacctylcnc using the SSH model.

in Fig. 14 the polyacetylene bandstructure has a gap due to the formation of n and n* star sub

bands. The 7t band (or valence band, V) is full and the n * band (or conduction band, C) is empty. 

In some respects it might have been guessed that there might be two 7t-bands for the pz
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MOs o f  polyacetylene since the unit cell for graphite (an extended pz system) which 

contains two atoms, has two parts to the pz band (bonding and antibonding or tc and Jt ). 

However, graphite is 2-D so an equidistant lattice spacing o f  atoms is allowed, the 

bonding arrangement is stable and graphite is a good electrical conductor.

2.3.1 Solitons: The Fundamental Excitations in Polyacetylene

Apart from being used to model the bandgap, the SSH model'^ can also describe 

the lowest energy or fundamental excitations in polyacetylene. When two degenerate 

chemical structures (Fig. 10) occur on the same chain they are separated by a domain 

wall or soliton. Such solitons are neutral, occurring on all trans-polyacetylene chains 

with an odd number o f  (-CH)’s since chains are more stable with double bonds at each 

end. SSH theory predicts the formation o f  solitons in polyacetylene. The .soliton is 

associated with a characteristic lattice distortion, which is a modulation o f  the Peierls 

distortion and takes place over several lattice sites. The fourth electron o f  the carbon at 

the center o f  the soliton is, although still bound to the nucleus, neither bonding nor 

antibonding and to a first approximation resides in a midgap level. Addition or removal 

o f  charge to a chain with a neutral soliton results in a negative or positive soliton 

respectively. Chemical doping can produce negative (Cf or Br" dopants) or positive 

(Fe^^ dopant) solitons. Doping may also be by optical, thermal, electrical and chemical 

means. All solitons are mobile excitations which means their characteristic distortions 

move. Charge transport in electrically poled polyacetylene occurs by solitons moving 

along a chain as a solitary wave and/or hopping between chains.

Fig. 15 Schem atic show ing m idgap soliton states associated w ith inclusion o f  positive charge on a 
polyacetylene chain.

Experimental evidence o f  solitons in polyacetylene is provided by electron spin 

resonance measurement which, based on the characteristic g value o f  a n- electron, imply 

I spin/1000 to 3000 atoms. Experimentally measured diffusion rates for these spins 

agree well with theoretical predictions for neutral solitons. The large creation energy for
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solitons, means that the high concentration o f  spins at RT may have resulted from the 

creation o f  neutral solitons during cis-trans isomeristation. These are prevented from 

recombining by cross-link defects, for example. The number o f  spins decreases on 

doping, as expected, since charged solitons have no spin. Magnetic susceptibility is low 

and suggests spinless conductivity for doped samples. Solitons are also evidenced by 

changes in the sub-bandgap optical absorption. The predicted midgap absorption peak 

for polyacetylene is observed for a variety o f  both donor and acceptor dopants implying 

the midgap level is associated with the polymer chain, rather than the electronic states o f  

the dopant. Furthermore, the n- n* interband absorption is bleached upon doping. In 

addition to midgap absorption, two strong infrared absorption lines, at 900 and 1370 cm ' 

are seen for lightly doped samples for any dopant. These grow linearly with increasing 

doping. A third weaker vibration is also observed at 1270 cm"'. The first is caused by 

oscillations o f  the charged soliton in the Coulomb field o f  the impurity ion to which it is 

bound. The second two are due to IRAV (Infrared-Active Vibrational) modes occasioned 

by coupling o f  the excess soliton charge on the polyacetylene chain with the C=C and C- 

C stretch modes respectively. The latter results from increased dipole moments along the 

chain. Finally, as expected for photogenerated solitons in polyacetylene, only two 

photoinduced absorption lines close to the two aforementioned IRAV lines are observed.

2.3.2 Polarons in Conjugated Polymers

The SSH also predicts the formation o f  polarons in polyacetylene. Addition o f  

charge to a kink-free chain cannot create a soliton since it would require changing all 

the bonds to one side or other which would cost too much energy. In this case a 

polaron is formed. Again the bond order in the vicinity o f  the added charge is modified.
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In a conjugated po lym er if  tiiere is no empty level in the valence band, an added 

electron will cause the chain it is on to deform around it, creating a characteristic pattern 

o f  bond deform ation about 20 sites long called a negative polaron. In this process a level 

is pulled out o f  the H O M O  with its two electrons and a level is pulled out o f  the LU M O . 

T w o levels in the bandgap are created, the lower filled with the two electrons brought up 

from the H O M O  level and the upper with the added electron. The stability o f  the polaron 

is due to the reduction in the total electronic energy o f  the molecule, brought about when 

the electron m oves from the H O M O  level into a lower level, exceeding  the elastic energy 

required to form this level. A lthough its energy levels are in the band-gap, the polaron 

can move freely on its own chain (assuming an otherwise perfectly conjugated charge- 

free chain), its lattice distortion moving with it. By extension o f  these arguments, 

addition o f  an electron and a hole, far apart from each other on the chain, w ould  result in 

a polaron-pair being formed on the chain. In theory, for polycetylene, i f  the polarons 

were free to move through the chain, when they met they would be annihilated if  the 

charges were unlike or, for like charges, would be transform ed into a pair  o f  solitons 

since solitons have lower energy.

2.3.3 Creation Energies o f Solitons and Polarons in Polyacetylene

In terms o f  excitation creation, it is important to note that quantum  fluctuations 

prepare the lattice for acceptance o f  injected charge (electrical excitation) ju s t  as when 

charge carriers are formed upon photo- excitation or chemical doping. In o therw ords the 

excitations are the same for a given material no matter how the excitation is generated. 

N ote  that whereas solitons m ust occur in pairs polarons may occur singly. Also, i f  two 

electrons or holes were added directly to the chain close to each other, tw o  charged 

solitons would be formed directly. For polyacetylene the soliton creation energy from
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the SSH continuum^^ model is = (2 Aq / ;r) and, is lower than that for polarons so the

SSH-predicted polarons fo r  polyacetylene are not observed in reality. Whereas solitons 

originate from kink defects, polarons are charge defects and may occur in low density 

doping. For defects such as solitons or polarons, the dimerisation pattern varies slowly 

on the scale o f  the lattice constant and is described in the SSH model by an order 

parameter (different from the disorder concept discussed in section 2.6.1.1), u , defined as

,where u„ is the displacement o f  site n, corresponding to a particular carbon atom, on the 

chain. The spatial extent o f  a polaron is given by:

where x is the distance from the coordinate for the centre, xo, o f  the polaron. For a 

polaron, the form o f  the order parameter is that o f  a soliton-antisoliton pair, with one 

soliton charged and the other neutral, which explains why the polaron localises two 

levels in the energy gap. The two polaron levels due to the soliton-like lattice 

deformations, which would be at midgap for large xo, couple significantly and split into 

an upper level and a lower level in the energy gap (see Fig. 16). The extent o f  polarons 

in SSH theory is in line with the original theory by Frolich where small values o f  m*, the 

effective mass, and a ,  lead to small, strongly lattice-coupled polarons.

One might ask whether doped polyacetylene is widely used as a cheap 

alternative to copper as an electrical conductor. The answer is no because, although the 

extrinsic material is highly conductive, the chemical doping o f  this material renders it 

relatively unstable over a very short period o f  time. Furthermore, doped polyacetylene 

is quite an intractable (insoluble and infusible) material and is, therefore, not attractive 

from a processing point o f  view. More stable and processible conducting polymers have 

been discovered, including PAN! and polythiophene but their conductivities are lower.

u={-\ru„

\

J
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2.3.4 The Adaptation of the SSH Model to Nondegenerate-Ground-State-
Poly mers

In 1981 Brazovski and Kirova^"' extended the SSH model to non-degenerate 

ground state (NDGS) polymers. ND G S polymers have a more complex structure than 

polyacetylene (non-degenerate ground state polymers can have several different n bands 

contributing to the band structure.) All conjugated polymers other than polyacetylene, 

including the ones in this thesis, are NDGS polymers with a lower degree o f  structural 

symmetry than polyacetylene. Examples o f  typical NDGS conjugated polymers include 

conducting polymers (e.g. chemically doped poly aniline and poly pyrole) and pristine 

light-emitting or fluorescent polymers like poly-phenylene vinylene and poly-fluorene. 

Polyacetylene and other conducting polymers do not fluoresce because" o f  the ordering 

o f  the Bu and Ag energy levels which means the transition is forbidden by symmetry. 

Fluorescent polymers may be rendered solution processible with appropriate side group 

functionalisation making them very attractive for electronic displays particularly large 

area displays.

For NDGS polymers the SSH predicts the stable excitations to be polarons and 

bipolarons and does not alter the predictions for poiyacetylene. Addition o f  two electrons 

far removed from each other along the chain o f  a NDGS polymer results in two separate 

negative polarons (P-). If these P- meet, a single distortion called a bipolaron (BP- -) 

with two gap levels filled with four electrons is formed. Bipolarons are more likely to 

form at higher excitation densities and in well ordered systems. For NDGS polymers a 

bipolaron is usually more stable than two separated P- s. Polarons exist in all NDGS 

conjugated polymers at room temperature, even in the dark and without injection o f  

charge, due to the presence o f  impurities and structural defects on the polymer chain.

Peierls distortion contributes exclusively to the formation o f  the bandgap 

polyacetylene. NDGS polymers contain larger monomers which result in a number o f  jt 

bands with the highest occupied band being completely filled. They are semiconductors 

due to their inherent structure. For NDGS the extrinsic contribution, , to the bandgap,

2 A, is larger than the Peierls contribution, A  ̂ where A = A^ +A^.  In the SSH model
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adapted for NDGS, is related to the the electron -  phonon coupling constant, X, and 

the bandgap by a confinement parameter, y, as follows:

The degree o f nondegeneracy can be parametrized by the confinement parameter via an 

experimentally accessible ratio coq/ A ,  where 2 coq is the separation o f intra-bandgap
27polaron levels. For the polaron exciton (section 2 . 5 )  and the bipolaron ;

Clearly, when cô  is 0, then the gap 2A is reduced to the Peierls gap, so for the case o f

near degeneracy (Ag small) polarons levels are near the centre o f the bandgap whereas 

strong breaking o f degeneracy keeps them close to the band edges.

2.4 EXPERIMENTAL EVIDENCE FOR POLARONS AND 

BIPOLARONS

Photoinduced absorption (PA) is a very useful technique for studying excited 

states such as polarons^**. The technique involves exciting a film  with a pump beam 

around the absorption maximum o f the sample and then investigating the transmission o f 

a probe beam at different wavelengths. In PA a positive peak in a AT/T versus probe 

wavelength plot is obtained for effective probe amplification or gain (due to 

photoluminescence) and a negative AT/T signifies probe intensity reduction due to photo

induced absorption. Both polarons and bipolarons have two levels in the gap but for the 

latter they are either both filled or both empty (see Fig. 16). Therefore, polarons have 

three absorption lines (two o f same magnitude) whereas bipolarons have two which 

allows for differentiation between polarons and bipolarons using PA spectroscopy. For 

example for poly- pyrole (PPy), at low and high doping, there are three and then only two 

peaks observed^. Steady state PA carried out by Vardeny et al^° shows only a few spins
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left after microseconds (presumably due to remaining polarons) which is direct evidence 

for bipolarons. Improving the order o f  the material studied by annealing means that no 

photogenerated spins were detected. This indicates that polarons can exist at long times 

and in low concentration in samples in which defects and imperfections are sufficiently 

numerous to restrict polaron mobility and thus inhibit bipolaron formation. The 

observation o f  bipolarons in steady state PA experiments (signal obtained microseconds 

after illumination) characterised by two peaks, is by default evidence o f  polarons since 

bipolaron formation requires the presence o f  two like sign polarons. Also, the steady state 

PA and the photo-induced IRAV peaks are similar to the absorption and IRAV peaks of 

doped samples suggesting the same species are dominant in both cases. Indirectly, 

photoluminescence and UV-Vis spectroscopies also confirm the presence o f  polarons as 

vibronic features are revealed, consistent with the notion o f  localized polarons, and 

polaronic excitons and strong electron-lattice vibrational coupling.

2.4.1 Synopsis of SSH and Other Models

• The SSH model was developed for a single isolated chain o f  polyacetylene.

• For close-packed chains in a film, Takayama’s continuum version where for 

energies close to the gap the energy varies smoothly within a narrow band.

• Single particle {one-electron) model neglecting onsite and inter-site electron- 

electron interaction.

• Electron-electron interaction is implicitly included via the order parameter which 

determines the strength of electron-phonon coupling.

• Predicts fundamental excitations to be solitons for polyacetylene and polarons

for non-degenerate ground state conjugated polymers. As correlation effects are

ignored reliable modeling o f  higher excited states is not possible.

• Disorder manifested by different electron-phonon coupling strengths for 

different conjugated segment lengths, may be included, in SSH models by uing a 

Gaussian in the energy distribution function.

• The low dimensionlality o f  all conjugated polymer structures dramatically 

influences the electronic states o f  these materials.
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2.5 EXCITONS AND THE TRANSITIONS CONCERNING THEIR 

FORMATION AND SUBSEQUENT DECAY

Excitons are neutral excitations formed by the promotion o f  and electron from the 

highest occupied energy level to the lowest unoccupied energy level. The simplest to 

describe quantum mechanically is the excited Helium atom. Solutions for this 2-level 

system containing two electrons provide the two types o f  excitation possible in all 

energetically bound electron-hole type excitations. The different possible combinations 

o f the electron spins may be described using arrows as fo llows:

T T
i i

T i + i T
n - i T

Fig. 17 Different possible combinations of parallel and anti parallel electron-hole spins

In Fig. 17 the first three have symmetric wave functions and correspond to trip le t states 

and the last one is antisymetric and corresponds to a singlet state.

An exciton can be considered a Frenkel exciton i f  the e-h pair is confined to one 

molecular unit on a polymer chain or a Mott-W annier exciton i f  it extends over several 

molecular units. Both o f  these are molecular in nature and in stark contrast w ith the 

Wannier exciton found in semiconductors which is part o f  the band picture and is not 

bound. Whereas excitons in small molecules are by defin ition Frenkel excitons, the 

question o f  which picture to adhere to for polymers w ill be discussed in section 2.6.1 but 

for now discussion w ill be confined to Frenkel excitons. Frenkel excitons or polaron- 

excitons form when oppositely charged polarons become electrostatically bound and are 

thus neutral and cannot carry current. Polaron-excitons are formed by combining 

oppositely charged polarons upon photoexcitation or, by injection o f  oppositely charged 

carriers, as in an organic LED. Bredas et al^' showed that for a NDGS conjugated 

polymer the polaron exciton is characterised by the aromatic rings becoming slightly 

quinoid. This means that the horizontal bonds shorten while  the other bonds lengthen.
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Poly(pheiiylene vinylene) PPV

Fig . 18 Top: Ground state benzoid structure of PPV'. Bottom: Quinoid exciton In PPV formed from an electron 
polaron (EP) and a hole polaron (H P). Note the same kind of orbital overlap seen in Fig. 9 for benzene v̂  ill 
result in an electron cloud above and below the backbone plane of P P \' and other conjugated polymers.

Singlet and trip let excitons d iffe r in energy, in size and life tim e. Understanding the 

nature and energetics o f  the charged and neutral excitations in conjugated polymers is 

very important for designing materials fo r energy efficient organic devices.

The vibrational wavefunctions o f  the nuclei must be taken into account to 

describe the formation and decay o f  an exciton. Early theoretical description o f chemical 

bonds used the notion o f atoms jo ined by springs and indeed this serve as a basis fo r the 

interpretation o f molecular vibrations. The potential function used in most Franck- 

Condon diagrams is that o f  the one-dimensional Morse oscillator whose eigenvalues are:

^v,h ~ hcco{v + 7 ) -  hc(ox(y +

, where x is the anharmonicity constant and is related to terms in the potential energy 

function (which reduces to that o f  the simple harmonic oscillator at x = 0.) The lowest 

energy is the zero point energy (not actually zero due to indeterminacy). These nuclear 

vibrations are associated w ith bond stretches in FTIR spectra.

The classification o f  molecules and MOs according to the symmetry elements' 

they possess is dealt w ith by group theory. A  molecule possesses a symmetry element i f  

the molecule’ s appearance as observed by a stationary observer, is invariant under a 

particular symmetry operation (e.g rotation about a given bond axis). Symmetry 

arguments may also be applied to AOs and MOs (fo r example t t  and n* orbitals belong 

to the B| species). Since mathematical functions possess certain symmetry properties
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we can choose these functions or products o f these functions as a basis for symmetry 

operations. Integration o f  a function will return a zero result if the function does not 

serve as a basis for the totally symmetric irreducible representation o f  the point group to 

which it belongs. Since electronic transitions are described by the integrals o f  products 

o f wavefunctions, knowledge o f the symmetries o f  the initial and final state 

wavefimctions can tell us whether the transition is likely to be observed.

S i n g l e t
111 plot states
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Kig. 19 . lab lo n sk i  s t a te  d i a g r a m  fo r  a  m o le c u la r  sys tem  a lso  sh o w in g  e n e rg y  levels fo r  an  oxygen  m olecu le  
o u t s id e  the  sys tem . H o r iz o n ta l  lines: e n e rg y  levels o f  th e  S a n d  T  s ta te s  (S on L IIS  a n d  T  on R H S  to e m p h a s i s e  
S a n d  r  possess  d i f f e r e n t  e le c t ro n ic  sp in  c o n f ig u ra t io n s . )  N ote  T |  is a t  a lo w e r  e n e rg y  th a n  Si,  re f lec t in g  the  
effects o f  sp in  c o r re la t io n .  F u r t h e r  h o r iz o n ta l  l ines r e p re s e n t  h ig h e r  e n e rg y  v ib r a t io n a l  levels for  e ach  sta te .  
W a v y  lines w i th in  a m a n i fo ld  o f  levels in d ic a te  v ib r a t io n a l  r e la x a t io n .

Radiative transitions are ‘vertical’ transitions and involve a change in total 

energy o f the molecule. Nonradiative transitions are ‘horizontal’ transitions involving 

conversion from one state to another state at constant energy. Nonradiative energy 

conversion between states o f  the same multiplicity is called internal conversion (1C) and 

for states o f  different multiplicity the term intersystem crossing (ISC) is used. IC and 

ISC (for Si -  T | and T| - So) leave the molecule with excess vibrational energy which is 

dissipated by vibrational relaxation (i.e. interaction with surrounding molecules either in 

solution or solid state.) The main detractor from fluorescence quantum yield in the 

light-emitting polymers is quenching o f  singlet emission by energy transfer to non- 

emissive states.
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2,5.1 Upward Transitions in Energy: Exciton Formation by Absorption

The strongest electrom agnetic radiation-induced energy transition is when the 

electric component o f  the radiation (the E field) interacts with the electric dipole o f  the 

molecule. The one dimensional form o f the Maxwell equation describing the space and 

time dependence o f the electric field associated with electrom agnetic radiation or a 

photon beam is;

5 ' a '
—  E { x j )  = ŝ /û  — E{x, t )  
ox ox

where, so is the dielectric perm ittivity o f  free space and |io is the perm eability o f  free 

space. Upon exposure to the E field, the oscillating electric vector sets up an equivalent 

oscillation in the electron charge distribution when the oscillation frequency matches 

that corresponding to the difference in energy o f  two electronic levels as set by the 

angular momentum  selection. Upon absorption o f the photons in a beam by a material, 

the photons will exhibit the properties o f  a given quantum  state. The absorption o f a 

photon must conserve angular momentum. Thus, the energy transferred upon absorption 

can excite an electron in a molecule and this electron must exhibit the angular 

m om entum  possessed by the photon. Since the latter is fixed, this provides us with the 

basis o f  an angular m omentum selection rule. That is to say, only electron transitions 

between states which differ by ± 1 in the orbital angular momentum quantum  number 

will be possible. It should be noted that this only applies for excitation processes 

involving one photon. Lasers can be used to exploit m ultiphoton absorption processes 

in atoms and molecules. Examples o f  such exploitation include 3-D patterning using 

fem tosecond lasers^^, upconversion^^ and other processes.

The promotion o f  an electron from one level to another forms an electric dipole, 

which is defined as a pair o f  equal and opposite charges separated by a distance r and is 

characterized by the m agnitude o f the dipole m oment |i where qr. This radiation- 

induced dipole moment called a transition dipole moment. In terms o f  the total 

Ham iltonian, light interaction m ay be viewed as a time dependent perturbation'. 

Perturbation theory is a way o f  finding approximate solutions o f  the S.E. for complex 

m olecular systems and is based not on separating waveflinctions into basis functions but 

rather on using a suitable model system whose wavefunctions and energies are known.
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The Hamiltonian,H, o f  the real system is H  = H ^+  H  , where Ho is the zeroth order 

Hamiltonian, H '  is a time dependent perturbation and the real wavefunctions are;

2

where the term m = n should be excluded. Perturbation theory, as will be evident later, 

is useful in situations where there is coupling between or mixing o f  states. The

with energy Em to a higher state with energy may be described mathematically 

using time dependent probabilities. It can be shown that the progress o f  the transition, 

given by Pn, the probability the molecule is in y/^ depends on the the time dependent 

Dirac integral called the transition matrix element which represents the extent o f  

coupling o f  the two states and y/„ by the E field.

which can be rewritten another Dirac integral containing |.ix , called the transition dipole 

moment, such that |a,xnm = (^« | / ^  |^m) • The probability o f  a transition is:

Often a transition occurs to a manifold o f  levels as in a large molecule. For the manifold

analoguous expression for d/dt Pn called Fermi’s golden rule. Fermi’s golden rule is 

used because in a large molecule there is a large number o f  closely spaced levels with 

energies corresponding to the excitation energy and also because there is always a 

spread o f  energies in the excitation beam. It can be shown that as the oscillating E field 

frequency approaches the transition frequency, the transition is more probable. Thus, Pn

magnitude of the interaction is given by H '  = |i.E A transition from a lower state

d
— a,

V /

case, an energy integration o f  the product o f  Pn and the density o f  states results in an
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depends on the square o f  the amplitude o f  the radiation field (which is related to the 

intensity o f  the radiation), and the square o f  the transition dipole moment. Obviously 

one can only have partial control over as the transition dipole moment is an intrinsic 

property o f  the molecule. In the case o f  radiative transitions the scalar product o f  the E 

field and dipole moment vectors is the perturbative part o f  the Hamiltonian responsible 

for driving the transition whereas intramolecular interactions, responsible for the mixing 

of the zeroth order model wavefunctions, drive the nonradiative transitions between 

different quantum states.

2.5.2 Downward Transitions in Energy: Radiative Decay Routes

A radiative transition is termed fluorescence (~ns decay) if it originates from the 

de-excitation o f  an excited state that has the same multiplicity as the ground state. The 

emission is termed phosphorescence (|is -  ms decay) if it originates in de-excitation of 

an excited state o f  different multiplicity to ground state (eg Ti -  So). Without significant 

ISC and phosphorescence, radiative emission from photoexcited conjugated materials is 

from an excited singlet state decaying to the ground singlet state. Though higher energy 

states exist, only the first excited states o f  S and T are relevant in this thesis. Crucially 

for full colour display applications, luminescence from from n n* transitions in organic 

chromophores spans the whole visible range o f  the electromagnetic spectrum 

corresponding to wavelengths between 370 nm and 690 nm as per the human eye 

response function or photopic curve.

2.5.3 Allowed and Forbidden Electronic Transitions

Clearly the link between the nature o f  the molecular structure and the transition 

intensity lies in the transition dipole moment, )j,nm. However by inspection o f  the wave 

functions involved, it is relatively easy to determine if ^nm will be zero or not'. This can 

provide a basis for electric dipole transition selection rules. Transitions forbidden by 

certain selection rules may be weakly allowed in reality and may have small intensities 

in absorption spectra. The use o f  such selection rules is made possible by using the B -0
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approximation and know ing the vector only operates on the electronic spatial (as 

opposed to spin) wavefunctions. Using the BO principle one can write:

Where the overlap intergrals on the right o f  the equality are the electronic spatial, electron 

spin and nuclear (or vibrational) overlap integrals respectively. The nuclear overlap 

integral w ill always be non-zero, however, the firs t two integrals may be be zero and may 

prevent the pure transition occuring. However, by m ixing integrals a transition may be at 

least weakly allowed.

!̂ ‘nm~{Vn\M\Vm) ^  ^  implics a symmetry forbidden transition (at least one 

symmetry component vanishes'.

( /  | 5^’) = 0 implies a spin forbidden transition (e.g. S-T ). S-O (spin-orbital)

coupling, renders a spin-forbidden transition allowed. Discussion o f  the spin overlap 

integral is relatively straightforward as there are only 2 (spin up and spin down) 

wavefunctions for each electron. Given that most organic molecules possess paired 

outer electrons (closed shell configuration), Sm is most often a singlet spin function. I f  

the original spin orientation is preserved upon electronic excitation, S,, w ill also be a 

singlet function o f  the same form  as Sm- The spin overlap integral w il l then be 1 and so 

the transition is spin allowed. I f  the Sm is inverted upon electronic excitation, the spin 

overlap integral w il l be zero because o f  the overall wavefunction symmetry and the 

transition is spin forbidden. The same applies fo r T -T  transitions.

( = 0 but { ( p „ \ j - i \ (P n )  and ( ^ |  / )  couple which implies 0 and

the transition is weakly allowed due to the symmetry o f the coupled wavefunction. 

Perturbation theory involving m ixing o f states can show how otherwise spin forbidden 

transitions occur. In this case the zeroth order wavefunctions are pure singlet or trip let 

wavefunctions and are mixed together by coupling o f  the spin and orbital angular 

momenta o f  the electrons. Where there is s-o coupling, the singlet state takes on some 

trip le t character and vice versa and intensity in the allowed S-S transition is lost to the s- 

o coupled, weakly allowed S-T transition. The most important factor in determining the
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extent o f  mixing and the intersystem crossing rate is the size o f  the spin-orbit coupMng 

constant which determines the magnitude o f  the matrix coupHng element. The s-o 

constant is proportional to Ẑ , (where Z is the atomic number) and the effect is therefore 

strongest when heavy atoms are present either in the molecule undergoing the transition 

(internal heavy atom effect) or in an adjacent molecule (external heavy atom effect.)

A symmetry forbidden transition may be vibronically allowed if there is 

simultaneous coupling o f  | / ^ | ) and ( / „ j  (i.e. BO approximation not valid).

This coupling is associated with a change in symmetry o f  the molecule upon excitation. 

The coupling which renders a transition vibronically allowed is again described using 

perturbation theory.

Not all final wavefunctions with the same symmetry as the initial state 

wavefunction will be final states owing to the probability o f  the transition ultimately 

depending on the magnitude o f  the Franck-Condon factor. The square o f  the nuclear (or 

vibrational) overlap integral, | ( /„  |, p, is called the Franck-Condon (FC) factor and

tells us which o f  the excited vibrational levels o f  the electronically excited state 

(vibronics) are most likely to be populated in the transition. A S-S transition in Fig. 20is 

depicted as a vertical line based on the BO approximation. However, since the electron 

distribution is different after the transition with respect to that o f  the ground state, some 

redistribution o f  the nuclei is expected after the transition. This is the FC principle and 

in Fig. 20 is described for a non-specific diatomic molecule, using Morse-potential 

curves, where the potential energy curve for the electronically excited state is shown to 

be displaced to higher energy (potential) and to larger equilibrium internuclear 

separations with respect to the ground state, consistent with the promotion o f  an electron 

into an antibonding state. In the FC diagram the exciton corresponds by default, to a 

Frenkal exciton for a small molecule but may be applied to a conjugated polymer chain 

where there can be significant geometrical rearrangement. The fact that the excited state 

is created with additional vibrational (and rotational) energy has implications for the 

observed absorption and fluorescence spectra.
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Fig. 20 Franck-C ondon diagram  for So to S| absorption transitions.

For m olecules with very similar ground and excited state geom etries the F-C 

factor will be largest for the 0-0 transition (where the numbers refer to the levels o f  

vibrational excitation in the ground and excited states). H owever, i f  these geom etries are 

significantly different, the F-C factor is likely to be largest for a non 0-0 transition (0-2  

for example). The magnitude o f  the various F-C factors for the various transitions is 

reflected in the absorption spectrum where the most dominant peaks correspond to 

transistions with the largest F-C factors. According to Siebrand’s theory for non- 

radiative transitions, the F-C factor decreases rapidly with increasing energy difference 

between the vibrationless levels o f  the states involved, in agreement with IC being more 

dominant for S2-S1 or S3-S2 transitions than a Si-So transition. Due to a small FC factor, 

the IC rate is a lot less than the fluorescence decay rate for Si-So transitions.

For polyatomic m olecules such as conjugated polym ers, the ground and excited  

states have potential energy surfaces with many dim ensions and many vibrational 

motions and as a result, the absorption profiles are quite featureless and are referred to 

as an F-C envelope. Features in the absorption spectrum are due to the vibronic 

structure in the excited state since separation o f  ground state and vibronic levels is less 

than kT at room temperature. Similar force (spring) constants in the excited and ground
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states imply only a small distortion o f the lattice represented by AQ (atomic 

displacement parameter). This means that, for a small increase in intemuclear 

separation from the ground state configuration, the absorption and emission spectra 

resemble each other (with the 0-0 peak most intense), obeying the mirror symmetry rule.

Prompt fluorescence' (or simply fluorescence, is that due to singlet decay. There 

is also P type and E type delayed fluorescence. The P type involves triplet-triplet 

armihilation and, consequently, a high accumulation of triplets which causes the delay. 

E type fluorescence is thermally activated and depends on non-radiative excited triplet 

state processes. E type fluorescence occurs if vibrational levels o f the the Si and Ti 

levels are very close in energy, facilitating reverse ISC.

2.5.4 The Origin o f the Stokes Shift in Organic Chromophores

The red shifting o f the fluorescence maximum from the absorption maximum is 

called the Stokes shift and, for small monodisperse molecules in very dilute solution of 

single molecules, is due to dissipation o f vibrational energy to the solvent molecules. 

The FC principle means that excited molecules have vibrational energy initially, which 

may be lost by emission o f IR radiation o f frequency corresponding to the vibrational 

energy spacing. When this emission ceases, fluorescence or phosphorescence may 

occur. The energy spacings between vibrational levels are usually larger than the 

thermal energy kT, so one may assume the excited molecule relaxes to the lowest 

vibrational level prior to luminescence.

In thin fdms o f conjugated polymers the Stokes shift is chiefly due to two 

contributions- structural and spectral relaxation.

Upon excitation the molecule relaxes structurally, having a different geometrical 

configuration (different intemuclear separation distance) to that of the ground state (Fig. 

18). The excitation couples to the lattice deformation, which leads to vibronic features, 

particularly in the PL and EL.

Conjugated polymers usually have a range of conjugation lengths and hence 

lattice coupling strengths for the associated polarons, which contributes to broadening of 

their absorption spectra. Upon excitation, vibrational relaxation to the lowest vibrational 

level in the excited state occurs with a time constant Xfc ~ O.lps which is much faster than
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the characteristic singlet decay for organic materials (0 .1-1 .0  ns). The fact that absorption 

sam ples all conjugation lengths and that internal conversion occurs faster than 

fluorescence, results in red shifted em ission with a less broadened or ‘sharper’ em ission  

peaks with more pronounced vibronic structure. This red-shifting o f  em ission is called  

spectral relaxation. The vibrational levels are them selves broadened by rotational motion  

o f  the m olecules though rotational energy levels are usually not depicted in Jablonski or 

FC diagrams. This type o f  broadening due to disorder is inhom ogeneous whereas 

lifetim e broadening o f  an electronic transition is hom ogeneous. The fact that Site 

S elective Fluorescence (SSF) experiments^"* demonstrate a red shift o f  em ission spectrum  

with time on different tim escales is evidence o f  exciton migration and o f  many 

conjugation lengths in the sample. This migration is more responsible than structural 

relaxation for the observed Stokes shift. Migration o f  excitons to low energy em ission or 

quench sites (carbonyl generally) is dependent on sample crystallinity, conjugation 

length, and amount o f  interchain contact. Conventional chromophores spectrally relax 

but conjugated polym ers have a major structural relaxation component in spectra also 

(e.g. quinoid form o f  PPV compared with benzenoid form.

O nce the FC factor becom es non-zero, intensity is stolen from the 0-0 peak^^. This 

results from vibronic transitions due to lattice coupling, the extent o f  which is 

charaterised by the Huang-Rhys parameter^^, Sj.as follow s:

,where M is the reduced mass for the vibrational mode Qi, associated with the change, 

AQ„ in equilibrium configuration coordinate between ground and excted state and cOj is 

the phonon frequency. S; can be experimentally obtained via the Stokes shift^^. A 

synopsis o f  electron-lattice coupling is:

1: A non-zero AQ is needed fo r  a  non-zero S

2: A dominant 0-0 peak means a small delta Q and weak e-phonon or e-lattice coupling 

(S small. An initially dominant 00 peak decreases as S increases.

65



3: Large S means hw small and therefore vibronic peaks easily smeared out by 

inhomogeneous broadening.

4: Short chains have higher S  and longer chains have lower S and can reveal vihronic 

structure. Vibronic structure is more easily resolved i f  there is less energetic disorder 

also (i.e narrower distribution o f  chain or conjugated segment lengths). I f  this factor is 

X  fo r  small molecules then fo r  a polymer the change in bond order is expected to be o f  

order X /N  where there are N  atoms in polymer.

Polaronic excitation is a manifestation o f  lattice coupling, i.e. parts o f  the exciton 

(tiie oppositely charged polarons) are strongly coupled to the chain. Halliday et al have
38shown that the improved order in stretched films o f  PPV and improved PPV 

containing fewer defects both result in much sharper vibronic features in the emission.

2.5.5 Q uantifying Absorption and Fluorescence

Absorption o f  light by a material is described by the Beer Lambert law:

-  log ( /  / I q )  = A = scl

where lo is the incident radiant intensity, I is the transmitted intensity, e is the 

wavelength dependent decadic absorption coefficient, and A is the decadic absorbance. 

The absorption cross section, a , can be thought o f  as the area a molecule presents to an 

incoming photon which, if hit by a photon, will lead to its absorption.

I o’
cr = ----- 2.3026^ = 3.82356x10"^'^

Where C is the concentration o f  absorbing material in units o f  molecule cm'^ and 1 is the 

path length in cm. Sigma has units o f  cm"/molecule, often abbreviated to cm*".

A measure o f  the transition intensity or oscillator strength, fnm, is obtained by 

integrating 8 over the whole absorption feature which is approximated as being a 

Lorentzian. fnm is equal to 6 .784x 1 ,  where F is the FWHM (full width half 

max) o f  the Lorentzian, and can be related to jinm, the transition dipole moment:
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X,, =4.702x10-’ ^ ! / / , „„f
'^max

Fluorescence or spontaneous em ission is the random  radiative decay o f  electronically 

excited m olecules  and fo llow s first o rder kinetics:

in o ther w ords, the decrease in M* depends on the first pow er o f  [M*]. The so-called 

natural lifetime, o f  a radiative process is defined as the inverse o f  kr°, the decay rate, 

and by integration one can see that in a time t = Tr*̂ , [M*] has fallen to 1/e o f  its initial 

value, kr*̂  is also denoted  Anm , the Einstein coefficient for spontaneous emission where 

n and m refer to the upper and lower levels o f  the transition respectively. The Strickler- 

Berg^*^ relation states:

_ o _  1 _  3 .4 1 7 x 1 0 ^A,,,

This approach  to calculating has been applied to conjugated  polymers aswell as inert 

po lym er m atrices doped with organic small molecule dyes‘*°. The measured decay rate 

coefficient, kr, never equals  the actual rate, k ° ,  because additional processes including 

non- radiative ones like IC and ISC, contribute to the reduction in [M*].

[ M - ]  + k , , ,  [ M - ]  + k , ,  [ M - ]

kf is the sum o f  the all decay rates and t f  is the inverse o f  this sum so that i f  always <  X f° 

In conjugated  polym ers, for example, significant non-radiative decay causes the 

m easured  lifetime to be shorter than the natural lifetime. Oxygen free PPV has the 

longest X (1.2 ns) reported for PPV (film). This is because o f  the num ber o f  non- 

radiative routes decreases with oxygen removal.
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For steady state sample illumination the fluorescence quantum yield, O , ,  is:

is often measured using known standards or an integrating sphere and

experim entally  measured values o f  t f  and can be used to calculate if° which can

then be com pared with the theoretical/semi-empirical value o f  t  ° based on Strickler- 

Berg equation. As for singlet fluorescence, the phosphorescence yield, based on

triplet emission may be obtained. However, the excitation and emission beam s are 

m odulated to avoid fluorescence detection and, since m olecular oxygen tends to interact 

with triplet excited states, experiments should be done in the absence o f  oxygen.

^  > where
P

M easurem ent o f  the absorbed light intensity and the integrated ESR (electron spin 

resonance) peak allows triplet yields to be obtained directly.

O,.

Since t f  and can be m easured experimentally kisc can be easily calculated. Once 

kisc is known, kic can also be estimated from:

, _l-((U,+0,)

kic is typically too small to com pete with fluorescence or ISC so that +0./.  =  1.
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2.6 THE IMPORTANCE OF ELECTRON-ELECTRON 

INTERACTIONS IN MODELLING THE ELECTRONIC 

TRANSITIONS IN tt-CONJUGATED POLYMERS.

Electrons in orbitals in any material w ill always try  to interact by repelling one 

another due to coulombic effects. This repulsion w ill be greatest in a confined situation 

and its effects are in evidence in conjugated polymers. Electron-electron (e-e) repulsion 

and electron-hole (e-h) attraction can be viewed as being o f the same orig in and the 

effects o f  these interactions are often referred to as correlation effects^^. Hund’s rule and 

the energetic ordering o f  S and T are simple correlation effects - singlet and trip let 

excitons are no longer either o f  the same energy or o f  the same size since triplets are 

more localised. Shuai and Beljonne et have shown for PPV and its oligomers that the 

trip le t is stabilised by 0.65 eV w ith respect to the singlet. It is worth noting that i f  e-e 

interactions were too strong then semi-conducting polymers like PPV would be anti

ferromagnetic M ott insulators. Subtle correlations (qualitative failures o f orbital theory) 

are typically seen in narrow bands, low dimensionality, and excited states -  conjugated 

polymers having all three. Generally speaking, even parity singlets are lower in energy 

than odd w ith, for example, energies o f  2.5 and 2.9 eV respectively for PPV. The former 

is a one-photon singlet ( 1b ) where as the latter is a two-photon singlet (2a ). The ordering 

is a subtle correlation and explains why light-em itting polymers fluoresce since daylight 

is intense enough to excite one-photon transitions ( i f  the ordering was reversed laser light 

intensities would be required). So, in many respects fluorescence resulting from linear 

absorption is manifestation o f  a subtle correlation effect.

Inclusion o f  elecron-electron interactions in essentially "non-interacting”  one 

electron SSH-type Models through the electron-phonon coupling constant alone is only 

im p lic it and fails to describe many excitonic features in conducting polymers. Examples 

o f  these failures are that predicted absorption peak intensities d iffe r from those observed 

experimentally for t-PA, fo r NDGS fluorescence is predicted to be at bipolaron separation 

levels (actually it is much higher in energy) and that all photoexcited states should decay 

radiatively. Non-radiative decay, which occurs to some extent in all conjugated
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polymers, requires breaking o f  charge conjugation symmetry. This may be achieved by 

introducing e-e interaction terms into the Hamiltonian. Non-interacting n-electron 

models are, however, useful for comparing conjugated polymers with similar backbones.

in terms o f  modelling, going from uncorrelated (band) to correlated, e-e 

interactions or correlations may be switched on either by turning on a Hubbard 

potential,V(R) or, by varying the transfer integral t discussed in section 2.3. This is 

analogous to controlling the binding energy, Eb. In practice variation o f  t is used as it is 

accessible experimentally via the optical bandgap o f  the polymer. Maki et al and 

Baeriswyl et calculated the effects o f  modifying Uq in t-PA. Calculations o f  the 

effects o f  on-site and inter-site e-e interactions for strong lattice coupling predict PA 

absorption peak intensity ratios consistent with experiment. Weak coupling is sufficient 

to explain the asymmetric displacement o f  the levels.

Using a Peierls-Hubbard Hamiltonian, Shimoi s h o w e d , f o r  a NDGS polymer, 

that including e-e interactions renders two polarons more stable than a bipolaron. Long 

range Coulomb interactions (further than nearest neighbour) promote exciton formation 

in pristine polymers. Peierls-Hubbard models leave out these long range interactions but 

the Pariser-Parr-Pople (PPP) model includes them by using the Ohno potential. PPP 

models therefore account for both electron lattice and electron-electron interaction well. 

Modelling o f  higher energy excitations is only realistic in PPP type models. One can also 

use configuration interaction (Cl) methods, where the geometry-optimised structure is 

used as an input for the calculations, to model the bandstructure o f  polymers. Cl involves 

a general treatment o f  correlations and quantitative results are limited to small molecules 

for computational reasons. The UV absorption spectrum of, PPV can be described using 

Cl % r  PPP methods^^

2.6.1 Use o f the Band-M odel Versus the M olecular M odel for Interpreting the 
Nature o f the Pimary Excitations in pi-Conjugated Polymers from  
Experim ental O bservations.

In the band model photoexcitation o f  a conjugated polymer produces weakly 

bound polaron pairs. Singlet polaron-excitons with large binding energy, Eb, are 

produced in the molecular model, where the molecular “model” or “picture” is based on 

the photophysics o f  fluorescent small molecules. Strong e-e interactions favour
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formation of correlated electron-hole (e-h) pairs otherwise desciribed as localised 

molecular-type excitons whereas weaker e-e interactions may be described better using a 

band model with an additional electron-phonon coupling parameter (e.g. the SSH model). 

In conjugated polymers both models have been used to explain many o f the observed 

optical properties. Which model to use depends on the e-e interaction strength 

(characterized by Eb) relative to bandwidth and to electron-lattice interaction.

Bandgap

I'Bu-

One
photon

(vertical)
Singlet

Free e-h pair, no lattice relaxation

2E,

P' + P
Polaron 2 'A

Pair ®
(adiabatic) Two

photon
(vertical)

'B u -

Triplet

<— Ground State —>

F ig .  21 I l lu s t r a t io n  o f  w h a t  is m e a n t  by th e  b in d in g  en e rg y .  N ote  the  p o l a r o n  p a i r  is no t  c o n n e c te d  to th e  g r o u n d  
s ta te .  I'he tw o -p h o to n  e n e rg y  t r a n s i t io n  is sh o w n  fo r  c o m p a r i s o n .  is th e  p o l a r o n  p a i r  b in d in g  e n e rg y ,  E|, 
a n d  El,’ ‘••'c p o l a r o n -e x c i to n  b in d in g  energ ies .

Whether the primary excitations (e.g. by photo- or electro-excitation) are polaron 

pairs or bound neutral excitons is very important with respect to LEDs because the spin 

statistics are differ in each case. If the lowest energy elementary excitations are bound 

excitons, EL efficiency can only reach a maximum of 25 % of the PL efficiency. This is 

due to simple spin statistical arguments considering the degeneracy o f the singlet and 

triplet excited states. In the band model for electroluminescence (EL), singlet excitons 

are intermediates in the recombination of free P+ and P- injected at the electrodes in 

which case the maximum possible EL quantum efficiency can be 1 (‘unity’) or 100%. 

EL quantum yield > 25% requires a spin dependent singlet:triplet formation crossection 

ratio in the presence o f a spin dependant relaxation channel (see section 3.6.3.1). The 

limit of EL QY depends on the value o f Eb.
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2.6.1.1 Interpreting Experimental Results o f  conjugated polymers

For molecular crystals the argument in favour o f a molecular excitonic model is 

based on XRD data which show molecular units rather than an extended system. The 

molecular model is also adopted, on account o f small molecular size, for small molecules 

in sublimed thin films for SMOLEDS, where there is a lack of an extended band in the 

amorphous sublimed films. The different excitation energy thresholds for singlets and 

triplets in PPV etc resemble those for molecular solids like anthracene and suggest 

confined (molecular) excited states. Interestingly, however, much light-emitting 

conjugated polymer data may be interpreted using both models -  a first example is the 

absorption lineshape for conjugated polymers. The Density of States (DOS) equation for 

a 1-dimensional DOŜ *̂  similar to that expected to exist in a linear conjugated polymer is;

\ ( 2 m \  ^  n , H{ E- E , )  
g { E \ ^ d E  = -  — \

n y h  ) { E - E . )

\

dE

OD
ID

3D
2D

F ig . 22  P red ic ted  DOS for I, 2 an d  3-d im ensional system s.

A potential problem with using the band model (and why it is questioned for conjugated
4Rpolymers) is that polydiacetylene (PDA) crystals are definitely excitonic and display 

symmetric absorption and electroabsorption profiles. Conjugation is assumed to be 

similar in PDA film s  which also exhibit excitonic behaviour. Although disorder is partly
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responsible for varying Eb values, it cannot be the primary reason since both PDA 

crystals and spin coated films give Eb o f  0.5 eV. Because PDA is a conjugated material 

with strong e-e interactions, this behaviour could be assumed to be the same in other 

conjugated materials like PPVs. However, the fact PDA cannot be described by the band 

model provides merely a circumstancial reason for believing this approach is not 

applicable to other conjugated polymers like PPV. For example, although the structures 

are similar, the \ q!2\  ordering is different in PDA to that in PPV.

in practice, in films o f  NDGS polymers the chains are believed to be consist o f  a 

range o f ' ‘conjugation lengths” (CL) separated by twists, kinks, meta-links etc., due to the 

chemical structure and the resultant chain-packing. The idea o f  CL contrasts with a 

delocalisation-based band model with thousands o f  untwisted repeat units. However, in 

conjugated polymers Van Der Waals contacts are indicative o f  weak inter-chain 

interactions, and Ti-electron delocalisation is restricted to one dimension and is associated 

with the backbone which contains thousands o f  repeat units, inherently demanding a band 

approach. In ordered, oriented MEH-PPV, which is actually a blend o f  MEH-PPV and 

PE which has been stretch-aligned^^, the CL is considerably longer than usual, making it a 

good sample to test the band model. Asymmetric linear absorption spectra o f  highly 

oriented MEH-PPV samples produced by stretch aligning polymer strands in thin films 

demonstrate that the observed asymmetry (square root singularity) is intrinsic to a 1-D 

semiconductor, implying the band model is applicable. One might expect asymmetry in 

lineshape to decrease with respect to the molecular model which uses a superpostion o f  

absorption spectra from a range o f  CL to explain the observed lineshape for oriented 

material. In fact it the asymmetry increases significantly. From the band model point o f  

view, the ordered material is expected to exhibit a l-d lineshape and disorder is expected 

to suppress the perfect l-d  square root singularity and make the absorption lineshape 

more symmetric. So the intrinsic lineshape o f  these materials should be based on 

oriented samples like this in which the lineshape is well characterized by a square root 

singularity inhomogeneoulsy broadened and rounded only slightly by a small degree o f  

disorder. Furthermore, trying to apply a superposition o f  Lorentzian or Gaussian 

lineshapes corresponding to different CL to explain the oriented sample spectra means 

using a disproportionate number o f  short s e g m e n t s . F i t s  to the linear absorption using
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the SSH model for oriented PPV are very good and suggest that fundam entally  the 

exciton model can only be consistent in the w eak binding limit.

It m ust be stated that for unaligned thin films there is much evidence for 

the existance o f  CL. Conjugation length is defined as the length o f  a chain over w hich  

there is no interruption o f  conjugation due to defects or severe out-of-plane tw isting o f  

the chain. The energy o f  an exciton on a chain is, therefore, dependent on the 

conjugation length on which it resides. Broad linear absorption and narrow  fluorescence 

point to energy transfer to long segm ents  in PPV. This implies that a range o f  conjugation 

lengths (CL) is present in the material. The disorder associated with flexible segm ents 

resem bles m ore traditional non-conjugated  polymers. Generally  speaking, experim ents 

are performed on films (rather than extended chains) where conform ational degrees o f  

freedom generate short conjugation lengths. Thus, finite segm ents account for the 

photophysics o f  PPV and its derivatives where 5-10 phenyl rings becom e the “ molecular 

units” forming long flexible strands that com prise the backbone. Site-selective 

f iuorescence (SSF) experim ents also supports  the com m on held view o f  a m olecular 

exciton in conjugated polymers^"* Singlet excitons can inter-site hop by tunneling or 

Forster transfer o f  energy. All excitons are mobile and theory suggests excitons migrate 

to long chain segm ents which have sm aller gaps and lower energy excited states. These 

m ay then decay radiatively. In SSF experiments^'*, the existence o f  a localisation 

threshold in a plot o f  0-0 em ission peak energy versus excitation energy has been 

interpreted as being due to a CL distribution in PPV -  below  the threshold the em ission is 

excitation energy dependent since excitons do not have enough energy to hop to lower 

energy sites. V ibronic structure in absorpton and em ission spectra is also evidence o f  a 

confined m olecular picture or CL picture since since the H uang-R hys param eter implies 

there is s tronger lattice coupling associa ted with confined excitations. V ibronic features 

could not be observed in the absorption and emission spectra o f  conjugated polym ers  if 

the equilibrium positions o f  ground and excited states were identical. These features 

oppose the notion o f  a truly delocalised band picture.

Since Electroabsorbtion (E A ) is a third order N L O  (nonlinear optical) process, 

and since depends strongly on localization length (or conjugation length), EA 

preferentially probes the longest segm ents  presum ably  since longer segm ents will have
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greater polarizability. EA as such is particularly useful as it naturally focuses on the 

more intrinsic electronic properties o f  a pristine polymer. In this regard, EA is best used 

to analyse oriented polymers. Identical linear absorption and EA onsets point to long 

segments in oriented PPV dominating both spectra. The fact that the EA lineshape 

follows the first derivative o f  the absorption (as it does in PDA in which excitons are the 

fundamental excitation) is not necessarily proof o f  the exciton model being applicable 

since this relationship is in fact well explained by perturbation theory. Considering the 

relative peak intensities in the EA spectra is also o f  interest. The EA max:min peak 

intensity ratio is asymmetric for ordered MEH-PPV (3:1) but is (1:1) for PDA. It has 

been shown 3:1 is inconsistent with excitonic absorption. The EA spectrum o f  MEH- 

PPV was quantitatively fitted with band theory by Pakbaz et al. Using SSH theory for 

highly oriented MEH-PPV, the parameters extracted from the fitted data were used to 

show that excited state wavefunctions are delocalized over at least 400 A (about 50 unit 

cells)

Photoconductivity experiments may also be interpreted using both models. Since 

the energy gap measured from the onset o f  absorption is the relaxed  gap, the single 

particle energy gap is given by adding the binding energy to this value. The difference 

between absorption and photoconductivity (PC) onsets for PDA and PPV is notable. The 

offset o f  these points is 0.5 eV for PDA but is coincidental for PPV, suggesting a very 

much smaller Eb within the molecular model for the latter since PC requires free carriers 

whereas excitons are bound^'. In the molecular model, charge generation must be seen as 

a secondary process, preceded by direct exciton formation. In the band model mobile 

carriers are directly photogenerated and so photoconductivity (PC) is viewed as a primary 

process, not an artifact.

In the context o f  steady state PC onset coincidence with absorption it is interesting 

that, using DeV ore’s analysis “ (which assumes every photon absorbed creates a pair o f  

charge carriers (i.e. charge carriers are primary photoexcitations), the PC response 

calculated from the absorption profile agrees well with PC experimental data, in support 

o f  the band model. Based on the molecular model, the energy dependence o f  the PC 

response should match the thin-film absorption. This, however, is not seen for MEH- 

PPV where both steady state and transient (ps) PC onsets coincide with the optical
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absorption onset, implying a small Eb (<0.1 eV), in favour o f  the band model. The fast 

transient photocurrent is temperature independent and is linearly proportional to the 

external electric field. These facts mean the quantum efficiency o f  carrier generation is 

independent o f  temperature and electric field. Also, because the fast transient is linearly 

proportional to light intensity, carrier generation efficiency is independent o f  the level o f  

excitation. The sharp rise-time for PC (nano-picoseconds after photoexcitation) and the 

fact that photo-induced charge transfer studies^^ o f  PPV - Ceo mixtures occur on a 

femtosecond indicate very easty, fast electron-hole separation. The remarkable 

temperature independent sensitization o f  PC by Ceo seen in transient PA studies implies 

that initial photo-excitations are mobile, charged polarons and sets an upper limit o f  Eb o f  

less than kT even at 100 K. I ’hese facts all point to a first order carrier generation process 

that cannot be attributed to interactions between excitations and strongly demonstrates 

neutral polaron-excitons are not the primary excitation for MEH-PPV. Other reports also 

suggest this is the case for polyfluorene.^'*

Disorder in PC (photoconductivity) data is manifested by the existence of a 

threshoid^° energy Et below which a modulated steady state PC decreases faster with 

chopping frequency than above it. This threshold probably corresponds to a mobility 

edge separating localized states from extended states. Below the edge, activated mobility 

o f  localized carriers leads to a slower response. This threshold agrees with Rauscher’s 

localization threshold. The PC data show no dependence^^ o f  activation energy on 

excitation energy in contradiction with Onsager theory, exciton dissociation and the 

molecular model. Although disorder limits the mobility, it does not dominate the 

threshold for charge generation which is decided by the Eb. In the band model, Eb «  Eopt 

and the absorption leading edge essentially determines the carrier- generation threshold. 

In the molecular modeP® used in Rauscher’s SSF experiments, the lower energy sites 

below the threshold are associated with longer conjugation lengths and less localisation. 

In the band model states below the mobility edge in the PC data are more localized. 

Despite different interpretation, the threshold energy is equal in the PC and SSF 

experiments, allowing the PC data to be interpreted by either the exciton or band model.

Field dependent photoconductivity and photoluminesce data can be interpreted 

with either model too. The transient PC is linear for fast transients up to £  = 10^ V/cm
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but above this is nonlinear. The crossover point from a linear to a nonlinear regime 

depends on the degree o f  chain alignment (i.e structural disorder or sample quality). The 

better the chain alignment, the sooner the response goes nonlinear. A t low T (77 K) 

measurements were done w ith  respect to field-quenched PL (photoluminescence) and PC 

(photoconductivity) nonlinear onsets for a conjugated polymer. In the exciton model a 

linear relation between the changing photocurrent and PL intensities should exist but this 

is not so^°. N o t only are onsets different, above the onset values the PC response is 

sublinear w ith  respect to the PL quenching. This is contrary to expectations from the 

molecular model as it indicates that field-induced carrier generation is not significant -  

i.e. quantum effic iency o f  carrier generation is quite independent o f electric fie ld (E) even 

in the nonlinear range. This again suggests that these high fie ld effects are best explained 

using the band model. It is important to distinguish between generation and subsequent 

transport. The reasons fo r the threshold are transport rather than generation related. The 

nonlinearity in the data is essentially obeying a nonlinear transport equation which may 

be due to field-assisted detrapping, for example.

The relatively low  fie ld required fo r the onset o f  PL quenching is consistent w ith 

a weak Eb. Estimates fo r Eb based on this onset and the spatial extent o f the exciton in 

PPV, yie ld values o f  the order o f kT  (at room temp) i.e. approx 2x10 “ eV, in favour o f 

the band model. Field-induced quenching o f  PL is a general phenomenon and not 

necessarily indicative o f  exciton dissociation by an electric fie ld. Injected carriers may 

also act to quench PL. Indeed, as fie ld increases, there may be more o f these. Steady 

state illum ination can also cause PL quenching due to photogeneration o f charge carriers. 

Deusen et state PL quenching in blends under forward bias was higher than under

reverse bias at the same fie ld . This is correlated w ith the higher photocurrent in forward

bias than reverse bias. In the weak binding lim it, fo r times less than 50 ps after
9 9 . . .

photogeneration, a m ob ility  value o f  2x10'“ c m W s  was obtained which is reasonable 

given that pre-trapping transport is dominant. This value is higher than tim e-o f fligh t 

data and appears more consistent w ith  the value o f  5 cm /Vs reported by V irg ili et al, 

derived from an optica lly determined Langevin recombination rate constant^"^.

The PL quenching data is consistent w ith the band model and electric fie ld 

induced quenching o f  PL from  mobile polaron-pairs.
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2 .6.2 Binding Energy Synopsis

Unfortunately , similar to the range o f  values seen in the literature for singlet 

exciton yields in PLED s (section 3.6.3.1) a wide range in singlet exciton binding energies 

o f  LEPs has also been reported ( kT - 1 eV)^^. Eb values have been obta ined  from a wide 

range o f  experim ents including internal photoem ission in LEDs, electroabsorption and 

absorption, ultraviolet photoem ission spectroscopy, light-emitting electrochemical cell 

measurem ents, photoinduced absorption, nanosecond photoconductiv ity , and 

electrochemical doping as well as theoretical calculations. The experim ental challenge is 

to obtain accurate results that distinguish clearly between the band gap, polaron pairs, and 

the exciton. i f  Eb is much larger than kT and the disorder-induced band-tailing, bound 

excitons would then be stable. On the other hand, if  Eb is less than or com parable to kT 

and the disorder-induced band tailing, then excitons would not form, rather polaron pairs 

w ould  be stable. The band and the exciton models are not conceptually  different: the 

issue that must be resolved is the strength o f  the binding energy relative to the single 

particle continuum  (the L U M O  or lowest unoccupied molecular orbital band). Referring 

to Fig. 21, relaxation is important in defining what one m eans by the energy gap. In 

order conclusively to prove the existence o f  excitons, one needs accurate  know ledge o f  

Eb and Eg values. It is possible that from coincidence o f  good clear experim ental data 

from photoconductivity , absorption and EA experiments, one can be confident in singlet 

Eb values for som e materials.

Triplet state identification was confirmed using photoinduced absorption (PA), for 

PPV, by Wei et B ipolarons are the other sub gap peaks that have been identified. 

Som etim es only the T-T* transition sub-gap peak is seen and its lineshape is asym m etric  

in oriented samples. The T-T* absorption signal is polarized parallel to the chain axis 

m eaning  it is an intrachain excitation which is intrinsic and well defined. A lthough, as 

evidenced from the foregoing, there is controversy over the value o f  the singlet binding 

energy, triplets are well understood as bound e-h pairs. A large triplet binding energy 

m eans a stable triplet which gives plenty o f  time for intersystem crossing to occur. 

A lthough the dynam ics o f  triplet state formation are not well established, the intersystem
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crossing time is, however, expected to be slower than 1 ns. This is the case for 

polythiophene which has heavier atoms in the molecular structure than PPV and therefore 

exhibits more spin-orbit coupling than PPV.

Data fo r ordered M EH-PPV suggests that mobile charge carriers (charged 

polarons) are the primary photoexcitations in the MEH-PPV poly-arylene vinylene 

(PPV) fam ily . However, disorder induced localization in conjugated polymers can 

cause a conjugated polym er to exhibit more molecular type behaviour. So, clearly 

disorder does have important effects in both the band and molecular interpretations. In 

conjugated polymer film s there is, typically, sufficient resolution to assign spectra but 

not defm itive ly  so. Finite conjugation lengths and variable environments should be 

considered in any analysis since these variables offer adjustable parameters that produce 

deceptively accurate fits. Heeger points out^° that, since some results have been 

interpreted (e.g. SSF) using either a band or molecular model, it is unwise to assume that 

a certain experimental result for a given polymer is p roof positive o f the suitability o f 

either model.

2.7 INTERMOLECULAR ENERGY TRANSFER

Radiative energy transfer simply requires that the emission o f  one excited 

molecule overlaps the absorption o f another. Nonradiative energy transfer can be either 

coulombic or electron-exchange energy transfer. Non-radiative energy transfer may be 

thought o f  as a nonradiative transition in a single (M *Q ) super molecule so that much o f 

the non radiative theory already alluded to for single molecules still applies here. The 

interaction Hamiltonian may be split into two parts: H = He + Hee which exert

influences at d ifferent intermolecular distances.

Coulom bic energy transfer is dominated by long range dipole-dipole interactions 

which cause mutual perturbations o f the electronic structures o f  the energy donor and 

acceptor. V ia  the electromagnetic fields o f  the molecules, a dipole oscillation o f M * 

may introduce a corresponding oscillation in Q. This process may occur at 

intermolecular separations up to 100 A and in this mode, an electron on M *  w ill remain 

on the the deexcited M. Here we focus on the coulombic part o f  the interaction
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Hamiltonian, He. The excited electron in the HOM O o f M * can excite an electron from 

the HOM O o f Q into the LU M O  o f Q provided the latter is not o f  a greater energy than 

the HOM O o f M *. Looking at Hnm (electronic coupling matrix element) fo r the process, 

it can be represented by (3ewhich is given by:

Where jUm and |.tq are the dipole moments o f  M * and Q and r is the distance between M * 

and Q, Forster identified these quantities w ith the transition dipole moments M -M * and 

Q-Q* and related them to experimentally accessible quantities such as Xr.

K . .
3/ f n \ X )

<IA

where is the fluorescence quantum distribution spectrum for the donor, is the

acceptor absorption spectrum, n{A) is the refractive index o f  the environment, f  is an 

orientation factor, equal to “/s fo r randomly orientated species, and is the natural 

lifetime o f  the donor species.

K

where the Forster radius, Ro, is given by;

3/  ^
R =

6A7t' r- «‘ U )

The spin selection rules which apply are those that apply to the individual molecules i.e. 

m u ltip lic ity  changes are forbidden.
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In the case o f  short range energy transfer, the Hee term is relevant and involves 

the physical transfer  o f  electrons from energy donor to energy acceptor and is described 

using D exter’s e lec tron-exchange theory^^.

dt n

W here Z is ju s t  a pa ram ete r  found to behave as:

Z '  oc

In contrast to Forster transfer, electron exchange energy transfer requires much 

closer contact (6- 20 A) betw een M* and Q since overlap o f  orbitals is required to 

facilitate the e lectron transfer m echanism.

2.7.1 Excimers and Exciplexes

An ex c im er  is an excited d im er and is only stable in an electronically excited 

state, ow ing to the m utual repulsion felt by both molecules at small intermolecular 

separation. E xcim ers m ay form in concentrated organic solutions containing excited 

m olecules or in thin solid films contain ing excited molecules. The absence o f  a bound 

ground state m eans that emission must lead to dissociation o f  the com plex. All the 

photophysical processes  already described also occur for excimers. Excim er em ission is 

structureless because the FC envelope now includes a multitude o f  levels associated 

with the low -frequency vibrations o f  the excimer. Also, it is always red-shifted with 

respect to that o f  the m onom er. Excim er formation represents a form o f  quenching 

since the emission intensity from free M* is reduced. A ccordingly, excim er quenching is 

often referred to as concentration quenching. It is worth noting that excimers may also 

be form ed by triplet-triplet annihilation, resulting in excim er fluorescence, introduced 

earlier as p-type delayed fluorescence. An excim er is thus the result o f  emitter-emitter 

interaction.
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An exciplex is an excited complex, differs from an exc im er in that the two 

molecules are different. It differs also insofar as a degree o f  electron transfer is involved 

in exciplex formation, but not in excim er formation. In com m on with  excimers, 

exciplexes have no bound ground state. If  the electron m igrates betw een the two 

com ponents  there is a charge transfer resonance and if  there is com plete  charge transfer 

then an ion pair exciplex is formed. An exciplex could form in a PLED  between for 

exam ple an emissive hole transporter (HT) molecule, as many am ine-based  HTs are, 

and the desired emitter. The best way to avoid excim ers and exc ip lexes  is to keep 

molecules with similar energy levels well separated or, if  two emitting moities exist in a 

single molecule, to keep them well separated or reduce the overlap  o f  their absorption 

and em ission spectra.

2.7.1.1 Emmissive and Non-emissive Inter-chain Excitations in pi- 

Conjugated Polymers

Because o f  the S-T branching ratio argum ent whereby ELmax =  PL/4, the 

photophysics and factors which limit (j)pL, are o f  interest. The latter should be referred to 

as a quantum yield rather than a quantum  efficiency as it is likely to vary for different 

batches o f  the same material. (|)[>l is wavelength dependent and yet at the different 

excitation wavelengths the PL decay is similar. This suggests that excited  species other 

than intrachain singlet excitons are formed upon photoexcitation and, thereby, offering 

non-radiative decay routes. These routes are due to the existence o f  long-lived polaron 

type carriers which, in turn, are more likely to quench intrachain polaronic excitons. 

More evidence o f  interchain interaction is that (j)pL decreases due to non-em issive 

polaron pairs as concentration increases. Also, at a given concentration, increases in 

conjugation length are also associated with reduced (j)pL, probably due to chain-folding. 

Generally speaking, one m ight conclude that a long-lived photoinduced absorption (PA) 

species and a concentration-dependent PL yield point towards interchain species.
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2.7.2 Polaron Pairs, Excimers, and Aggregates in Cojugated Polymers

B ound polaron pairs are considered as bound coulom b charges on adjacent 

chains w hich  are formed by separation o f  hot intrachain singlet excitons on a 

subpicosecond tim escale  and which recom bine geminately. The w avefunction overlap 

o f  negative and positive po larons in the pair is very poor so that radiative recombination 

is ex trem ely  im probable (the transition dipole m om ent, therefore, is small and the 

likelihood o f  a transition also small). Polaron pairs are also variously referred to as 

excim ers, CT excitons or indirect excitons. However, the term inology chosen here is for 

polaron pair to refer to a non-radiative species and excim er to refer to a species which 

may be radiative or non-radiative. The term  polaron pair was first introduced in 1992 by 

Frankevich et al and later by Rothberg et al '̂ .̂ A separated polaron pair is one where the 

cou lom bic  attraction is reduced with respect to a polaron pair for adjacent chains but is 

still g reater than kT  (otherwise there would be free polarons).

Initial ev idence o f  aggregates/excimers can be obtained from film and 

concentra tion-dependent solution absorption spectra and photolum inescence spectra. 

Both exc im ers  and aggregates have broad emission but the aggregates may show  some 

phonon structure because o f  ground state stability. Using the term excimer, as opposed 

to exciplex, implies that two identical (in practice, at least, very similar) conjugation 

lengths are facing each other. Excimers are formed by resonant Forster energy transfer 

from one chain to another. For excim ers to decay radiatively there must be good 

overlap  betw een ad jacent chains. For this, a relatively small Forster radius or, in other 

words, close interchain spacing ( 3 - 4  nm) is required. The Forster transfer is usually 

irreversible in organics. An excim er, typically, has a lower emission energy m axim um  

than the isolated exciton. Aggregates differ from excimers in that they have stable 

ground states w hich  implies s tronger interchain coupling. W hether exc im er or 

aggregate  em ission is seen can often ju s t  be sample dependent. Focus in this chapter 

will be on poloran pairs (non-radiative) and excim ers (emissive) because PPV and 

M E H -P P V  do not form aggregates with lower excited state energy than isolated chain 

segm ents.
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2. 7.2.1 Evidence fo r  Non-Radiative Polar on Pairs

In picosecond transient pum p probe experiments, the calculated amplification 

due to stimulated emission is less than that expected. This  is due to PA by an excited 

state species characterised by a peak in the n-lR  for PPV. The species in the n-IR has 

different decay dynam ics (longer lifetime) to the stimulated emission for a solid film, 

suggesting it is not associated with the singlet exciton. For M E H -P P V  it has been 

shown that the negative peak in the PA spectrum increases on going from  solution to 

solid blend to hom ogeneous thin film, linking the excited state absorption with chain- 

packing or interchain-spacing. Broadening in PA spectra due to polaron pairs is not 

only due to disorder but also to the opposing polarons in the pair m oving  aw ay to a 

position where they vibrate in their potential wells which are shallow and quite broad. 

Broadening is also due to separated pairs.

The PL for M E H -PPV  has similar decay times in solution and film. In fact, ([)pi. 

in solution is much higher than for film and this suggests another, different, non- 

radiative excited state species also exists in the film.

For Rothberg’s study o f  PPV which is definitely well described by the molecular 

model with intrachain excitons, he assigns this species to non-em issive polaron pairs^^ 

which have a quantum  yield formation o f  0.9. M izes and Conwell have calculated the 

PA for interchain polaron pairs which supports R othberg’s data^°.

2.7.2.2 Consideration o f  Other Species Contributing to Non-radiative Decay

If  polarons are, in fact, the other excitation aside from the singlet exciton, and 

they are the main species contributing to non-radiative decay, one m ight expect to find 

incident light polarizaton (with respect to po lym er axis) dependence for photocurrent 

and PA m easurem ents. This is not how ever the case. One w ould  also expect the PA 

feature to have a bim olecular decay which is not the case either. Furtherm ore, the 

excitations observed in solid state PA m easurem ents,  do not occur in dilute solution 

where there is very little inter-chain interaction.
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Separated pairs can be seen in PLODMR -  indicating the presence o f  polaron 

pairs. Evidence for separated pairs comes from the magnetic field dependence o f  PC 

and PLODM R signals (time scale fxs -  ms).

If the other excitations are bipolarons, one might expect a long formation time 

which was not seen. Since triplets do not absorb at 0.5 eV (the peak seen in the PA) 

combined with the observations just discussed, it is reasonable to assume the PA signal 

is due to polaron pairs.

Rothberg et al concluded that the singlet quantum yield is just 0.1 whereas 

Greenham et al conclude a very high singlet quantum yield o f  almost 1 based on (|)pl o f  

0.27 for their PPV. The fact that their PL yield calculations do not take into account 

self-absorption is not enough to make Rothberg’s analysis^° acceptable. Such a yield o f  

non-em.issive excited state species in Rothberg’s case cannot explain a high PL yield in 

other PPV samples like Greenham’s. For PPV, there is no evidence for emission due to 

interchain species^® (i.e.excimer emission). For example, PPV oligomers, after 6-7 

monomers, the PL stops decreasing in energy and the PL o f  the oligomers in solution is 

the same as that seen for PPV thin films. This indicates that intrachain excitons are 

responsible for emission in PPV films. The lifetime and other exciton parameters 

obtained using the Strickler-Berg relationship also suggests that emission is intrachain.'^® 

The behaviour o f  PPV means that an excited state formed by intermolecular energy 

transfer, probably non-emissive polaron pairs, is only responsible fo r  reducing the 

intrachain singlet emission. The short lifetimes o f  aroung 1 ns for PPV would tend to 

support the notion o f  intrachain exciton decay. It is generally assumed that there are. 

however, excimers in stretch aligned crystalline PPV (interchain spacing o f  0.34 nm) 

and MEH-PPV. Emission due to aggregates is ruled out on account o f  the long radiative 

lifetimes (aggregates would have short lifetimes due to the good ground state coupling).

2.7.2.3 Excimer Emission in PPV-type Polymers.

Time-resolved work must be done for a range o f  excitation and emission 

wavelengths in order to help separately identify migration o f  excitations and their decay.
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From studies o f  fluorescence lifetimes and PL quantum  yields, Sam uel et al find that, for 

cyano-PPV  (CN PPV), the high PL quantum  yield in solid state is due to excim er 

emission and reduced non-radiative decay rates. They^' have shown C N P P V  exhibits 

long-lived, unstructured emission and have assigned it to excim ers with emission lower 

in energy than the intrachain exciton emission.

The reason non-radiative decay is reduced in C N -PPV  is probably  due to the 

excim er being less mobile than an intra-chain exciton. C N -P P V  solution lifetime is 1.7 

ns but 16 ns in film. Clearly C N -PPV  is intra-chain in solution but inter-chain in solid 

film. Long radiative times are characteristic o f  excim ers since the transition from 

excim er to ground state is usually forbidden by sym m etry. The fact that excim er 

emission can be observed, m eans an alternative view to R o thberg ’s m ust be that 

recombination involving a polaron pair can be expected to be non-radiative in most 

cases but that emission from polaron pairs is possible. Also the PLQ Y  is h igher in film 

than in solution -  in general for LEPs the opposite is seen due to exciton migration to 

quench sites. This  implies an emissive inter-chain species exists, w here  the inter-chain 

exciton mobility m ust be low due to (the presence of) exc im er or d im er regions where 

excitons are stopped before they can reach non-radiative decay sites. T he inter-chain 

radiative decay oscillator strength will be less. However, the yield m ay be high since 

although the radiative rate constant is reduced, the non-radiative rate constan t is reduced 

even more. Friend et al^^ use the term “ inter-chain exc iton” w'hen d iscussing CN-PPV 

rather than “excim er” or “polaron pair” because the latter two term s are frequently 

associated with non-emissive species.

Identifying the emissive species in M E H -PPV  is less clear cut than for PPV or 

CN-PPV^°. M E H -PPV  solution excited at 560 nm (low energy side o f  absorption) has a 

lifetime o f  0.9 ns, similar to PPV  solutions and films, but M E H -P P V  film has a lifetime 

o f  5.8 ns which lies between that for PPV and CN -PPV . Clearly , M E H -P P V  is intra

chain in solution but in solid state some aspects o f  PL can be explained by inter-chain 

(excimer) and som e by intra-chain (vibronic structure) emission.

M onte-Carlo cooling algorithm s yield the approxim ate spac ing  o f  polym er 

chains in a layer (chains side by side) -  the larger spacing for M E H -P P V  (0.41 nm ) than 

C N -PPV  (.34 nm ) implies poor overlap and, therefore, longer radia tive lifetimes in
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M E H -PPV  than C N -PPV . Since they are so long, the non radiative decay is m ore likely 

a de-excitation route for excim ers in M E H -PPV . Based on overlap probability as a 

result o f  interchain spacing, exc im er emission in M E H -PPV  is about 20 times less than 

for C N - PPV. Since the lifetime is 16 ns for C N -PPV , this m eans that the interchain 

excitations in M E H -P P V  are likely to be non-em issive polaron pairs.

2. 7.2.4 Tackling the Problem o f  Non-Emissive Polaron Pairs

K now ledge and control o f  interchain interactions^^ is very important. Pressure 

dependent PL m ay be a way to study change from intra to inter m olecular excitation 

(shown for PPV already.) Blends are another way o f  studying inter-chain interactions. 

PPV in polycarbonate  show s im provem ents in PL yield with respect to the pure Film.^^ 

The deve lopm ent o f  po lym ers like C N -PPV  where excim er or aggregate em ission is 

efficient is one w ay to circum vent the problem o f  non emissive polaron pairs, which 

have been identified in PPV. This requires materials with immobilized interchain 

species and good overlap o f  chains. Alternatively, focus should be on eliminating 

interchain species altogether by drastically reducing close chain packing. In this regard 

poor interchain registry (e.g. using photophysically  inert norborneneiPPV  copolym er) 

has been achieved using short conjugation lengths and using rotaxanes. Rotaxanes, 

however, m ight have the disadvantage that operating voltage w ould  increase due to 

reduced film mobility.

2.7.3 Synopsis o f Interchain Interactions in Conjugated Polymers

Reported values for <t)pi for films o f  CN -PPV , PPV and M E H -PPV  are 0.27, .35 - 

.46, .1-.15, respectively, which m eans that M E H -PPV  suffers m ost from non-radiative 

decay routes, m ost o f  which are considered to be due to interchain interaction.
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X

Fig. 23. G eneral schem e for radiative and non-radiative decay o f  an excited species in a conjugated  
polym er. A and B represent an intrachain and an inter-chain excitation  respectively. X is the  
in itially excited state. K denotes the flrst order rate constant for the transitions indicated by the lines 
betw een the relevant species. T he arrow s leaving A and B represent radiative and non-radiative  
routes (characterised  again by the route rate constant) back to X , the ground state. Rba 's expected to 
be sm all com pared w ith the decay channels o f  B .

The general excitation scheme in Fig. 23 above is very good and should be used 

as it will always be valid no matter w hat m olecular engineering developm ents are made. 

From the fore-going discussion o f  interchain interactions here is a b r ie f  synopsis.

•  Both intra and inter chain excitations can decay radiatively or nonradiatively

•  The m agnitude o f  the non-radiative decay rate versus the radiative decay rate is 

what determ ines (j)p|.

•  Avoiding interchain species altogether would be the best way o f  having high 

PLQ Y  and consequently  efficient devices.
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chapter 3

3 CHARGE TR A N SPO R T IN AND 
ELECTROLUM INESCENCE OF ti-CONJUGATED THIN

FILM ORGANIC LEDS.
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3.1 ELECTRICAL TRANSPORT IN CONJUGATED POLYMERS.

A lthough carriers in organic films may be optically and or therm ally  generated, 

the focus in this chapter is on electrical transport m echanism s o f  carriers generated by 

injection from electrodes. Charge carrier generation is distinct from carrier conduction 

but it does provide the impetus for the latter as typically upon carrier generation 

redistribution o f  charge by diffusion or drift (or both) o f  charge carriers is required to 

reach neutrality and equilibrium. In conjugated polym ers the m obility is anisotropic 

where in plane (intramolecular) transport and is only usually observed in A C  

m easurem ents. This anisotropy is not evident in conjugated small m olecule thin films.

3.1.1 The Energy Band Model

Energy band formation was described in chapter 2. A negative tem perature 

coefficient o f  carrier drift mobility (mobility due to an applied electric field) is the mark 

o f  band transport, where Fermi-Dirac statistics apply. This is observed in conventional 

sem iconductors and organic crystals. However, the uncertaintly principle regarding 

energy and time requires that the carrier mean free path is larger than the lattice constant 

and, even in m olecular crystals, these criterion are barely met. Despite this, band theory 

can successfully predict many transport phenom ena including the lattice com ponents  o f  

carrier drift m obility and its tem perature dependence in organic crystals such as 

anthracene, naphthalene and pentacene. Band theory which treats electron lattice 

interactions as a small perturbation, w orks well for inorganic sem iconductors  but is not 

appropriate  for highly am orphous conjugated polym er and small m olecule films which 

have very narrow  bands and very low carrier mobilities.

3.1.2 The Tunnelling Model

Q uantum  mechanical tunneling o f  an electron through a potential barrier is a very 

general phenom enon  and was proposed originally by Josephson '.  T he transmission 

probability , P, for a general barrier, o f  length x t - x i , is given by integral calculus as:
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The tunnehng conductivity model assumes a charged particle (e.g. an electron in a 

negative polaron) can tunnel, conserving energy, through a potential barrier to a new site 

site on a neighbouring molecule, forming a polaron there. In this model, tunneling of an 

electron to a neighbour is more likely than its relaxation to ground state and is most 

likel>', therefore, for long lived triplet states. The tunneling model can be considered a 

band model if tunneling is over a large number of molecules with a small periodic 

potential barrier o f width (< 10 A). These criteria are not normally met in a disordered 

material, however, if there are nano-crystallites present, separated by a thin barrier, 

fluctuation-induced tunneling may occur on a highly localized scale.

3.1.3 The Hopping Model

For narrow bands, carrier scattering is a multiphonon process, and carrrier motion 

is random and incoherent, unlike the Bloch wave case for band motion in a crystal. This 

means a hopping model (Mott 1969^) where a carrier can move from one molecule to 

another via an excited state, by jumping over a potential barrier, is most likely for 

amporphous materials. Band transport involves coherent transport with mobility 

dependent on the number o f oscillators whereas hopping transport is a random process. 

Hopping is inherently a quantum mechanical tunneling process but it is phonon assisted.
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W hether hopping or band transport appHes depends on the strength o f  electron- 

lattice interactions. I f  the electron relaxation time, t, is less than the interm olecular 

vibration period, Vimer, and the latter is less than the intramolecular vibration period , 

Vintra, the band model is applicable and if  tjntra < t < tjnter, then the lattice is polarized, 

resulting in polaron formation where the electrons are trapped by phonon-interaction, in 

self-induced potential wells. Basically, if  the phonon bandwidth is large in comparison 

with the polaron bandwidth, hopping will predominate. The probability o f  finding the 

electron in a trap level different in energy to its initial trap level is proportional to the 

product o f  the probability o f  finding the electron displaced by a distance r from it’s 

initial trap position and the phonon energy , E, required to make the transition:

where is known as the localisation length and E is positive for conduction processes. 

The displacem ent and energy dependence o f  the hop are reflected in the first and second 

terms in the exponent in the equation above. At lower tem peratures low energy hops 

over relatively large hopping distances will be most likely and, conversely, higher energy 

hops over shorter hopping distances will be more probable at higher temperatures. For a 

given tem perature, conductivity based on hopping will be governed by the average 

hopping distance, ( r ) . To see what the most probable hopping distance is one must 

consider the energy difference ^ as a function o f r. For a hop to occur from an initial 

state at the centre o f  a spherical volume there must be one final state o f  energy 

between 0 and £(r) within that volume. In otherwords n(£-^,), the density o f  states, = 1 

for a given r within this sphere. It follows that:

Substitution o f F,(r) into p{r , s )  yields a maximum for p{r,F.) when
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Substituting s{r)  and {r) into p ( r , ^ ) ,  a hopping conductivity,cr , is obtained:

cr = o-„e

where To is given by:-

T =a
f

kn{s,)r^

/ i s  a scale factor equal to .30907 and is due to a combination o f  dimensionless factors.

X index denominator is representative o f  an effective dimensionality characteristic of 

the hopping phenomenon (d spatial dimensions and one energy dimension). In the

Amorphous organic films contain a high density o f  structural defects and/or 

impurity related defects which are difficult to avoid and impossible to remove. These 

defects play an important role in conduction, acting as trapping sites for charge carriers. 

In a film, the vast majority o f  these traps are structural but chemical traps due to oxygen, 

or impurities which remain after synthesis, are also prevalent. Electrochemically grown 

conjugated polymer films also contain trap-forming ionic defects and impurities. Charge 

carriers will fill empty traps below the quasi Fermi level at any given operating voltage so 

that traps can lower the room temperature mobility by an order o f  magnitude. Hopping, 

though not a microscopic theory, inherently accounts for traps and disorder. Although all 

microscopic theories for conduction are based on a perfect, trap-free, ideal crystal 

structure, trapping effects may be included. SCLC (space charge limited current) 

conduction is an example o f  a microscopically based theory which can include trapping 

effects and is frequently used to model transport in organic devices.

Variable range hopping characteristics are obtained by plotting Incr against The

presence o f  an applied electric field, E, a  is given by Mott et al~ as:

o

3.1.4 Charge-Carrier Traps
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The Poole-Frenkel (PF) effect^ is usually associated w ith fie ld  assisted hopping. 

It is analogous to an internal Schottky (section 3.3.4) effect in so far as the potential 

barrier to liberating a carrier from a trap level into the conduction band is reduced by 

A£p/, by the presence o f an applied electric fie ld, F. The magnitude o f  the PF effect for a 

1-D planar model is governed by the factor Ppf.

A £ is twice as large in the PF effect as in the Schottky effect since the positive charge is 

fixed rather than being a mobile image charge. Field enhanced carrier generation based 

on this effect is common in amorphous semiconductors where ion traps are found. In 

conjugated organic materials, traps are mostly structural, being neutral when empty and 

charged when tilled  rather than vice versa. Therefore, there is a lack o f  coulomb 

interaction and the PF effect does not play an important role in conduction in theory. 

However, a PF type ( / /  F ''^ )  fie ld  dependent m obility has often been observed/

3.2 CURRENT INJECTION FROM ELECTRICAL CONTACTS

When electrical contacts (electrodes) are used to generate an electric fie ld across a 

sample film  to inject carriers, one o f a range o f  different equations is used to describe the 

total current flow  depending on whether it is electrode-lim ited or bulk-lim ited. Electrical 

injection results in an increase in the conductivity over the dark conductivity. The nature 

o f an electrical contact, which may be simply defined as a contact between a metal and a 

non-metallic material, is very important. When two materials w ith  different Fermi levels 

are brought into contact, Fermi level alignment occurs by movement o f carriers o f  one 

type from one material to the other. This causes two oppositely charged space charge 

regions to form either side o f  the interface. The fie ld produced by the space charge region 

maintains a state o f  equilibrium  and Fermi level alignment by preventing further net 

movement o f charge. The space charge regions are often referred to as a neutral
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electrical double layer or potential barrier. As with conduction processes, the potential 

barrier will be greatly affected by chemical or structural surface traps or surface states.

3.2.1 The Work Function of the Metal Electrodes

The simplest, ideal contact is between a metal and a vacuum and is used to define 

the metal workfunction, (j) , which originates in the discovery o f  the photoelectric effect^.

g  is the difference between the potential energies o f  electrons inside and outside the 

metal and Efm is the metal Fermi level. (j> depends on the binding energy of the electron 

(strong binding will increase and on the energy needed to move the electron through

the electrical double layer o f  the contact which is determined by the dipole moment of 

the double layer. With a metal-vacuum contact, the discontinuity facing surface 

electrons in the metal results in double layer formation similar to that caused by net 

charge flow when Fermi level align as a solid-solid interface forms. (/> is modified in the 

presence o f  an adsorbed layer o f  foreign atoms on the surface. An electronegative 

surface layer pushes surface electrons in the metal away from the surface, increasing (f>. 

For example, (f) is higher for an ozone-treated ITO (indium tin oxide) surface than 

untreated ITO. is determined mainly by the top few layers o f  atoms. For

semiconductors and insulators the work function is defined as:

<!> = X + { E , - E , )

where x  or Eg is the potential between the lowest energy electrons in the conduction 

band at the surface and the vacuum level and is called the electron affinity. Ec is the 

conduction band edge and Ef the Fermi level in the semiconductor and Ea or x  = “

Eopt where Ip is the ionization potentia l o f  an isolated molecule and Eopt is the optical 

band gap measured from the absorption edge. The contact potential, Vj, for two solids is:
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where contact is between a metal and a semiconductor. For organic materials ionization 

potential is defined as the energy to remove an electron from the HO M O  (adding a hole) 

to the vacuum level and the electron a ffin ity  is the energy required to add an electron 

from the vacuum level to the LU M O . In a sandwich configuration w ith  a semiconductor 

between two dissim ilar metal electrodes, the bu ilt-in  fie ld is V j/d  and can be quite high 

fo r organic thin film s.

3.3 TYPES OF ELECTRICAL CONTACT

3.3.1 Neutral Contacts

Neutral contacts, by definition, mean that there is no space charge and therefore 

no band bending caused by varying space charge density. Neutral contacts occur when 

the metal and semiconductor work functions are equal. I f  a bias is applied the current in 

the semiconductor layer follows Ohm’ s law:

, VJ = q̂ oM— a

3.3.2 Ohmic Contacts

In an ohmic contact (also called a reservoir or injecting contact) the contact 

impedance is negligible compared to the impedance o f  the material being contacted. A 

contact is ohmic as long as the injected carrier density is less than the thermally- 

generated carrier density^. An ohmic contact may be achieved fo r a metal: n-type 

junction i f  (j) metai < (j) semic fo f clcctrons from the metal and for a metal: p-type junction  i f  

<t> metal <  <|> semic fo r hole injection. The current w ill remain ohmic as long as a flatband 

condition ( dE/dt = 0) exists, the m obility  is independent o f  E (i.e. Joule-heating is 

insignificant), and the current in the semiconductor is less than the saturated thermionic 

cathode current. In the ohmic regime a relatively small voltage drop exists across the 

contact itself. An ohmic contact behaves as an in fin ite  reservoir o f carriers. Although the
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contact may be ohmic, the I-V (current-voltage) characteristic may be highly non-linear 

due to space charge effects. If the electric field, E, becomes too large, the contact ceases 

to be ohmic and becomes blocking. In this case, the I-V characteristic from ohmic 

contacts becomes electrode-limited.

3.3.3 Blocking Contacts

A contact is blocking when (j)̂  > (j)semi (n type) for electrons and the resulting 

space charge causes bending o f  the conduction and valence bands. Since the metal 

electrode is highly conductive, there is an image charge o f  sheet or planar charge o f  

electrons (or holes) in the metal upon injection o f  electrons (or holes) into the organic. 

However the space charge extends well into the organic due to the low charge mobility 

in the organic. The potential due to the space charge in the organic varies inversely with 

the distance o f  the injected charge from the interface. An electron blocking contact has 

been observed for aluminium:organic interfaces in OLEDs. Since x organic < (j) Al, 

electrons will flow from the organic to the metal at 0 bias to align the Fermi levels. For 

diagrammatic clarity, a line is usually used to denote the interface between the materials 

as the barrier it represents is so thin it is transparent to tunnelling and all the potential at 

the interface is effectively dropped over the space charge region in the organic material.

It is worth noting that an ohmic contact for electrons is blocking for holes and so 

simply changing bias can make an ohmic electron injecting contact an electron blocking 

contact. Thus one can go from two ohmic or, one ohmic and one blocking, to two 

blocking contacts, by simply switching bias. Therefore, it is no surprise that there is 

current rectification when these types o f  contacts are involved.

Injection in an organic LED cannot actually occur until the flat band 

voltage, which is equal to the built-in voltage due to the difference in electrode 

workfunctions, is exceeded. After this point electrons in the low workfuntion cathode 

material are at a higher potential to those in the LUMO (allowing electron injection) and 

electrons in the HOMO are at a higher potential to those in the high workfunction anode 

material, allowing hole injection. Thus the lines depicting the HOMO and LUMO in the 

organic material in an LED can be thought o f  as pivoting around a central point such that
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their slopes change going through the flat band voltage, Vbi, as the voltage is increased 

from OV to V > Vbi.

3.3.4 Schottky Barriers and the Schottky Effect

A potential barrier,(|)B, formed by a space charge double layer at a solid-solid 

interface, with voltage dependent barrier width and height is called a Schottky barrier. 

They exist in principle at ohmic and blocking contacts though the magnitude w ill be a lot 

smaller for the former and they are usually associated with the latter. I f  (|)b is close to kT 

in height or close to the wavelength o f a charge carrier, it w ill not perform effectively as 

a barrier. The Schottky effect describes the lowering o f (|)b by the external field.

interlace specific region

H.p

p>-SemiconductorMetal

Fig. 25 Difference between Shottky and P-F barriers: the Schottky effcct (left) is associated with field-enhanced 
thcrmionic emission from the metal, whereas PF emission (right) is Field enhanced thermal excitation of trapped 
carriers.

3.3.5 Electrical Contacts in Organic Devices

Although contact diagrams for semiconductors are quite straight forward, this is 

not so for their organic counterparts. For example, a metal-semiconductor interface is 

described by the energy difference between the Fermi levels or the built-in potential. In 

organics, however, it is d ifficu lt to determine the Fermi level before injection and to 

know exactly how the charge which causes the built-in potential is distributed in the film . 

The fabrication o f  organic devices results in polycrystalline metal electrodes which are 

rough at the molecular length scale. The bottom electrode may be coated with a native 

oxide while the top electrode often reacts chemically with the organic and the organic
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may be unintentionally doped. Quite apart from the contacts, the fact that injection w ill 

take place into an amorphous material w ith localized states w ith a lot o f  energetic 

disorder complicates matters. Disorder, low bandwidth, electron-phonon interactions and 

temperature all work together to localize charges in organic materials, and it is safe to 

assume in v irtua lly  every case o f  interest that charge carriers are localized at room 

temperature. Hence, injection consists o f a transition from an extended band-like state in 

the metal electrode to a localized molecular polaronic state in the organic material^. 

Regardless o f  the theoretical approach to injection, the relative energies o f  the metal 

Fermi level and the organic HOM O and LU M O  levels are critical. Experimentally, 

U ltravio let Photoelectron Spectroscopy (UPS) is used to determine the organic HOM O or 

ionization potential level and then the LU M O  or electron a ffin ity  is inferred using

knowledge o f  the onset fo r optical absorption since there are no electrons to remove in
• 8 • •that case. Seki el a l have done much work on characterizing metal-organic interfaces

and have found that even fo r the thinnest o f  organic layers on a metal, the UPS spectrum 

is shifted w ith respect to that o f the uncoated metal. The shift also varies for each metal- 

organic combination. The Kelvin-probe method allows for thicker layers to be used, up 

to 500 nm, to measure the surface potential d irectrly. Buried interfaces, and the small 

ratio o f  molecules at the interface with those in the bulk, make determination o f  the Fermi 

level in the organic problematic.

3.4 ELECTRODE-LIMITED INJECTION CURRENT

The electrodes o f  an organic device either inject or remove charge from the 

device and provide contact w ith external systems such as c ircu it drivers used to power 

the device. E ffic ien t injection o f  charge across the metal-organic interface is critical to 

performance. The most important factor in this process is the energy barrier which 

charge carriers must overcome when crossing the interface. The primary event in the 

charge injection process is tunnelling from a thermally excited extended state in the 

metal into a localized polaronic state (HO M O  or LU M O ) in the organic. The main 

tunnelling mechanisms^ are summarized below.
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3.4.1 Therm ionic Emission

Thermionic emission o f  an electron from a metal with workfunction, (j), into a 

vacuum is described by the Richardson-Dushman equation as follows:

p lyijc
J  = exp(-«z>/A:„7’) , where A = — ^S '  ,  J ,

For injection from a metal into a crystalline semiconductor m*, the effective mass is used 

and A becomes A* and the corresponding thermionic emission equation (for a triangular 

barrier) is referred to as the thermionic Richardson equation which is;

J  =

The barrier height gives the activation energy that dominates the temperature dependence 

o f  thermionic emission. Bethe produced an equation taking account o f  applied voltage 

and the Schottky effect. Field enhanced thermionic emission is described by the first 

part o f  Bethe’s equation:

J  = A 'T  exp
kT

The barrier height has a field dependence o f  -Je  for neutral contacts and ^Je  for 

blocking contacts. Since the tunnelling rate depends strongly on the width o f  the barrier, 

thermal excitation can significantly increase the tunnelling current. A similar equation, 

the diode equation, describe describes current across the Schottky barrier across a p-n 

junction as:

 ̂ qV  ^
J  = J. exp

nkT

The diode equation was used to model PPV LEDs at low voltages where low values o f  n 

and good fits suggested the current was electrode limited by the PPV/Al interface.'^

In all cases above, the injection process is inherently a quantum mechanical 

process. In amorphous organic semiconductors the electronic states are highly localized 

and charge transport is by hopping. Schottky et al solved the drift diffusion equation
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across the barrier and thereby produced an expression which is not explicitly quantum 

mechanical, where the pre-exponential factor is proportional to the density o f  states and 

carrier mobility. Various other thermionic emission models exist'®’"  but are not 

discussed in this thesis.

3 .4.2 Field Einissaion and Fowler Nordheim Barrier Tunnelling

FN emission corresponds to tunnelling from states in the metal Fermi level 

directly into states beyond the maximum in the potential barrier where the electric field 

emission is temperature independent. When a triangular barrier, ([), is used to describe 

the smoothly varying potentials (in preference to a square barrier) F-N theory gives:

2 A
7 k ' /

’ 2 /  ^ Z 7A r
V

eE 
kT/c

3 e£

/C =
A7t42 m

h

4(2/w*) V2In a linear plot o f  In J/E" v 1/E the slope ,m, = --------------(j>' can be used to obtain (j)
3tie

In F-N theory there is little consideration as to whether final states in the semi conductor 

are propagationg (as hot states would be) or localized (as they would be in an organic 

semiconductor.) F-N emission'” is often considered for injection but is frequently 

inappropriate since it is based on extremely high fields. As yet, there is no completely 

satisfactory analytical theory to describe the field and temperature dependence o f  the 

injection current in organic devices which, for well characterized interfaces, exhibits 

behaviour relating to both thermionic emission and field induced tunnelling. Partly this 

is because the field dependence o f  the Schottky effect and o f  the carrier mobility are 

identical (expVE) and, furthermore, both injection and hopping mobility are thermally 

activated processes. This means it is difficult to isolate the field and temperature 

dependences o f  the injected current. When there is an oxide or other contaminant on the 

electrode surface, the primary role o f  the overlayer is as an insulator. Since this layer is 

usually sufficiently thin, electrons will still tunnel through from metal to localized states 

in the organic material but the tunnelling rate reduces exponentially with insulator
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thickness. With an insulating layer present, the charge density in the first few organic 

molecular layers is not so easily replaced and an injection-limited current is more likely.

3.4.3 Incorporating Disorder in Injection M odels

The first model to accommodate the localized nature o f  organics was the two step 

Gaussian disorder model o f  Bassler et where the initial step is tunnelling from the 

metal into one o f  the organic delocalized states. The second step is escape from a 

localized state into the bulk o f  the organic. The hopping attempt frequency is taken to be 

the same for both steps. Disorder creates a tail o f  low lying states which are more likely 

to be thermally occupied and provide preferred sites for the initial hop, thereby 

enhancing the injection current. Typically, the current in organic devices is bulk limited 

at normal operating currents but at very high fields the F-N analysis has been quite 

successfully used to model the currents, providing reasonable values for the interface 

barrier height. However, it is often the case that the device will have broken down 

before reaching the stage o f  high-fieid F-N limited current flow.

3.5 BULK LIMITED CURRENT FLOW

Lampert and Mark note that by insulator they mean Eg > 2 eV and, by 

semiconductor they mean Eg < 2 eV, making amorphous organic materials insulators for 

from a theoretical electrical modeling point o f  view. Although the starting point to 

describe bulk limited current flow is with an ideal trap or defect free insulator, a realistic 

model must account for the high densities o f  traps which exist in organic thin film 

samples.'"* At low temperatures the capture o f  electrons (or holes) by traps is stable and 

so trapping effects may be more significant. Traps may be o f  a single energy (discreet) 

or distributed gaussianly, exponentially or uniformly in energy throughout a film. The 

total density o f  trap states (~ lO'^ cm'^ - lO'* cm‘ )̂ depends on sample purity or quality. 

Mathematically, traps are described using Fermi-Dirac statistics'"*. The probability, fn, 

for a trap to capture an electron is given by:
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Traps o f  a single energy (i.e. discreet traps) m ay be shallow  or deep: traps are 

shallow if  Et > F > Fq. Shallow traps are characterized by the therm al concentrations o f  

electrons contained  in them. Traps are deep if  Et < Fq. Deep traps are characterized by 

the thermal concentrations o f  holes in such traps. Positionally, both types may, in 

principle, be distributed throughout a film. However, in practice, there are usually many 

deep electron traps near interfaces. This holds true for metal ca thode:organic interfaces 

in particular and has im portant implications for organic LED s, for exam ple , since non- 

radiative recom bination  routes may be enhanced.

The G aussian trap distribution function as a function o f  trap energy s, is:

where is trap density, and a , is the standard deviation o f  the G aussian function. 

The exponential distribution function is given by:-

where Tc is the characteristic  trap tem perature given by T ^ = t - I'l the exponential trap

distribution, the trap concentration per unit energy decreases exponentially  with energy 

from the band edge. This m eans that for electrons, close to the L U M O  there are a lot o f  

traps o f  low energy and away from the band edge there are few er high energy traps.

The uniform  trap distribution function ( i f  T >Tt) is v iew ed as a limiting case for 

the exponential distribution function and is given by:

= constant.
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W hen there is a quasi thermal equilibrium between trapped and free carriers the 

term quasi Fermi level o r steady state Fermi level is used'"^. Quasi thermal equilibrium is 

assum ed for steady state injection as long as the applied field is not strong enough to 

affect electron capture from  the conduction band into a trap, or, re-emission from a trap 

into the conduction band. Because. In the presence o f  traps in organic sem iconductors it 

is only sensible to take about a quasi Fermi level which, for e lectrons or holes, shifts as 

more carriers are injected. Shallow and deep traps are, therefore, not absolute concepts 

since the definition o f  these traps based on their characteristic energy depends on the 

quasi Fermi level position which in turn depends on applied voltage.

3.5.1 One Carrier Space Charge Limited Currents without Traps

Charge transport is a dynam ic process, and the relative lengths o f  times 

associated with dielectric relaxation and carrier transit in a film determine w hether space 

charge effects are important. The dielectric relaxation time, td, is the time taken for a 

material to restore charge neutrality after the injection o f  a small excess charge. The 

transit time, tt, com es from the E inste in-Sm oluchow ski equation. The crossover from 

ohmic to space charge limited conduction occurs at^:

t  -  ^  ^  ~  - 1

Pô M ^ l-iV

where z is the dielectric constant, e is unit charge, po is free carrier density, |J. is mobility, 

d is thickness, V is voltage, and a  is electrical conductivity.

As soon as td > tt , the dielectric fails to relax the injected charge before m ore 

charge is injected and space charge forms in the bulk. C onsequently  an internal field is 

established which ultimately limits further injection o f  charge and therefore current flow 

in the bulk -  hence the term  SCLC (space charge limited current) conduction.

3.5.1.1 The Condenser Model

It is apparent that materials with a large dielectric constant and small mcbility, 

e.g. LEPs are going to be obvious candidates for exhibiting SCLC. The simplest
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describption o f  SCLC is a phenomenological one which assumes average values for the 

variables involved'^. In the condenser model, the injection and geometric capacitances 

are approximately the same since the injected charge distribution is generally non 

uniform . Considering a solid state analogue o f  the therm ionic vacuum diode (J = Q/t , 

where Q is the total charge, and po = 0), an approximate SCLC for pure holes is:

J  = C > F / I

Assuming the d rift velocity, v, is fie ld  dependent, fo r moderate fields when one 

uses the Einstein-Smoluchowski relation, the last equation can be altered to give:

J  = S f-l

SCLC is described analytically fo r the vacuum case where there is no scattering, 

g iving C h ild ’ s law. Including thermally generated carriers by equating tt to td gives:

J  = e p , f i { V I L )

To include the effect o f traps, a prefactor, 0 , to the trap-free m ob ility , |-i, is

included. 0 is the ratio o f  free total charge, — —— , and 0 |j , is called the effective
P + P,

m obility , |j,eiT. For trapping, i.e. 0 < 1, fJ-etf < Generally d «  1 and the single carrier 

SCLC is much reduced from the trap-free SCLC. For discrete, shallow traps, 0 w ill be a 

constant, independent o f  injection level. There may well be several discrete trap levels 

in which case the one w ith  the smallest 0 value w ill dominate the SCLC.

To obtain more information about the variables involved in conduction, the 

completely phenomenological approach must be cast aside in favour o f  a more analytical 

approach. Both sim plified and complete analytical approaches involve Poisson’ s 

equation. The latter uses position dependent free and trapped carrier concentrations. 

The assumptions made in the sim plified analytical theory render it s till quite 

phenomenological and are listed below.
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y  Planar, 1-dimensional DC current flow is considered.

>  Mostly a low field, field independent mobility regime is considered.

y  Diffusion currents are only sizeable in the immediate vicinity o f  the 

electrode and are ignored.

V* The detailed micro or nano structure o f  the injecting contact is irrelevant 

as E = 0 at the electrode interface.

>  P i, injected carrier density, is infinite at the interface and finite in the bulk.

3.5.2 C urrent Flow in an Ideal Trap-Free Solid

The perfect, trap-free insulator is the direct solid state analog o f  the thermionic vacuum 

diode. In this case no = nto = 0 and the combined continuity and Poission equations give:

dx tf-i

F = I  E(x)dx  and using the boundargy condition, E(0) = 0, and integrating yields :

This simple analytical solution is the Mott-Gurney or trap-free square law, or, 

sometimes. Child’s law for solids. The full analytical solution for SCLC in an insulator 

without traps and with ^  0 involves the regional approximation method and, though

exact, does not explicitly relate J to V. The simplfied analytical theory is used in this 

thesis as a convenient way o f  extracting sample mobilities from I-V data.

i.5.2.1 One Carrier SCLC with Traps

For shallow traps described using the simple analytical approach the trap-free 

Mott Gurney square law simply contains the additional factor 0 as a mobility multiplier.
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Using the simplified analytical theory for the Gaussian and exponential 

distribution functions, satisfying the Poisson and continuity equations gives:

( /  + l ) D ,

' 2 /  + I 
,  / + l

yU\

Tc   /l  I 2>raj „ . _ .
where / = ~ f o r  the exponential distribution and for the Gaussian

distribution, ) is the density o f  HOMO states and T  is the absolute temperature.

With regard to the exponential distribution, as a device is cooled, Et continuously 

decreases. Et is directly related to the steepness and depth o f  the exponential trap 

distribution, with the smaller values indicating a much steeper distribution closer to the 

N h o m o  levels. So with cooling, E f  must decrease and the positive carrier quasi Fermi 

level move closer to the HOMO levels. So, at lower temperatures, the Fermi level will 

be sweeping across regions o f  the trap distribution close to the N h o m o - The exponential 

distribution reduces to a discrete shallow distribution when Tt < T. Actually, it has been 

suggested that the trap distribution is not a true exponential but is in fact a much steeper 

function o f  energy closer to the HOMO levels. Assuming a constant N h o m o , the Fermi

level as a function o f  applied voltage is'^:

E f = k T \ n
{2m+ \ ) N  q/.iV 

{{jn + l)j(i)

This allows one to calculate the energy o f  the deepest traps in the distribution by using 

the highest .1 and V values from J-V data. These trap energies are larger than the 

characteristic trap energy.^ The mobility obtained from a discrete trap level region, or 

other means, may be used along with an approximate value for N h o m o  to do this.

Depending on the film morphology, either one or both o f  energetic, o, and 

positional disorder, X, can influence the carrier mobility. S describes the spread o f  

energy levels associated with transport. H describes the fluctuation o f  intersite distances 

and coupling between sites. The Gaussian disorder model (GDM) model is used for
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non-dispersive transport (low values o f  o and S) and the Scher-Montroll method for 

dispersive transport. Inhomogeneity in a film may also be included in the GDM model.

3.5.2.2 The Transition from Ohmic to Space-Charge-Limited Current

Using the condenser model, the crossover from ohmic to SCLC for a discrete trap 

level occurs at tt «  td. However, using the simple analytical analysis, it can be shown 

that T/ = % r^  which means that SCLC actually becomes dominant before r, exceeds r .̂ 

The voltage, Vq_ at which tt td is given by:

8 epd'

9

Note the effect o f  0, reflected by is to increase . A significant departure from 

ohm ’s law occurs once the Fermi level moves up by about kT in the exponential model 

or when po comparable to pi.

Equations involving an exponential distribution do not describe the current 

density for a shallow trap distribution. For shallow traps a Gaussian distribution governs 

the current density and a separate Vq is used. The exponential distribution, by its 

nature, has deep lying traps as well as shallow traps. Vnexp for SCLC with deep traps is:

Vo =i2exp

ed^D, P
V HOMO )  J

/ + ] / + 1 
2 / + 1

which, for large 1, reduces to :
r eZ), J '  ^ /  \  

p
I / /

I ^ J
where 1 is related to the slope o f  the log plot o f  the I-V curve characterising the 

exponential trap distribution SCLC. Vq can also be calculated for deep Gaussian and 

uniform trap distributions but discussion in this thesis is confined to shallow and 

exponentially distributed traps.



s .5.2.3 The Trap-Filled Limit

As more carriers are injected, traps are filled and the Fermi level increases until 

there are no more trap levels to be filled. This occurs at the trap filled limit'"’, Vtti, after 

which trap-free square law SCLC is seen. From the simple theory, Vtn for exponentially 

distributed traps to trap-free conduction is given by:

V„,. =
ed^ 9 D,

€ Is 2 / + 1

Note that the trap-filled limit problem is apparently unphysical and one must 

imagine all o f  the traps, Nt, to be filled prior to the application o f  voltage. Vin is 

nonetheless useful as it provides a limiting description o f  what happens when the Fermi 

level passes through a trap distribution.

Generalising, it can be seen that the SCLC current-voltage characteristics follow a 

power law J = KV™^' where m is related to the depth o f  the traps. Provided the current- 

voltage (IV) characteristics follow this bulk-limited process, and data is obtained that 

includes and the material properties such as mobility, intrinsic or free carrier 

density, p, trap density, Dt, and densities o f  states, N h o m o  or N i . u m o ,  rnay be determined. 

For unipolar devices displaying linear ohmic, and linear quadratic regions in their double 

logarithmic I-V characteristics it is thus possible to find values for a ,  |J.sc lc , V q  and 

p (charge density). The derivations are outlined fully in other theses but essentially the 

charge density may be solved for at the point where the ohmic current equals the space 

charge current as the charge density in both these equations is the same. At this point the 

time it takes for a carrier to drift across the film from one electrode to the other is equal 

to the dielectric relaxation time. The charge density is thus arrived at as follows^ :

1. So J  = (t E  or J  = pQe/uE



V
2. At low voltages the mobility is simply given by ju = —

E

d  d  , s  s
3. r, = —  = -----  ̂= ----- and r, = — = -

' Vj /.lE f-iV CT p e fi

d'" s  Ve
4. equating id and Xt gives ----= --------  or p  = — If the Mott Gurney law is used for

jLiV pejj. ed

JscLca prefactor o f  9/8 is used in the expression for the charge density.

5. Vq is often used to denote the voltage at this point where p = po- If V < Vq there is 

an ohmic regime only, and for V > the current is SCLC with a smaller ohmic 

current flowing simultaneously.

6. From double logarithmic I-V plots it is thus simple to obtain values for from the 

ohmic section (slope approx = 1) and the SCLC section (slope approx = 2 ) .

These values are largely based on the premise p < po up to v omega which means that SC 

is negligable till that point, i.e. a carrier can transit the film faster than the dielectric 

relaxation time. The equations and calculations involved have been outlined in previous 

theses from TCD. It is worth mentioning that using this approach these values are 

obtained V oare  only valid if  one assumes a mobility independent o f  charge density and 

electric field. Since Vq occurs at low voltages, mobilities extracted are effectively zero 

field values being up to 4 orders o f  magnitude less than those seen at typical device 

operating voltages. Most LEPs, however, exhibit a field dependent Murgatroyd 

mobility. Based on this fact, curve fits using a field dependent mobility can be used to 

model the I-V data better. However, the fits are usually only good over a limited range 

still. Recently Tanase has shown charge density is also important and fits taking it into 

account can accurately model the whole range o f  operation o f  both LEDs and FETs.

3.5.3 Bipolar Space Charge Limited Conduction

In the previous section single carrier currents were discussed, however, injection 

o f  carriers o f  both signs is a prerequisite in electroluminescent devices. Analysis o f  two
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carrier currents in h ighly disordered system s, is extrem ely com plicated  and only  a brief  

o v erv iew  o f  bipolar space charge limited conduction (SC L C ) is g iven  here.

In double injection dev ices ,  recombination kinetics control the electrical 

properties. R ecom bination  m ay be bimolecular, band to band or through one or more  

localized  recom bination centres. D ouble  injection is best understood using injected  

plasm a theory (w here there are equal numbers o f  free carriers o f  both s igns.)  In a two  

carrier d ev ice ,  apart from space-charge and trapping effects , two additional features, 

determine the m agnitude o f  the current: - charge neutralization and recombination. For  

tw o  carrier SC L C  currents, the positive and negative carriers tend to neutralize each  

other’s charge and the current is limited by the bim olecular recombination rate. 

H ow ever , s ince neutralization is never com plete , not only is the plasma injected into an 

insulator recom bination-lim ited, it is, s im ultaneously , recombination- and space-charge-  

limited. In an ideal insulator there are no thermally generated free carriers to relax  

injected space charge w hich  m eans that the latter plays an important role in limiting the 

injected plasma. Essentially , how ever, recombination limits bipolar current, much like  

ho w  space charge limits single  carrier current. In sim ple terms, the current-voltage  

behaviour o f  bipolar d ev ices  might be thought o f  as unipolar SC LC  by two simultaneous,  

parallel pathways. This w ould  be valid i f  both electron and hole-currents are injection  

limited and space charge effects  are neglig ib le . Thus, the two-carrier problem could then, 

essentia lly , be treated as a superpositioning o f  two single  carrier currents. H ow ever, this 

scenario neg lects  the recombination o f  charge carriers. Mark and Lampert have  

discussed  double- injection plasmas (i.e there are no traps or “recombination centers” .) 

They obtain an analytical solution for a bimolecular recombination plasma in the injected  

plasm a limit. Lampert et a l  have shown'"* that the current voltage behaviour,  

incorporating recom bination in the plasma limit, is o f  the form:-

J  = (9/8)£-/y,^(FVZ^) 

w hich  is, clearly, a square law. Substituting |j.eff into the equation above, where
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(2  /  3 )  ( / /^  + / / „ ) /  //,, ]

and

y ie ld s  the fo l lo w in g  exp ress io n  fo r  the  tw o -ca rr ie r  cu rren t  dens ity ;

J  =  ( 9 ; r / 8 ) " '  f  {//^//„ ( / /^

T h is  solu tion  fo r  the tw o -ca rr ie r  c u rren t  dens i ty  is k n o w n  as  th e  P a rm en te r -R u p p e l  

equa tion '^ .  S ince  th is  e x c lu d e s  trap p in g  effects , it rep re sen ts  the u p p e r  lim it o f  

r eco m b in a t io n  curren t.  S o m e t im e s  or is ca lled  the  re c o m b in a t io n  c o n s ta n t  and  is 

labelled  B in tha t  case. T h e  key po in t  to  note h e re  is th a t  up o n  in c reas in g  |a o r  

dec reas in g  s, the  reco m b in a t io n  increases  an d  the  m e a su re d  c u rren t  d ec reases .  T h is  

equa tion  is o n ly  really  o f  use i f  t rap p in g  is neglig ib le .

T h e  o th e r  lim its  fo r  a b im o le c u la r  reco m b in a t io n  p la sm a  are  for  a o n e  ca rr ie r  

S C L C  cu rren t  ( ctr infinite  o r  |J.eff= Mn) and  for  a pa ir  o f  one  ca r r ie r  S C L C  c u rren ts  ( |J .e ff=  

|j.n + Mp). T h e  fo rm e r  w as  d iscu ssed  p rev io u s ly  in one  carr ie r  th e o ry  and  the  la tter  is 

g iven  by:

D ue  to neu tra l iza t ion , desp i te  re co m b in a t io n ,  the  total c h a rg e  can  far exceed  the 

ne t cha rge  and  so the overa ll  m a g n i tu d e  o f  b ip o la r  cu rren ts  can  ex c e e d  th o se  in u n ipo la r  

dev ices .  T h a t  is to  say the cu rren t  dens ity  can  be g re a te r  in a tw o  ca rr ie r  d e v ic e  than  in a 

sing le  ca rr ie r  d e v ic e  for  the sam e  m ater ia l .  A s  seen f ro m  the  P a rm e n te r -R u p p le  

equa tion , the ,  c u rren t  f low  will be  l im ited  by  the  re c o m b in a t io n  o f  carr ie rs  w h ic h  reduce  

the am o u n t  o f  neu tra l isa t ion . W ith o u t  th is  reco m b in a t io n ,  th e  d o u b le  c a r r ie r  cu rren t
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w ould be infinite. Thus the difference in J in single and double layer devices should 

qualitatively provide information about the strength o f  recombination.

B ecause the analytical equations for bipolar currents involving traps and 

recom bination  centers  are quite formidable, it is, more meaningful to try and extract 

inform ation from single carrier analysis on unipolar devices, in fact, in m any cases 

single carrier m odels  have been quite successfully applied to O L E D  J-V data w here  it is 

assum ed that the current is dom inated by one carrier type. In sum m ary, the main 

difference betw een single carrier devices and bipolar ones is there is a recom bination 

term in b ipolar ones.

A lthough consideration o f  traps has been omitted thus far, trapping plays an 

im portant role in double injection. A trap may act as a carrier trap exclusively, or, as a 

recom bination centre. A carrier in a trap is more likely to be thermally re-excited to the 

nearest energy band than to recom bine with an oppositely charged carrier. If  the 

converse occurs, the trap is know n as a recom bination centre. A dem arcation level exists 

ana logous to a Fermi level, insofar as at this energy level a carrier has the same 

probability  o f  being re-excited as o f  recombining. Thus, the regions betw een  the 

dem arcation levels for holes and electrons and their respective bands are occupied  by 

traps w hereas  the region betw een demarcation levels is occupied by recom bination 

centres.

3.6 ELECTROLUMINESCENCE IN ORGANIC MATERIALS

Electro lum inescence (EL) is the phenom enon responsible for light em ission in 

LEDs. The four main requirem ents for EL are (i) carrier injection, (ii) balanced charge 

transport, (iii) recom bination and, (iv) radiative decay.

3.6.1 Choice o f Electrodes for Carrier Injection

Charge injection theory was discussed in section 3.2. Typical contact materials 

for organic devices are now discussed. For LEDs one contact is highly transparent to 

visible light and generally the o ther is opaque and highly reflective. M ost often to date 

the anode is an ITO (indium tin oxide)-coated glass substrate upon which organic layers
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and a non-transparent cathode are subsequently  deposited. H ow ever, increasingly, for 

high resolution active matrix displays the device is built on C M O S  (com plim entary  

metal oxide sem iconductor) integrated cirucuitry, dem anding a surface or ‘to p ’ emitting 

device. One approach to a top-em itting structure is to use an inverted structure where  the 

layer next to the substrate with the driving circuitry is the cathode. The o ther is to use 

conventional layer ordering, with a highly reflective anode and a transparen t cathode, 

and is more viable for interface formation reasons. In both cases ITO is usually the 

uppermost layer. Performance o f  top-em itting  devices is, however,  poorer than 

conventional ones because sputtering ITO onto an organic surface requires extra 

interlayers and even then great care is necessary to avoid dam aging  the organic  layer.

High w orkfunction, transparent materials such as ITO, which match the organic 

layer Ip well, are used as ohmic hole-injecting contacts in LEDs. In a m ultilayered LED, 

this organic layer may or may not be light-emitting i tse lf  M otivated  by the rapidly 

rising price o f  indium cost-effective perform ance enhancing alternatives to ITO are 

under investigation and include other T C O s (transparent conducting  oxides) and 

conducting polym ers like polyaniline and full name P E D O T '^  (B aytronP). Recently, 

transparent sheets o f  single wall nanotubes have also been used but the tube network 

density needs to be increased to make this a viable option for top-perfo rm ance  LEDs. In 

all cases, it is crucial to have a very low anode sheet resistance (and hence line 

resistance). T C O s and ITO in particular remain the materials o f  choice, even for flexible 

substrates for flexible displays. Partly this is because ITO has long been used in the 

LCD industry, enabling the O L E D  industry to simply transfer the re lavent fabrication 

techniques. For hole-only devices, other high w orkfunction m etals  can be used 

including Au, Pt, and Ni since transparency is not a requirement.

Low workfunction metals which match the Ea o f  the ad jacent organic layer 

provide good ohm ic electron-injecting contacts. The lowest w orkfunction  air-stable 

metal is alum inium  but its use generally results in a blocking contact. To achieve an 

O hm ic contact Calcium is typically deposited first (1-10 nm) and capped  with a
I  ^protective alum inium  layer (80 -  200 nm). Ca electrode devices are not air stable and 

need encapsulation after electrode deposition without breaking the vacuum . M gA g may 

also be used as a low workfunction material, but controlling deposit ion  is difficult and



target composition is variable. Another approach to ohmic electron injection is to 

evaporate 1-5 nanom eter thick alkali-metal interlayers such as LiF, BaF, and CsF onto 

the organic, followed by a thick Al capping contact layer. M ore complex cathodes like 

LiF/Ca/Al'"^ have also been used. Actually, the first ever OLEDs made by Pope et al 

employed sodium-salt solutions to inject electrons, but this rendered the device unstable.

3.6.2 Balanced Charge Transport

Charge transport theory was discussed in section 3.1. In an LED, which is, o f  

course, a two-carrier device, in order to promote recombination, the carrier transport 

must be balanced. Ideally, devices employing light emitting materials possessing 

ambipolar mobilities and injection materials and barriers leading to equal injection rates 

should be used. This is never the case and as a result recom bination occurs close to one 

o f the electrodes - the cathode in the case o f p-type organic emitters. At electrodes and 

interfaces generally, EL quenching rates are increased, lowering device quantum 

efficiency and therefore OLEDs are typically m ultilayer devices, with layer(s) intended 

solely for transport purposes as well as an emissive layer. Sometimes the transport 

layers are also emissive but in this case provided the energy can transfer from the 

transport layer, the em ission will primarily occur from the intended emissive layer
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Fig. 26 G eneric sim plified diagram  illustrating the relative positions o f  the relevant energy levels in a 
m ultilayer LED . For the case o f  a single layer L ED , sim ply ignore the ETL and H TL.

T he transport layers are often not ju s t high electron or ho le-m obility  m ateria ls bu t 

they also offer a reduced barrier to carrier injection providing a g reater supply o f  carriers 

also at a given voltage. In the case o f  holes for exam ple, the barrier to hole in jection  is 

reduced by using an organic hole transport layer (H TL) w ith an ion ization  poten tial ( Ip) 

betw een that o f  the em issive layer Ip and the ITO w orkfunction. Furtherm ore, an  IIT L  

can often act as an electron b lock ing  layer to prevent electrons tranvelling  straight 

through to the anode w hich can help reduce vertical leakage current. B locking in this 

m anner also confines the recom bination  zone to a specific location in the device, aw ay 

from  the electrodes, thereby  increasing device efficiency.

PE D O T  is a com m on HTL for PLED s and T P D “  (seeFig. 1) for SM O L ED s. In 

the case o f  PED O T, ozone-treated  ITO  im proves PE D O T layer form ation. B ecause 

PED O T is aqueous, it is very  im portant to dry it fully by baking at high tem perature 

p rio r to depositing  subsequent organic layers. PED O T is thought to sm ooth  spikes on 

the sputtered ITO  surface w hich  is no t polished like, for exam ple, a silicon w afer is. 

P E D O T ’s conductiv ity  is not high enough that it can be used w ithou t ITO . PE D O T  is

also thought to quench em ission in som e cases and the use o f  a further thin layer betw een
21 22 the PED O T  and the LEP m ay be beneficial . It is also thought to dedope w ith  tim e ,

possib ly  causing  decay  by upsetting  charge balance due to hole starvation  in the device.
23O ne o f  the m ost com m on types o f  ETL in use is A LQ 3 w h ich  is an em issive 

sm all m olecule. Polym eric ETLs include PBD and oxadiazole-based^"* m aterials. ETLs 

are less com m on than H TL s and there is a distinct lack o f  really high m obility  ETLs.
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3.6.3 Recom bination and Subsequent Radiative Decay

The capture o f  electrons and holes to form bound, neutral excited states (excitons 

or em issive polaron pairs) is a prerequisite for light em ission in any LED. Langevin  

recombination states that a bound excited state will form when an electron and hole 

approach within a distance rc, at which point the Coulom bic binding energy dominates 

the thermal energy, kT. Equating these energies gives rc which is inversely proportional 

to the dielectric constant, Er'-

r  = — i l —

For exam ple, for 4, at 300K, rc will be 14 nm. For electrons and holes, with number 

densities n and p, approaching each other with velocity, v, the recombination cross 

section, cr̂  , equals the product G,. n p v , where the generation rate, G,.,, is:

G, = up f  {Me

The sim plest model has <r^=nr^ which assumes isotropic m obilities. The

recombination zone (RZ) is where em ission occurs and is that region in the LED 

em issive layer(s) w hose width is defined by rc and whose location is defined by the 

balance o f  charge transport. For exam ple in a hole-dominant device, EL efficiency  

increases when cathode workfunction is lowered because the quasi Fermi level for 

electrons is brought closer to the LUMO (conduction band) and so more negative 

carriers are available for recombination. A lso, as electron mobility is increased (related 

to increase in n), the recombination zone widens and electrons travel further from the 

quenching cathode before recombination occurs. Finally, what was essentially a 

unipolar device is now considered bipolar since bipolar current exceeds unipolar current.
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3.6.3.1 The Singlet-Triplet Ratio in Organic LEDs

O n e  o f  the  fist repo rts  o f  a p o ly m e r  w ith  a s ing le t- tr ip le t  (S -T )  ratio , r, g rea te r  

than  th a t  p red ic ted  by s im p le  sp in  s ta tis t ics  w a s  m a d e  by H e e g e r  e t al in 1999"^ a n d  since  

then  the re  has  b een  m u c h  research  a im ed  at b e t te r  u n d e rs ta n d in g  exc iton  y ie ld s  and 

fo rm a tio n  rates in c o n ju g a ted  po ly m ers .  H e e g e r ’s resu lts  inv o lv ed  us ing  an in tegra t ing  

sphere  to  sep ara te ly  m e a su re  E L  and  PL e ff ic ien ces  f rom  an O C I C I O - P P V  : B u P B D  

b lend . T he  PL q u a n tu m  e ff ic iency  is sh o w n  to be te m p e ra tu re - in d e p e n d e n t  o v e r  the 

range  m eau su red  (20  -  90°  C). H o w ev e r ,  the  EL Q E  at 85° C is a b o u t  tw ice  tha t  at room  

te m p e ra tu re  for  th e  b lend  d ev ice ,  g iv in g  a s ing le t  y ie ld  o f  5 0 %  at 85°  C. I f  th e ir  dev ice  

do es  no t  have  g o o d  cha rg e  ba lance , q u e n c h in g  e f fec ts  at the  e le c t ro d e s  will d o m in a te  and 

a red u ced  s ing le t  y ie ld  w ill  be o b se rv ed  at  e leva ted  tem p era tu res .  T h e re fo re ,  the  au tho rs  

stress  th is  is a lo w er  lim it as it does  no t take  into a c c o u n t  an y  f ie ld - in d u ced  P L -q u e n c h in g  

and  a lso  b ecau se  EL  eff ic ien cy  su ffers  a g rea te r  reduc tion  d u e  to  e lec trode  q u e n c h in g  

than  PL ef f ic ien cy .  D ue to the  w eak  sp in -o rb it  c o u p l in g  in c o n ju g a te d  p o ly m ers ,  it is 

u n l ikey  tha t the  s in g le t  popu la t io n  is increased  in d e v ic e s  th ro u g h  tr ip le t- to -s ing le t  

co n v e rs io n  via tr ip le t  ann ih ila t ion . T h u s  the  h igh  s ing le t  y ie ld  m u s t  be due  to e i the r  a 

small exc iton  b in d in g  e n e rg y  o r  en h an ced  s ing le t  fo rm a tio n  c ro sssec t io n  at 85° C , o r  in 

o th e r  w o rd s ,  a s p in -d e p e n d e n t  fo rm ation  c ro ss -sec t io n .  A t  ro o m  tem p era tu re  the s ing le t 

y ie ld  o b se rv ed  w a s  a lready  at the  s im p le  sp in -s ta tis t ica l th re sh o ld  o f  25% . S ince  the  S -T  

e x c h a n g e  en erg y  is ~  0 .7  eV , one  m u s t  f a v o u r  the  no tion  o f  a  sp in -d e p e n d a n t  exciton  

fo rm ation  rate o r  c ro ss -sec tion .  T h is  idea  req u ires  then  a lso  tha t  there  are c o m p e tin g  

c h a n n e ls  for  re c o m b in a t io n .  A lth o u g h  it is no t y e t  c lea r  w h a t  th e se  are , so m e  c an d id a te s  

inc lude  sp in - la t t ice  re laxa tion ,  sp in -o rb i t  co u p l in g ,  sp in -d e p e n d e n t  e-h cap tu re  radii and 

co m p e t io n  b e tw e e n  exc i to n  c o o l in g  ra te  an d  exc i to n  d is so c ia t io n  by the  e lec tr ic  field. 

U s ing  sp in - la t t ice  re laxa tion  as an e x a m p le ,  V a rd e n y  et al" h ave  sh o w n  h o w  r (w hich  

d e p e n d s  on  the  fo rm a tio n  c ro ss -sec t io n s  w h ich  are re la ted  to the  fo rm a tio n  rates) 

de te rm in e s  nmax in the case  o f  tw o  im p o r tan t  lim its. T h ey  s h o w  th a t  >0.25

and  ^ . So, fo r  e x a m p le ,  i f  r =  3 , n m a x  =  0.5. i f  a rough
r +  3

a p p ro x im a t io n  is m a d e  in say ing  that o n ly  2 0 %  o f  the  light in an  O L E D  is ex trac ted ,  then
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we can begin to suspect r > 1 i f  the EQE > -5 % . The S-T ratio may be studied 

experimentally in live OLEDs, though this is made d ifficu lt by interfence effects in a 

device. Therefore a technique which combines photoinduced absorption (PA) and 

optically detected magnetice resonance (O D M R ) techniques has been used on thin
27film s . By manipulating exciton formation rates in thin film s using electron spin 

resonance in thin film s where the changes in excited state absorption are simultaneously 

measured, PA-O DM R can be used to obtain r = os/or, the S-T formation cross-section 

ratio, d irectly from experiment. In order to enhance the PA signal spectra, samples were 

UV-irradiated fo r 3 hours using a filtered 450-W  xenon lamp. This latter process has 

been shown not to alter the P  ̂P" recombination kinetics.

_ l + 3(^r/A7’)'̂ ^
\ - { 5 T I ^ T f ^

where 5T/AT is the magnetic resonance-induced change in the transmission, AT, in the 

PA-O DM R experiment. In these experiments, the spin I/2  magnetic resonance reduction 

o f triplets was compensated by an increase in the singlet population, and therefore PL 

intensity is enhanced under magnetic resonance. Also, an absorption band at 1 eV was 

attributed to excited state (singlet) absorption due to the excess singlets formed. For an 

oligo-thiophene (12- mer), r from the low temperature PA and PADM R data = 2.2 

whereas fo r the equivalent polymer r = 4. it  has been shown using these techniques that r 

~ I in small molecules, in agreement w ith reports o f  a singlet yie ld o f 22% in A IQ 3  

devices, and that r increases as the conjugation length increases, again im plying that r is 

spin-dependent. In OLEDs the quantum efficiency, t |e l , equals n ixn ixn j where ni is the 

singlet emission quantum efficiency, n i is the fraction o f  the total exciton population that 

are singlets, and n3  is the probablility  the injected carriers form e-h pairs. Both ni and n 3  

< I hence r]EL< n i =  rimax- Since r can be found experimentally, rimax = ( l+ 3 r ' ') ' ' can also 

be estimated. Importantly, it has been shown that r"' oc C L '', where C L '',  the inverse o f 

the conjugation length was varied by changing n, the number o f  rings for a set o f 

oligothiophenes. Using literature data, olymers such as PFO and MEH-PPV were also 

shown to f it  well in this scheme, indicating the universality o f  the trend, irrespective o f 

chain length, backbone structure or side-groups. The conjugation lengths o f different 

polymers can be inferred since polaron absorption peak energy, P, is linearly dependent
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on  1/CL and r ' is l inearly proportional to P, the p o laron  en er g y  (m a k in g  r ' v 1 /C L  also  

l inear). B y  linear ex trapo la t ion ,  r =  1 w a s  foun d  for n =  2  (=  ?A) and so  e x c ito n  

form ation  is sp in -d ep en d e n t  at lengths  greater than this.

T h e  reason  for th is  u niversa l  d e p e n d e n c e  o f  r ' on  CL"' is p o s s ib ly  d u e  to the  

in creas in g  d if fe r e n c e  in s in g le t  and triplet w a v e fu n c t io n  extent  as  C L  in creases .  Trip lets  

are a lw a y s  c o n f in e d ,  e v e n  for  p o ly m e r s  (e .g .  e h o le  separation  in P P V  is 3 .2  A) but 

s in g le t  w a v e  fu n c t io n s  can be as  large as  the C L  itself.  M o r p h o lo g ic a l  f i lm  c h a n g e s  do  

n ot  alter the v a lu e  o f  r p rob ably  b e c a u se  both e x c i to n  form ation  rates are e f fec te d

s im ilar ly  b y  an y  a sso c ia ted  ch a n g e s .
• • • • • • 28T h e s e  o b se r v a t io n s  in relation to C L  are in agreem en t  w ith  the results o f  W ilson

w h o  fou n d  that the s in g le t  gen era t ion  fraction in EL d e v ic e s  is 2 2  ±  1% for a 

p h o sp h o r e sc e n t  m o n o m e r  and 5 7  ±  4%  for the related p o ly m e r .  T h e  s in g le t  y ie ld  for the 

m o n o m e r  is c lo s e  to the 2 5 %  e x p e c te d  for a random  L a n g ev in  capture p rocess .  The  

L a n g ev in  capture radius is o f  the order 14 nm. T h is  is co n s id er a b ly  larger than the  

m o le c u la r  d im e n s io n  for a m o n o m e r  unit, but co m p arab le  to the d e lo c a l isa t io n  length  

a lo n g  a p o ly m e r  chain .  T h erefore ,  for  m o lec u la r  m aterials,  the e lec tr o n -h o le  capture  

o cc u r s  at a ran ge  w h e re  o n ly  the C o u lo m b  interaction  is e f f e c t iv e  and there is no 

con tr ib ution  from  e le c tr o n -h o le  w a v e fu n c t io n  over lap .  C o n se q u e n t ly ,  the capture p rocess  

p r o c e e d s  as  e x p e c t e d  for a L a n g e v in  m e c h a n ism ,  resu lting  in e x c i t o n s ,  w h ich  are 

in d ep en d en t  o f  the  spin states, o f  the captured ch arge  pair. H o w e v e r ,  for p o ly m e rs ,  w h e n  

e lec tr o n s  and h o le s  are presen t  on  the sa m e  chain  w ith in  the capture radius the interaction  

a lso  in c lu d es  a contribution  from  the direct  o ver lap  o f  e lec tron  and h o le  w a v efu n ct io n s .  

T h e  s in g le t  e x c i to n  d e lo c a l isa t io n  is o f  the sa m e  order o f  m a g n itu d e  as the L an gev in  

capture radius, w h i le  the triplet e x c ito n  d e lo c a l isa t io n  is c o n s id e r a b ly  less  than this. 

C o n se q u e n t ly ,  the form ation  o f  s in g le t  e x c i to n s  can  c o m p e t e  w ith  the random  charge  

capture p ro ce ss .  T h u s  the o v er a l l  capture p ro c e s s  b e c o m e s  sp in  d ep en d e n t  in favour o f  

the form ation  o f  s in g le t  e x c i to n s .  A s  a result, p o ly m e r s  d isp la y in g  greater s in g le t  exc iton  

d e lo c a l isa t io n  sh o u ld  h ave  in creased  e le c tr o - lu m in e se n t  e f f ic i e n c y .

M o r e  re ce n t ly ,  than the a b o v e  w o r k  by H eeger ,  W ils o n ,  and V ard en y ,  Bradley  et
29al fou n d  n 2 =  0 .7  for p o ly f iu o r e n e  (P F O ).  In this w o rk  a PFO  L E D  w a s  reverse  biased  

at room  tem perature  and a 150  fs  re so lu tion  p u m p -p ro b e  arrangem ent w a s  used  to study
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the fundam ental dynam ics in po lym er devices. It was shown that field-induced 

dissociation o f  singlet excitons results in free polarons (polaron pairs) as short lived 

intermediates w hich  subsequently recom bine. The polaron pairs exist both with singlet 

and triplet multiplicity  and have differing formation rates, rendering the fundamental 

event in elec tro lum inescene tim e-resolved. In order to identify features in the differential 

transm ission spectrum  from the LED  sample, a chirp-free transient absorption spectrum 

from a PA  experim ent (1 ps probe delay) done on PFO coated glass w as used as a 

reference. C lear differences are observed between the differential transm ission spectrum 

taken at 2 ps and 200 ps pum p-probe separation or ‘d e lay ’ times. An interesting feature 

at 820 nm  observed  to form at about 50 ps probe delay is attributed to triplet formation 

based on previous PA w ork on thin films. This feature is clearly not due to singlets as the 

intensity o f  s inglet-associated peaks was seen to havedecayed to zero already at this 

stage. A lso  the decay dynam ics at the associated w avelengths o f  the singlet and triplet 

species from PFO -coated glass (no field) are identical. Since spin flipping in doublet 

states occurs  at 1 fo.s t imescales this m eans the triplets are formed non-geminately by 

recom bination o f  initially field-induced polarons, as part o f  a very short time-scale 

pairing process which results in singlets and triplets being formed. By making 

population decay fits to the t im e-dependant AT and differential transm ission curves a 

value o f  0.7 for n? was obtained.

In a separate experim ent, using what was essentially a standard LED structure, 

Dhoot et al^° deduced a singlet yield o f  83 +- 7%  for O C IC IO -PP V . By m easuring the 

lifetime o f  an identified triplet species and using a calculated absorbtion crosssection to 

get the triplet generation rate. The m easured light output o f  the LED  and an optical 

model o f  the device was used to obtain the singlet generation rate. The w ork  involved 

m easuring changes in transmission (using partially transm issive electrodes) induced by 

pulsing the device on and off. The yields o f  excitons were based on m easurem ents  made 

at 10 K where the triplet absorption signal was greatest. A t tem peratures above 150 K 

no triplet absorption w as detected due to the short lifetimes o f  the triplets at higher 

temperatures.

Barford explains for the first time^', starting from degenerate  singlet and triplet 

polaron pairs, the higher than 25%  S yields for parallel chains, using a theory where
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electron-hole recom bination occurs via intermolecular in terconversion from 

interm olecular w eakly bound polaron pairs to intramolecular excitons. The 

interconversion process is a m ultiphonon process, determined by F-C factors which are 

exponentia lly  sm aller for the triplet manifold than the singlet manifold because o f  the 

difference in energy o f  S and T states (0.7 eV). Therefore, the triplet in terconversion rate 

is slower than the singlet one and is com parable to the ISC rate, m aking it possible for 

singlet yields, greater than those predicted by simple spin statistics, to exist. T he theory 

explains how  the m axim um  yield goes from close to 25%  for small m olecules,  and 

increases with conjugation length, via selection rule changes as the conjugation  length 

and particle hole-separation change from being com parable to quite different. Quantum
3^  >

chemical calculations confirm these predictions Barford’s finally derived rate equation 

show s clearly that the singlet yield increases as Sp, the polaron H uang-R hys  parameter 

(not accurately known but presum ed to be similar to the equivalent exciton parameter) 

decreases because muiitphonon emission becomes more difficult. The singlet yield also 

increases as the exchange energy increases for any vs (num ber o f  phonons emitted) or v j  

if  Sp < 1. Barford^' has m ade recom m endations for increased singlet yield from a 

theoretical analysis o f  the singlet-triplet ratio problem -  these are that the chains should 

be well conjugated, closely packed, and parallel. This is apparently at odds with many 

papers which suggest that interchain interaction results in quenching o f  em ission through 

the formation o f  excited states not bound to the ground state. H owever, an enhanced 

singlet yield could occur with an overall reduction in radiative emission. It seems a 

balance between m axim izing singlet yield and reduced em ission intensity due to 

interchain packing effects is desirable.
33 • • •Reufer et al observe spin conservation in experiments designed  to study 

recom bination o f  optically and electrically generated excitons. This is apparently 

contradictory to m any o f  the other studies ju s t  reviewed. In order to study the 

recom bination o f  optically generated excitons dissociated in under an electric field, PL 

w as studied in a sandwich type structure. Recom bination following electrical injection o f  

carriers w as also studied in PLED s by appling a reverse bias pulse using a model light- 

emitting  material containing Pd atom sites (at such a low level as not to effect the singlet 

em ission in thin films) which allows both singlet and triplet em ission to be monitored.
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In both, carriers are field-dissociated and it is assum ed that because the resulting polaron 

pairs are then held in a m etastable state for times much longer than the slow triplet 

form ation time (i.e. field pulse width) that there should be plenty o f  time for any spin- 

random ization  to occur. This is not seen i.e the relative triplet intensity does not change 

appreciably  and so it is concluded that spin conversion does not occur in close or distant 

pairs (optically  generated). Also, use o f  a strong magnetic field applied to the LED only 

serves to increase both S and T  yields by the same am ount but does not promote 

form ation o f  one exciton over another as w ould  be expected  for spin-dependent 

recom bination. T he observations are not inconsistent with a higher singlet formation 

rate than triplet formation rate but they do suggest that the singlet and triplet polaron pairs 

are not degenerate  and that there is still some exchange splitting so that there can be no 

physical com peting  channels to carrier recombination. In this case even a large 

im balance in exciton formation rates cannot modify overall yields. This paper, although 

based on a model com pound, does suggest that spin convsersion during the capture 

process is not occuring, in agreem ent with other direct device observations m ade by 

Segal et al^”* but contrary  to the results published by Heeger et al, Virgili et al and many 

others. The shorter timescales in V irgili’s work" in particular (and the fact a 's tan d a rd ’ 

LEP w as  used) should  be more appropriate for studying what actually occurs at the initial 

coulom bic  encounter.  R eufer’s approach is the same with respect to starting with 

dissociated  excitons, (polaron pairs) but he studies changes after dissociation on a longer 

tim escale  so that it is possible other non-radiative processes have already occurred to give 

an apparently  unaltered exciton ratio in his case. Based on these results he concludes that 

since single charge is coupled to m olecular vibrations, the electronic w avefunction is 

extended  through space, though reduced in mass, and exchange splitting remains large 

enough to prevent singlet triplet degeneracy in the P+P. state.

I f  the triplet Eb and corresponding cross-section for forming a triplet from a pair 

o f  injected carriers  were large then, 25%  o f  the photo lum inescence (PL) yield would 

equate to the m axim um  electro lum inescence (EL) efficiency, i f  the cross section for 

form ation is small,  EL quantum  efficiency could in principle be 100% o f  the PL yield. 

A lthough in principal 100 %  EL yields may be possible, in reality, disordered, unaligned 

sam ples will exhibit  more polaron-exciton behaviour. H ow ever,  since disorder is
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distanced from the intrinsic electrical and optical properties, EL efficiencies greater than 

the limit predicted by simple spin statistics (25 % o f  PL yield) should be possible even 

for disordered samples as long as the conjugation length is comparable with the coulomb 

capture radius.

dn
Exciton decay, , depends on the radiative and non-radiative decay times. It is

dt
dn n

defined a s  = —  H and has a random natural exponential decay where n, the
df

exciton density is:

n = Hq exp = Hq exp

3.6.4 Injection- and Volume-Controlled Electroluminescence

Kalinowski et proposed a method o f  expressing the current density 

dependence o f  the EL efficiency, (|)e.:l, using a kinctic model. Their method assumes only 

singlet excited states to be produced homogeneously throughout the sample in the 

electron-hole recombination process and states:

<Pi;r

where y is the recombination coefficient for the injected carriers, and kp = kf + k „r and is 

the total decay rate constant including the nonradiative pathways. The kinetic equation 

describing the free negative carrier population under steady state conditions is;

•e f  \ 1 ^1 1 en
ed - eL ^re c  y

, where transit time is given by t.,- = -----  and the recombination time is = \!  yn  .
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In the case o f  in jection-controlled EL, ICEL, there is monomolecular decay o f charge 

carriers since Tj <  . Combining these equations fo r electrons and holes yields:

e /.I ]Li F

W ith IC EL, the EL is a side-effect o f  the current flow  and its intensity is proportional to 

the product o f  electron and hole currents. Irrespective o f  the form o f  the injected current,

/  _e.h

ICEL predicts a power law dependance o f  on current density, i.e. (f>EL ( 7 I
In the case o f  volume-controlled electroluminescence (VCEL), the positive and 

negative space charges w ill overlap throughout the sample and largely cancel each other 

out. The decay is bimolecular as it is dominated by the second order process o f  

recombination and so It can be shown for VCEL that = (^/,

is always linearly proportional to the current, independent o f the extension o f space 

charge overlap which does, however, strongly influence the position o f the EL RZ

3.7 MATERIALS DEPOSITION TECHNIQUES

3.7.1 Sputtering and Evaporating Techniques.

Developed in 1858, sputtering involves plasma formation over the target material 

to be deposited by inert gas ionization using a RF (radio frequency) power supply. The 

target is negatively charged, and positive argon plasma ions accelerate towards it. Target 

ion-bombardment causes surface ejection o f  target atoms towards the substrate overhead. 

A homebuilt sputterer w ith  a rotary-backed diffusion pump (base pressure o f  2x10'^ 

mbar) and high purity targets (99.99%) from Testbourne Ltd were used for this thesis 

work. A  low deposition rate (low  power) o f 2 A/s was used in itia lly  and ramped after 20 

nm o f  material was deposited. A lthough any conductive material can be sputtered, its 

use in O LED fabrication is usually lim ited to coating glass w ith ITO since sputtering
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on to  so ft  o rgan ic  m aterials  can lead to surface  d a m a g e  and p en etrat ion  o f  thin f i lm s  by  

h igh  k inetic  en er g y  m eta l particles.

E vap oration  is u sed  to d ep o s it  ca th o d e  m ateria ls  and sm a ll  m o le c u le s .  T herm al  

evap oration  o f  a so u rc e  m aterial co n ta in e d  in a boat, co i l ,  b a ff le  or  o ther  h o ld e r  in v o lv e s  

p a ss in g  a su ff ic ien t ly  large current through  the b o a t/h o ld er  th e re b y  r e s is t iv e ly  h ea t in g  it 

and, indirectly , the sou rce  i t s e l f  T h is  c a u se s  the sou rce  to ev a p o r a te  or s u b l im e  on  the  

substrate o v er h e a d  (and to a le sser  ex te n t  on  the w a l l s  o f  the c h a m b e r ) .  A g a in ,  lo w  rates 

( l o w  boat current and tem perature) are u sed  in it ia lly ,  as w ith  sputter ing . A n  Edw ards  

A u to v a c  3 0 6  evap ora tor  w ith  a rotary back ed  d if fu s io n  p u m p  (b a se  c h a m b e r  p ressure o f
*7

2 x 1 0 "  m bar) w a s  used  for  this th e s is  w ork .  A lth o u g h  greater  contro l o f  d ep o s it io n  

layer quality  m a y  be a ch ie v ed  by co n tro l l in g  substrate tem perature ,  particu larly  for  

organ ics ,  this w a s  not used  in this th es is .  E vap oration  is u se fu l  for  thin f i lm  ( - 1 0 0  nm )  

d ep o s it io n  w h e r e a s  sputtering, can a lso  be u sed  for th ick  f i lm s  (m ic r o n s ) .

T h e th ic k n e ss  o f  the sputtered or evap orated  layer w a s  m o n ito re d  in situ u s in g  a 

quartz-crystal th ic k n e ss  m onitor.  T h e fun dam en ta l m o d e  o f  v ib rat ion  o f  the w'ater-cooled  

crystal c h a n g e s  as  m ore  material is d ep o s ited  on  it. T h e  in strum ent m a y  be ca librated  for  

any material k n o w in g  the bulk  d en sity  o f  the m aterial and the th ic k n e s s  o f  a layer  

d ep os ited  at a g iv e n  rate for a g iv e n  sou rce-su b stra te  d istance .  C rysta ls  w e r e  replaced  

regularly ,  w ith  e ith er  a n e w  crystal or w ith  a w a sh e d ,  u sed  crystal to en su re  re liab ility .

3.7.2 Spincoating

S p in co a t in g  is w id e ly  used  to p rod u ce  g o o d  optica l q u a li ty  p o ly m e r  thin f i lm s .  

A ll  the f i lm s  for  th is  th e s is  w er e  spun from  a fu l ly  f lo o d e d  substrate  u s in g  a C o n v a c  

2 0 0 0  coater. N itr o g e n  or argon -pu rged  sp in -c o a te rs  lo w e r  in terface  trap d e n s it ie s  as can  

u s in g  dry v a c u u m  p u m p s  to ho ld  the  substrate in p lace  d u r in g  co a t in g .  T y p ic a l ly  

substrate sp in  s p e e d s  o f  1200  -  2 0 0 0  rpm for d if feren t  l ig h t -e m itt in g  p o ly m e r  so lu t io n s  

o f  con cen tra tion  10 m g /m l - 2 0  m g /m l  y ie ld e d  4 0  - 1 5 0  n m  th ic k  f i lm s .  T h e  f i lm  

th ick n ess ,  t, is re lated to the spin  sp ee d ,  co, by a p o w e r  law  o f  form  t =  kco’’’ For a g iv e n  

con cen tra tion  the th ic k n ess  is proportional to co'*’ and for L E P s  b is ty p ic a l ly  '/2 . T h e  

con stant  k d ep e n d s  on the v is c o s i ty  and h en ce  the so lu t io n  co n ce n tr a t io n  and the  

acce leration  to fu ll  sp eed .  F ilm  th ic k n e ss  m ay  a lso  be varied  b y  c h a n g in g  the sp ee d
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during the ‘drying p h ase ’ after the main spinning phase also though this w as not 

experim ented  with here. The thickness w as monitored using tapping-m ode AFM  

(A tom ic Force M icroscopy) with a stepheight analysis function and/or Dektak needle 

profilom etry. W hite light interferometric m easurem ents  may also provide thickness 

information. All these  th ickness m easurem ent techniques also provide surface roughness 

inform ation (e.g. h ighly volatile solvents result in rougher film surfaces). W hen m aking 

a scratch with a pin or a razor blade edge in a film to m easure the film thickness it is 

very im portant not to sctratch the substrate and to have flat regions either side o f  the 

scratch on the sam e level.

O ther deposition  m ethods for O L E D s include ink-jet printing (UP), organic 

vapour-phase deposition  (O V PD ), doctor-blading, and screen printing. OVPD^^ 

norm ally  involves the vacuum  deposition o f  small molecules by sublimation, with 

excellent control o f  layer com position , film m orphology  and crystallinity achievable. 

Unlike evaporation, O V P D  permits the flow rates o f  the organic species introduced into 

the ch am b er  to be controlled precisely.

O f  the organic depostion techniques UP is the m ost innovative and potentially
38  ^disruptive technologically . Inkjet printing offers the inherent ability to deposit very 

small quantities (~  3 pL) o f  highly specialized fluids reliably, accurately and at high 

speed onto a w ide range o f  substrates. A pplications under developm ent include in k je t  

printing o f  co lour filters, printing LCD spacers and printing metal w iring using 

nanom etal inks. T he em issive regions in PLED s which are based on solution- 

processable  light-em itting polym ers may also be assembled using ink je t  printing 

m eaning  RG B elem ents  can be deposited in a single layer rather than as a stack where 

there m ay heavy optical losses. PLEDs offer end-user perform ance advantages over 

LCD displays but are also potentially cheaper to produce if ink je t  m ethods are used.

The backlight, co lour filter, polarizer and LCD layer, collectively account for 

about 50%  o f  an LC D  p an e l’s functional materials. Inkjet printing will simultaneously 

deposit and pattern the em issive layer in a PLED display thereby reducing process steps. 

Furtherm ore , 3-10  times m ore  efficient use o f  material, quick tact times (<2 mins) 

com parab le  to those for L C D s (and better by a factor o f  2, than for OLED s), a smaller 

footprint and elim ination o f  masks all make inkjet printing an attractive option to the



device manufacturer. Even spincoating may be replaced by ‘ flood ’ printing, where a dot 

pattern is printed and the dots coalesce to form an even film , however, it is not possible 

to e ffic iently in k je t materials w ith a high molecular weight (> 250,000).

UP is, however, technically very challenging. The main issues w ith  inkjet 

printing are drop formation at the nozzle, drop placement on the substrate, and 

uniform ity o f resultant layer. The problems in reducing the drop size have to do w ith the 

development o f  se lf cleaning print heads which do not clog easily. Low molecular 

weight materials are best suited to UP. The wet layer thickness o f a single drop is 5 -  20 

micron which then dries to about 100 nm thickness. This defines a concentration o f 

about .01 g/L polymer solution concentration to produce a shear viscosity that falls 

w ith in  the range needed fo r ink-jet printing. However, w ith LEP inks, small 

concentrations o f  high molecular weight polymers can cause unstable je tting  conditions. 

This is due to higher deformation rates in the in k je t head, where the liquid w ill behave 

in a non-Newtonian manner. A fte r drop formation the drop flies through the air. lands 

on the substrate and spreads. Because the pixel size must be fixed in a display, drops are 

printed between barriers made by photolithography. In common w ith  spincoating. the 

last step is solvent evaporation and the formation o f  a fla t polymer film . This is a 

complicated process which depends on the solvent type, polymer, concentration, and 

substrate wettability. Seiko Epson raised the profile o f this technology by printing a 40" 

diagonal PLED TV  screen in 2004 (glass substrate). CDT demonstrated a printed 6" 

display on a fiexib le substrate earlier in 2006. Ink je t prin ting may now be applied to 

conventional long chain PPV/PFO type polymers but is also being adapted fo r materials 

which may be used in PHOLEDs or SMOLEDs and it may even be used for SW NT 

(single wall nanotube) mat printing.

3.8 DEVICE PERFORMANCE

3.8.1 Quantum Efficiency

The internal quantum efficiency o f  a device is a theoretical quantity which

considers the maximum possible efficiency by excluding losses due to ineffic ient light 

outcoupling and is defined as where ;>'is the ratio o f  the number o f  exciton
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formation events within the device to the number of electrons flowing in the external 

circuit, r.st is the fraction o f excitons formed as singlets, and q is the efficiency of 

radiative decay of the singlet excitons.

External quantum efficiency, 7^̂ ,, on the other hand, is an experimentally

measurable quantity and is defined as = # photons^^i : # electrons-^, where

L A
# e l e c t r o n s m ~ ^  = J I e  and # p h o t o n s m ~ ^  s  — -— . is the luminance and is a

he

photometric quantity as opposed to a radiometric one. This means that the luminance

accounts for the human eye response which is defined by the the photopic function.

800300 400 500) 600 

W avelength (nm)

700 900

Fig .  27  I 'he  pho lop ic  curve, peaking in the green region, corresponds to the hum an  eye’s response (A.) to light.

Luminance or brightness is the photometric equivalent of radiance which is measured for

extended light sources (as opposed to a point source) and is defined as L̂ , = — — ,
dA^dO.

where d Q - d A / r ^  and the luminous flux, emitted from an area, dAv, per unit solid 

angle, d Q , is:
780«m

= ^  \ </>e{ )̂ywA
380«m

is a lumens to watts conversion factor equal to 683 Lm/W. From these definitions 

is defined as:

J he
^ C X l  —  ,  T
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A spectroradiom eter is used to m easure the emitted power as a function o f  wavelength 

and this, in turn, is converted to a luminance reading. An integrating sphere m ay also be 

used. The CIE system^^ is used to define colour purity o f  a given pixel EL spectrum.

Though is not directly measurable, it may he estim ated  assum ing

lexi = înt / , where n is the refractive index o f the glass substrate. In other words

most o f  the LED inefficiency is due to optical losses caused by poor outcoupling o f light 

through the face o f the ITO/glass substrate. Most o f the EL is effectively waveguided in 

the ITO layer and exits at the LED edges. Assuming n~1.5, clearly, only -2 0 %  o f the 

internally generated emission is collected externally through the face o f  the ITO. 

Improving outcoupling by reducing optical losses due to waveguiding modes in the LED 

is an important way o f  increasing outcoupling efficiency. In standard PLEDs (see 

below), outcoupling elements, such as photonic crystal slabs and microlens arrays built 

into the ITO glass substrate, increase but result in more directional emission. For 

W OLEDs (see below) scattering layers on the ITO have been used to assist 

outcoupling"*”.

Most OLEDs have diffuse emission with an approxim ately Lambertian or cosine 

distribution. A Lambertian point source has an angular dependent emission defined by 

I  = lgCOS0 where lo is the intensity normal to the soum ce itse lf In the case o f

microcavity OLEDs, one highly reflecting electrode and one partially transm itting metal 

electrode, results in an etalon or Fabry-Perot arrangement. The resulting emission 

spectrum is narrowed around a central wavelength lambda corresponding to the resonant 

mode o f  the cavity given by 2nd c os0  = mX m =l ,2 ...., where d is the cavity thickness, n 

is the refractive index o f the polym er and 9  is the emission angle from the cavity. The 

use o f  thin m ultilayer dielectric stacks instead o f semitransparent metals enables control 

o f the cavity characteristics. Building an ITO layer as the top layer o f  the dielectric 

stack, permits microcavity devices to be made which have sharply directed emission. 

For any kind o f  LED, a goniom eter is used to measure the emission profile.
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3.8.2 Lum inous Efficiency

The luminous efficiency rj, (units o f  Lm/W) is the photometric analogue o f  the

radiometric quantity power efficiency and is defined as i], ~ nL^ I J V  . A Cd/A value is

often quoted with a corresponding operating voltage, V. This has the advantage that, at 

once, one can see all the main device parameters - brightness, drive current, drive 

voltage - and can easily be calculated by mulitplying the Cd/A value by tx/ V .  Whether

Lm/W or Cd/A are quoted, it is important to remember that this efficiency is effectively 

not sensitive to device architecture changes which cause different outcoupling for 

different wavelengths, whereas is. Owing to a lack o f  a spectroradiometer, in the

calculations a forced compromise was made by using only the maximum of  the EL

spectrum.

In terms o f  portable device performance, luminous efficiency contributes greatly 

to determining battery lifetime. For the consumer, running cost and convienience are 

important device parameters. Operating voltage will determine battery size and is most 

important for mobile applications. When comparing the power efficiencies o f  various 

display modules or pixels, it is important the same unit sizes and specifications are used. 

It is worth noting that as a rule o f  thumb, there is up to an order o f  magnitude decrease in 

performance from one-off, optimised lab devices to similar display production modules.

3.8.3 Device Lifetim e

The root cause o f  the exponential decay observed in OLED lifetimes is still not 

well understood, though contributing factors are many and depend on synthesis and 

fabrication methods as these influence the composition, number o f  trapping states and 

morphology o f  materials used. The operational lifetime is often defined as the time to

half brightness (tso) from an initial brightness o f  400 cd/m“ under constant current (DC)
‘  • 2driving although for many applications a good tgo or even tgo value from 1000 cd/m

would be more appropriate! Lifetimes can be measured directly by running a device 

under STP or, indirectly, by extrapolation from tso and assuming a constant acceleration 

factor for the decay (power o f  exponent used to describe decay curve is constant.)
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Clearly the lifetime depends on the initial luminance, the higher the initial luminance the 

shorter the lifetime -  there is no industry standard at the m om en t for quoting lifetimes 

and results published must alw ays be treated with caution.

SM O L E D s are more stable than PLEDs at present. T he lifetime o f  blue m aterials 

for all O LED  types lags behind those o f  red and green and needs im proving before 

televisions based on O L E D s can com pete with LCD TVs. Flexible OLEDs^^, are 

particularly unstable environm entally , largely due to difficulties in achieving effective 

encapsulation.

3.8.3.1 Environmental Factors EffectingDevice Lifetime

Oxygen from the atmosphere , or from water, results in the formation o f  reactive 

carbonyl groups which promote formation o f  excited singlet oxygen  states which quench 

luminescence'*^. O xygen and moisture also oxidize the electrodes and alter the injection 

barrier as a result. Lipson et al‘*‘* confirmed that sp incoating Ar-degassed polym er 

solutions in Ar instead o f  air, reduced polaron absorption due to oxgygen  in the resultant 

films and increased photolum inescence efficiency. In industry, exposure o f  O L E D s to 

oxygen or moisture is m inim ised by fabricating the entire device under high vacuum  

conditions, including passivation by encapsulation.

Photo stability is the stability o f  a material to light, particularly  UV light, which 

can have a photobleaching effect"*^. O L E D  displays are fine for indoor applications but 

risk being washed out or faded upon prolonged, direct exposure  to sunlight. A fter long 

periods o f  operation (> 10000 hours for stable materials) degradation can be due to loss 

o f  conjugation due to photobleaching and or oxidation resulting in a blue-shift o f  the EL. 

The use o f  UV filters in the encapsulating layers can som ew hat reduce this problem.

Defects in organic films or metal electrodes can lead to shorting and the formation 

o f  black spots due to localized heating'*^. Localised jou le  heating is sufficient to melt the 

cathode in parts o f  a single pixel. B lack-spot degradation, unlike photo-degradation, 

g ives rise to early failure. Elevated operating tem peratures in a device, or the presence o f  

tem perature gradients, can also lead to m olecular diffusion in S M O L E D s w hich  can 

cause pixel bloom  (spreading o f  em ission beyond the pixel edges defined by the 

electrodes.). In the case o f  PLED s elevated tem peratures usually will m ean  that there is a
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burn-in time for a d isplay where  the po lym er strands rearrange slightly and, after which, 

the display is quite stable. Clearly, i f  jou le  heating can generate large internal device 

temperatures, then high glass transition tem perature (Tg) organic materials are required. 

A high Tg is also im portant as organic layers require baking after spincoating in order to 

drive o f f  excess solvent fully. A lthough black-spot defects affect display lifetimes, many 

com m ercial O L E D  display  m odules  are being produced with low defect counts and 

sufficient lifetimes to be competitive in certain display industry sectors. This is largely 

because for applications like m obile  phone displays, a m odest brightness is required if  

AM drivers are used. Joule heating really becom es a problem for high brightness 

applications. Therefore, for displays using PM drivers (a strobe technique) jo u le  heating 

is a very important lifetime limiter. In a PM O LED  the duty cycle m ust be at least 50 -  

60 Hz, and since brightness is proportional to current, a large pulsed current is required to 

generate a sufficient average brightness. Another application w here  Joule heating would 

be significant is the as yet undem onstrated , electrically pum ped organic laser.

3.8.3.2 Importance o f  Cleanliness

In order to ach ieve high perform ance devices cleanliness is crucial at all stages o f  

device production, from chemical synthesis and substrate cleaning to spin-coating and 

metalisation. Clean room facilities are ju s t  as important for organic devices as they are 

for inorganic devices. For example, the likelihood o f  pinholes, impeded contacts and 

filamentary injection, all o f  w hich  reduce device lifetime, is lowered by using clean 

room facilities. All layers m ust be as pure, uniform and hom ogenous as possible. 

Cleanliness will reduce trap densities in the material which in turn reduces mobility. 

Cleanliness affects the nature o f  an interface (e.g. by changing surface tension) and 

hence its injection properties, and is ultimately reflected in the emission uniformity, tu rn 

on voltages and efficiency o f  a device.
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3.9 TYPES OF ORGANIC LIGHT EMITTING DIODE

3.9.1 SMOLED

Electroluminescence o f  an orange colour was first observed'’  ̂ in an organic 

material in the 1960s upon application o f several hundred volts across a very thick, 

epitaxially-grown anthracene single crystal. This was the first electrofluorescent OLED 

and could be termed an M CO LED (molecular crystal OLED).

Small-molecule-OLEDs (SMOLEDs) rely on electrofluorescence from small 

molecules deposited either by thermal evaporation/sublimation or, alternatively by 

OVPD. The use o f vacuu-deposited amorphous thin film s o f  anthracene (V incett and 

Barlow) led to EL being observed at 30 V and represented the beginning o f SMOLEDs 

although external quantum efficiencies were still low (0.05%). It was not until Tang et
48a l used a sublimed, two layer SM OLED in 1987, w ith each layer capable o f  only 

monopolar transport, that green EL device w ith 1% was achieved at 1.5 Im/W.

SMOLEDs are lim ited to quite small panel sizes, generally only up to a few inches 

diagonal, due high vacuum processing organic deposition requirements. It is d ifficu lt to 

create a uniform thickness layer by sublimation, however, techniques like OVPD may 

enable these materials to be used in low cost production o f  larger panels.

3.9.2 PLED

Strictly speaking, PLEDs should be (and sometimes are) referred to as P-OLEDs
49(polymer OLEDs) although. Polymer EL was discovered serendipitously in 1989 

during electrical studies on PPV. The solution processibility o f  polymers lends itse lf 

well to large area device production and to patterning using inkjet prin ting techniques, 

making PLEDs, potentially, a very cheap display to manufacture. To an extent, PLEDs 

may be distinguished from SMOLEDs by the fact that SM OLEDs tend to have more 

layers since PLED layers tend to be m ultifunctional so one material is used both for 

transport and emission. Polymers may also be blended (w ith  other polymers or small 

molecules) and processed in a single step enabling combination o f  different 

functionalities, potentially reducing device production costs. The different classes o f
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polym er backbone synthesized include PPVs,^^’̂ ® ladder Polymers^ ',  polyfluorenes^", 

po ly thiophenes and spiro-polym ers.

3.9.3 PHOLED and DOLEDs

53 • . . .T he  idea behind P H O L E D s is to harvest both radiative singlets and non- 

radiative triplets in a po lym er host material by using sim ultaneous Forster transfer o f  

singlets and Dexter transfer  o f  triplets from the host to a phosphorescent em itter using 

the heavy atom effect. The internal quantum  yield is thus alm ost 100 %  and the external 

quantum  efficiency is the best o f  all the O L E D  types. Pt com pounds were initially used 

but this resulted in loss o f  efficiency as brightness w as increased due to triplet-triplet 

annihilation. T he problem  was overcom e by using Ir com pounds. The first com.mercial 

use o f  a P H O L E D  was in 2001 when a full colour sub-display in a Fujitsu phone used it. 

The big deve lopm ent bottle neck is with blue PH O L E D s which lag red and green 

P H O L E D  lifetimes and have a low initial brightness, though im provem ent is ongoing. 

There is interest now  in m aking  an IR (infra-red) tw o-tone P H O L E D  display for military 

use, v iewable only by som eone with night goggles.

Dendrimers^"* are the most recently developed class o f  organic emissive materials 

and cover the whole spectral range. Dendrim ers are particularly interesting materials in 

that different functionalities  (charge transport and lum inescence) are very well separated 

and may be independently  varied in a controllable manner. Ordinarily the fact that 

po lym er em ission and transport are linked via the chemical structure can be problematic 

(e.g. quench ing  due to polarons interacting with excitons and excim er formation beween 

transporting and em itting  m oieties resulting in reduced EQE.) Dendrim ers avoid this 

p roblem  and it has been shown the influence o f  the charge-transporting conjugated 

dendrons on the em ission properties o f  the core are neglible. This allows fine-tuning o f  

the electrical properties o f  the dendrons independently o f  the highly fluorescent dye 

chrom ophore  (or phosphorescen t molecule) cores to improve LED  efficiency. Dendrons 

with alkoxy sidechains are designed to ensure these polym er-hybrid  systems are soluble, 

enabling solution processable  e lec tro-phosphorescent materials where the core is a
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triplet-emitter. Highly efficient P H O L E D s using solotion processing have been made 

using this approach.

3.9.4 WOLED

Inorganic white LEDs^^ are now widely available as efficient, bright sources for 

lighting applications ranging from torches to ceiling lighting. Similarly, there is a 

concerted effort in the O L E D  industry and in academ ic circles to develop  O L E D s for 

solid state lighting. Unlike their inorganic counterparts, white O L E D s (W O L E D s)  may 

be produced in thin tllm format over large areas, desirable for interior illumination in 

particular. Obviously , i f  W O L E D s are to replace current the f ilam ent bulb and the 

fluorescent tube, cost and efficiency m ust be better than for these established 

technologies. N ovaled  have reported som e o f  the highest values for W O L E D s to date^^. 

W O L E D s are also significant in their own right for use as sub-pixels in R G B W  type AM 

O LED  displays where the use o f  white sub-pixels provides im proved display contrast.

3.9.5 TOLED and FOLEDS

Totally transparen t-O L E D s^^T O L E D s) are useful in situations where  one would 

like illumination while still being able to, for example, read print directly beneath the 

device. Their surface-em itting structures are also useful for surface-em itting  O L E D s on 

A-Si backplanes. A typical T O L E D  structure is ITO /poly/ETL/CuPC/Lif/A I.

Using roll-to-roll processing ultimately one could envisage a paper-thin, full- 

colour, F lex ib le-O LED  (FO LED ) display, possibly with an inbuilt organic solar cell 

which could be used as a refreshable, rechargeable spreadsheet/broadsheet. O ther thin, 

flexible electronic display systems include flexible LCDs, electrophoretic  d isplays and 

electrochrom ic displays, all o f  which are deficient in the fo llow ing w ays: they require 

backlighting; they only have grey scales and they have slow response t im es respectively.
58FO L E D s offer the best solution for low pow er, RGB video rate flexible displays. The

main area o f  concern  with FO LED s is in extending the device lifetime by m aking the

flexible substrate sufficiently im permeable to moisture, especially  in a country like 

Ireland!! Flexible substrates used include Mylar, Kaladex (a PEN film) and thin steel
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foil. M ultilayer barrier films using  organic-inorganic repeating layers (Barix  and Batelle 

Inc.) have been used to passivate  the device. A further concern is that repeated bending 

o f  the F O L E D  display m ust not affect its perform ance for a given bend radius. Recent 

dem onstra tions  using a paper  punch  highlighted FO L E D  durability: - holes m ade on a 

live device simply leave the rem ainder o f  the pixel still w orking normally.

3.9.6 Passive Matrix and Active Matrix OLED Displays

In a passive m atrix  (PM ) display, ITO colum ns and metal cathode rows overlap 

orthogonally .  Each row  is addressed sequentially: the picture data cause the pixels to 

flash for a very short time. By scanning the lines sufficiently fast (c. 72 H z ) , the human 

eye integrates all o f  the light flashes into a picture w ithout flicker. Because the pixel is 

on for such a short time, in o rder  to have a clearly visible average luminance the light 

pulses m ust be ex trem ely  bright. 64 lines m eans the single pixel m ust flash 64 times 

brighter than the lum inance the v iew er perceives. The flashing rate is called the M UX 

rate. A node  line pow er losses and pixel charging/discharging losses limit the size o f  

single panel PM displays to about 4 ” diagonal. In a PM display, red and blue emissions 

will have a sim ilar m easured  radiance will have different luminance intensities which are 

a lot less than that o f  the green (due to the photopic curve), it is, therefore, necessary to 

m ake the green subpixel sm aller  than the red and blue ones. PM devices will always 

com m and  m arket share being s im pler and cheaper to produce than A M  O LED s.

in an active m atrix  (A M ) display all subpixels can o f  uniform size since each 

subp ixe l’s brightness is contro lled  by a single TFT  (thin-film-transistor). Often more 

than one T F T  is used so that should one T F T  fail, the subpixel can be contolled by a 

previously  redundan t TFT. A M  displays may be produced using a conventional structure 

with em ission through the anode. In this case the driver circuitry is peripheral to the 

display. In a m ore  space-efficient design, the O L E D  part o f  the display is built directly 

on top o f  the driver IC (in tegrated  circuitry). For a conventional pin structure, the type o f  

S O G  (Silicon on Glass)^^ used for the circuitry is important because the mobility o f  the 

different types o f  Si (silicon) em ployed  in AM  TFTs determ ines the T F T  size and 

curren t-supply  capability. T he Si type ultimately affects image quality (resolution).
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therefore, because TFT size determines the aperture ratio o f  the display, where the latter 

is the ratio o f  emitting area o f  a sub-pixel to the overall area o f  a pixel,  including non-  

em iss iv e  m etallised regions.
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chapter 4

4 RED, GREEN AND BLUE ORGANIC LIGHT EMITTING
DIODES
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This Chapter marks the start o f  the experimental work, which was carried out by me 

during my thesis. Several emissive materials for organic displays are introduced - two for 

each o f  the three basic colours (red, green and blue) required for full-colour electronic 

displays. LEDs based on these emitters are characterised and discussed.

4.1 ORGANIC THIN FILMS

4.1.1 Preparation Method

OLEDs typically consist o f  one or more thin layers o f organic material 

sandwiched between metallic electrodes. Clean, flat substrates are required as a starting 

point for producing good optical quality, thin films. Bought ITO-coated glass substrates 

(UQG optics) were boiled in acetone followed by isopropanol, to remove any unwanted 

residual surface stains. The ITO was then photolithographically patterned, recleaned and 

the organic layer(s) deposited on the ITO surface. In the case o f spincoated organic 

layers, for the desired polym er solution concentration, the appropriate amount o f polym er 

powder/fibrous mat was weighed on an electronic balance and the required volume o f 

spectroscopic grade solvent added to the powder in a clean glass vial using a pipette. The 

use o f a low power sonic bath, shaking by hand, heating, or a combination o f these, was 

used to hasten the dissolution process. Solutions were then filtered using .45 |nm 

W hatman filter paper in a syringe head. The filtered polymer solutions were spin-coated 

using a Convac 2000 spincoater in a laminar flow hood. Just prior to spincoating, the 

substrate was blasted with a nitrogen gun at ~2 mbar to remove any dust particles that 

may have lodged on the ITO surface. W here possible, xylene was used preferentially to 

toluene. This is due to its slightly higher boiling point and the fact volatile solvents 

generally result in films with a smoother surface. Spin-coated films were then baked for 

a few minutes in a vacuum oven (fitted with a solvent trap) at 60° C to evaporate o ff  any 

remaining solvent. A Digital Instruments Nanoscope Ilia atomic force microscope 

(AFM) was used to image cuts made using a razor blade in polymer films spincoated onto 

glass substrates. The resulting image, was processed using analysis software which 

levels the flat regions either side o f the cut and (via the stepheight analysis function) 

calculates the height differenfial o f  one side and the base o f  the bottom o f  the trench
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formed by the blade. AFM traces were taken in tapping mode, adjusting the tip drive- 

amplitude and feedback gains using a silicon nitride tip to ensure a clean scan. These 

readings were checked against needle profilom etry readings obtained using a Dektac 

surface profiler.

Hei ght 
3 5 . 7 7  nM/diu

Lef t  Trace  i_______
16 . 38  M S / d i i u

F ig . 28  E xam ple of a single unleveled trac e  AFM  im age of a cut m ade in a po lym er film of M E H -P P V  w hich 
w as sp in -coated  from  a 15 g/1 ch lorobenzene solution at a spin speed of 1500 rpm .

4.1.2 Absorption Measurements

In order to characterize the ground state absorption o f  thin solid organic t'llms and 

the absorption (excited state) o f  doped polym er solutions, measurements were carried out 

using a Schmimadzu UV-Vis (Ultra-Violet-Visible) absorption spectrometer. The UV- 

Vis spectrom eter works by passing a high voltage discharge through a xenon or m ercury 

vapour contained in a quartz envelope. These sources are operated at quite high gas 

pressures to provide a continuous spectral output. Transm ission wavelength selection is 

achieved by dispersing the lamp output using a grating m onochrom ator rotated by an 

electronic actuator. The Shimadzu system used has a dual-beam m onochrom ator 

arrangem ent (one for the sample and one for the reference) with lamp changeover from 

m ercury to xenon occurring at 690 nm. The detector is a photomultiplier tube and the 

wavelength range using these sources and quartz containers/substrates is 200 -  1000 nm. 

Spectrosil B quartz glass substrates were used for spincoated thin films (absorption starts 

at ~  270 nm) and matched quartz cuvettes (1 cm^) were used for solution m easurements.

Doping o f light-em itting polym er (LEP) solutions was done in order to 

dem onstrate excited state (positive polaron) absorption which is expected to be sim ilar to 

polaron pair absorption since the polarons in a polaron pair are not tightly bound. The

Scope Trace
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dopant, FeCb solution (0.025 M in DCM), was added to LEP solution (0.25 mg/ml) in a 

cuvette dropwise until the absorbance saturated. Although solutions were doped, and 

only the solid state is relevant in this thesis, graphs showing the overlap o f doping- 

induced absorption and electroluminescent spectra illustrate qualitatively, at least, how 

excited state absorption detracts from electroluminescence intensity.

4.1.3 Photoluminescence Measurements

A high solid state photoluminescence quantum yield (PLQY) is a fundamental 

requirement for a good electrofluorescent material. Therefore, PL or fluorescence, 

measurements were made, prior to device fabrication, using a Lambda-lnstruments (FL40 

model) fluorimeter on thin films spincoated on quartz-glass (Spectrosil-B) substrates. 

The fluorimeter uses similar light sources to the absorption spectrometer, the main 

difference being that light emitted at right angles to the exciting beam is collected and 

focused on a second monochromator. The double-monochromator setup means that 

excitation and emission spectra may be obtained. For some PL measurements, a Rothin 

UV diode with a peak emission o f  370 nm and a narrow spectral distribution (FWHM of  

20 nm) was used in conjunction with a CCD detection unit. The PL quantum yield for 

the LEPs was obtained using a standardised solution o f  quinine sulphate in 0.1 M H2 SO 4 

((j)pi=54%). For solid films, an integrating sphere can also measure the external PL 

quantum yield. Although self-absorption in thin films results in reduced PL yields, to 

date, it has not been quantified. LEP fluorescence lifetimes were obtained from the 

literature, where a mode-locked ruby laser (35 ps pulse @ pump wavelength o f  347.15 

nm) was used to excite the sample.

4.1.4 Device Fabrication

4.1.4.1 Single Carrier Device and LED Structures

In order to characterize the polymer mobilities and trap distributions which 

govern current flow in OLEDs, single-carrier devices were made on glass substrates. 

Hole-only devices in a ITO/ polym er/ Au format were made, using different masks for
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the top and bottom gold contacts to consistently define the active device area. Electron- 

only devices in an Al/polym er/Al format were also made using the same masks.

4.5mm12 mm

12 mm

in=i :
: d zi

iiz=i :

I  2 mm
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1 Y/M 1

8 mm

Fig. 29 D im ension o f  m asks for bottom  (left) and top (m iddle) contacts for a sing le-carrier device, 
and the resultant overlap (right: shaded) defin ing the active area for all devices.

For LED structures, an ITO transparent bottom anode was used. Typically fPO is 

80% transparent across the visible @ thickness o f  ~80 nm). The bought-in glass 

substrates used in this thesis were ITO-coated over the whole glass area. The ITO layer, 

therefore, requires etching in order to achieve electrode isolation and to avoid shorting 

between the top and bottom contacts when mechanical contact is made to the electrodes. 

The etching was done photolithographically. This involved spin-coating a negative 

photoresist (Shipley) at 6000 rpm, on the ITO-glass substrate, curing the spin-coated 

layer o f  resist on a hotplate, mask defined exposure o f  the cured resist layer to UV light, 

dissolving the the exposed regions o f  the resist layer by immersion in developer 

(MMDF), rinsing the remaining partially resist-coated ITO in water, etching the resist- 

free areas o f  ITO in hydrochloric acid (10% @ 80 °C), and, finally, removal of 

undeveloped resist with acetone. Although this work involved exposing the resist surfac 

to UV light, better results may be obtained by exposure through the substrate. The ITO 

patterning process is tedious but highly reproducible. The completeness o f  the etching 

step was monitored by checking substrate resistance using a regular lab multimeter. The 

masks allowed for batches o f  16 substrates to be processed at a time.
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4.1.4.2 Evaporation and Sputtering o f  Metal Electrodes

For devices m ade during  this thesis w ork, evaporated  alum inium  was used to 

in ject e lectrons and sputtered  ITO, or gold, to inject holes. A lum inium  w as used as the 

cathode in L E D s and for bo th  contacts in electron-only  devices. U sing an E dw ards 

A utovac coating  system  fitted  w ith a ro tary-backed  diffusion pum p (£05  m odel), a 

vacuum  o f  2 x 10'^ m bar is achievable. H ow ever, an order o f  m agnitude less than this is 

su ffic ien t and w as used for m aking the devices. A lum inium  w ire (99.99 %  purity , 

T estb o u m e Inc.) was p laced  in a tungsten  coil (T esboum e Inc.) and this was evaporated  

u nder vacuum  by resistively  heating the coil to the m elting  point o f  alum inium . A high 

curren t is passed  though a narrow  gauge (1m m ) coil, 4 cm  long, w ith a coil d iam eter o f  

0.5 cm  (and a pitch o f  0.5 cm ). C are w as taken  to rem ove the shutter only once a stable 

low rate o f  m etal deposition  had been established. Film  th ickness w as m onitored using a 

w ater-coo led  quartz crystal detec to r unit. In the absencc o f  a readily  available non- 

em issive electron transporting  layer (ETL), evaporated  A IQ 3 (tris-(8 -hydroxyquinoline) 

w as used  as the ETL in m ultilayer devices. In this case a quartz crucible (T estboum e 

Ltd.) con tain ing  A IQ 3 (A ldrich  Inc.) w as p lugged  with glass wool (to help purify the 

A IQ 3 and to  obtain  better contro l o f  deposition) and p laced  in a coiled tungsten crucible 

holder. W ith a quartz cm cib le  the resistive heating is less d irect than in the case o f  m etal 

evaporatio . B ecause o f  this and the fact A IQ 3 sublim es at relatively  low tem perature, 

constan t careful adjusting o f  the coil curren t is required to ensure a uniform  depostion 

rate. Im proved control o f  evaporation  ra te and layer uniform ity , particularly  for 

evaporating  organic m ateria ls, w ould  be afforded  by an autom ated feedback system  for 

contro lling  the coil current (and tem peratu re) and substrate tem perature. M agnesium - 

silver com posite  targets can be sputtered to produce a cathode layer, how ever, this w as 

found to resu lt in dam age o f  the target w ith our sputterer, and in poor quality  devices.

H ole-only  devices w ere m ade by RF sputtering gold  on the po lym er-coated  ITO - 

glass substrates. A lthough it is possib le to  evaporate gold, m aterial w astage is high and 

the boats are easily  dam aged. T herefore, a gold target was used in a hom e-built RF 

sputterer. In this instm m ent an A r-plasm a is generated  using a high voltage d ischarge in 

an argon-purged  cham ber under a vacuum  o f  2 x 10'^ m bar. To m inim ise m etal d iffusion
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into the polym er film which can lead to electrically shorted devices, sputtering was done 

at low power (low deposition rate o f 0.1 nm/min). For hole-only devices with sputttered 

top contacts, a thick organic layer can also help prevent devices being shorted.

Sputtering could also be used to deposit platinum or ITO as an anode, both o f 

which have similar workfiinctions to that o f  gold. However, ITO, is typically deposited 

using m agnetron sputtering which produces better quality films.

F ig . 3 0  L e ft :  F in a l su b strate w ith  6 dev ices p er/su b stra te  sh ow in g  the g e n e r ic  schem atic  (not to sca le) o f  a 
tr ip le  layer O L E D  w h ere the dev ice stru ctu re from  bottom  to top is: G lass, etchcd  IT O , PEDO T:PSS, L E P/sm all 
m olecu le, A IQ 3 , a lu m in iu m . M iddle: O L E D  top-v iew , look ing dow n on the a lum inium  electrod es. R ight: 
schem atic  o f  O L E D  op eration , seen through  the IT O -glass su b strate  (a b lack  b ackground  layer  is used to 
im prove con trast, a tech n iqu e com m on ly  em p loyed  in the electron ic d isp lay industry.

For the devices in this thesis a PEDOT HTL was spincoated @ 4000 rpm to give 40 nm 

thick films and an AIQ3 ETL was formed by evaporation to give a 20 nm thick layer

4.1.4.3 Current- Voltage-Luminance Measurement

To facilitate current voltage (1-V) measurement and data acquisition, a source- 

meter was interfaced to a PC using an in-house Visual-Basic programme. This 

program m e allowed for different test intervals over different ranges. In conjunction with 

the application o f  a current compliance limit, the programme was used to ramp the 

device to a constant current at which luminance could be measured, thereby allowing 

external quantum  efficiencies to be calculated. A device 1-V test-rig was designed which 

allowed switching between the six pixels in the schematic in F ig . 3 0  and testing under a 

rotary vacuum. For testing, the device was placed face down with the A1 contacts
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located on spring-loaded, gold-coated point probes. A  lid  fitted w ith  an o-ring and 

mounted using a bayonett coupling ( lid # l) ,  sealed and held the device securely in place.

Electroluminescence (E L) from LEDs was measured in the 1-V test rig  using lid  

#1 which was fitted w ith a quartz-glass (Spectrosil-B) w indow. EL was detected via a 

liquid light-guide w ith  one end o f  the guide against this w indow and the other coupled to 

a CCD spectrometer (Andor Technology and Oriel Instruments) interfaced to a PC. The 

CCD spectrometer was calibrated prior to measurement using the characteristic lines in 

the emission spectrum o f the room-lights which were calibrated using a mercury lamp. 

A dark background reading was taken w ith the sample in the test-rig. LEDs were driven 

in darkness and the background-corrected EL spectra recorded.

LED luminance was measured using the I-V  test-rig w ith lid  #2 which was fitted 

w ith a silicon photodiode (w ith  optical filters to approximate the photopic response 

function) rather than a glass w indow. This enabled luminance and I-V  data (I-V -L ) to be 

collected simultaneously. Since the photodiode was uncalibrated, only the relative 

luminance efficiency was measurable w ith this setup. Calibrated luminance (cd /n r) was 

obtained using a Topcon Luminance Meter (Model BM-09 w ith A l-08 attachment lens) 

in conjunction w ith  the 1-V rig using lid #1. The luminance meter had a spot size o f  

diameter (0.73 mm") which was smaller than the mask-defined pixel area (6 mm“). 

Optical losses due to the experimental setup (ligh t guide and lid # l)  were not accurately 

accounted for in the EL quantum efficiency calculations but are o f  the order o f 10% 

across the visible region o f the electromagnetic spectrum.

4.2 LIGHT-EMITTING POLYMER POLY-PHENYLENE VINYLENE

Polyphenylene vinylene (PPV) was the firs t LEP and has an absorption band o f 

400 -  420 nm, and emission peaks at 520 nm and 551 nm in thin f ilm ' although these 

values do vary somewhat depending on the synthesis and subsequent storage methods 

used.
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C H 3 0

Fig. 31 Left: U nsubstituted  PPV . R ight: M E H -PPV , the first fully room -tem perature-solub le PPV.

'y

The first PPV materials were insoluble materials formed by the 

thermoconversion o f  a soluble precursor. Therm oconversion  involving the Wessling 

Z im m erm annn precursor route^ for M E H -PPV  requires harsh conversion conditions (HCl 

gas at 220° C). This kind o f  polym er synthesis involves thermal conversion o f  a solution- 

processable sulfonium  intermediate. Even with PPV which requires milder conversion 

conditions, attack o f  the ITO by HCl can be a problem  with this technique. S ingle-layer 

(SL) precursor devices have been made with Ca electrodes with iiext o f  0.1%.

The first soluble PPV was dihexyloxy PPV (D H -PPV ) , however, it was not 

soluble at room tem pera tu re '.  To produce PPV which is soluble at room temperature, a 

highly asym m etric  substituent pattern o f  m ethoxy/2-ethylhe,\y loxy side-groups 

synthesized, via the Gilch polymerization route was used. The Gilch method"^ is the most 

com m on polycondensation used for PPVs and for M EH-PPV^ involves base promoted 

1,6 elimination o f  1,4bis(chloro/brom om ethyl-benzenes) o f  alkyl and alkyloxy 

substituted m onom ers. This results in m olecular w eights  o f  50,000 -  1,000,000. If  the 

m olecular w eight is too high, gel formation can occur, so the m olecular w eight is often 

controlled using polym er end-capping agents^'^. M EH -PPV ^ has been and still is the 

focus o f  a huge am ount o f  study in the field o f  light-emitting polym ers. The long alkoxy 

side chains in LEPs (as in M E H -PPV ) are primarily for solvation and effects film- 

forming and device stability. Differences in these long side chains may also cause slight 

shifts in the em ission spectra (e.g. OCiCioPPV)^. A large degree o f  side- branching can 

increase the am orphous  nature o f  a film and increase the P L Q Y  relative to a less 

branched polymer. It has been shown that the main influence o f  alkyl/alkoxy substituents 

is to affect the torsion angle betw een the phenylene and vinylene groups. This  affects the 

planarity o f  m olecules in a film and has implications for the light outcoupling efficiency.
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Chemical-vapour-deposition'® can produce uniform , patterned PPV film s but 

requires heating at 500-700 C which results in byproduct impurities. The harsh 

conditions and incomplete halogen removal result in low  performance PLEDs.

Solvent orthogonality is a problem in designing m ultilayer devices. For this 

reason PEDOT which is aqeuous is often used as the hole-tranport-layer (HTL). 

A lternative ly the H TL may be soluble in organic solvent in which case water-soluble 

M E H -P P V " can be used but this is not common practice as water soluble LEPs are not 

very fluorescent or stable. Another method is crosslinking polymer layers to prevent 

their fu ll dissolution.

4.3 TUNING EMISSION COLOUR IN LIGHT-EMITTING POLYMERS

One common method o f  colour-tuning is by varying the chemical structure by 

producing copolymers. A  copolymer consists o f  a monomer containing two or more 

sub-monomers or ‘ comonomers’ in the polymer repeat unit. Heck-coupling can be used 

for PPVs to produce all-trans material w ith very few side reactions and is often used to 

produce alternating PPV copolymers. This involves Pd-catalysed coupling o f aromatic 

dihalide w ith a divinylbenzene'“ . The W ittig  (Horner) synthesis is also used for 

alternating copolymers where different substituents are seen in adjacent phenylene units. 

This involves condensation between terephtalaldehydes and p-xylenediylphosphonium 

salts. Synthesis o f  copolymers is an effective way o f  tuning the emission in LEPs as a 

greater variety o f  structures are possible w ith  respect to homopolymers. Using 

thermoconversion, the firs t copolymer device was made using (M EH-PPV)-PPV. A  30- 

fold increase in rjext was obtained w ith respect to the MEH-PPV homopolymer. A 

soluble copolymer w ith  OCiC io alkoxy side groups has been used to make a very 

effic ient LED (rjext = 6.5 %) using a graded PEDOT H TL and a Ca cathode'^.

Apart from changing the H O M O -LU M O  gap (and hence emission colour) by 

using different main-chain or backbone monomers or comonomers, bulky sidegroups can 

also be used. A lkoxy , a lky l, syly l, and aryl substituted PPVs have been used to achieve 

this. It has been shown that diphenyl-substituted PPV has a high PLQY o f 65 % in solid 

state and a blue-shifted emission o f  490 nm, w ith respect to PPV, both due to the bulky
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nature o f  the substituent'"*. Reducing intram olecular 7 1-stacking by introducing a tw is t  to 

the backbone reduces conjugation causing a hypsochrom ic emission-shift. '^  A lthough 

bulky sidegroups introduce a tw ist in the backbone reducing the effective conjugation 

length and blue-shifting emission, their use slows polym erization, resulting in low 

m olecular w eight (Mw) products. O ne solution to the latter problem is using a second 

less sterically dem anding  co-m onom er unit. Solid state PL Q Y s o f  61 -  82 %  have been 

achieved for materials with this approach'^. A lkoxy-substitu ted  phenyl-PPV s have good 

film -form ing properties, with 3 .1%  Jiext dem onsra ted  for IT O /polym er/C a devices '^.

Conjugation length m ay also be controlled by introduction o f  non-conjugated 

blocks or saturated sp 3 “defects’". A non-conjugated  block-oligo-PPV  copo lym er device
1 Swith EL peaking at 465 nm w as made . N on-con jugated  b locks greatly im prove film 

hom ogeneity  (by reducing crystallinity) and provide m ore controllable film morphology.

Conjugation may also be controlled by changing  the attachment m ode o f  the 

phenylene unit (e.g. in Pm PV '^ and the alternating copo lym er P pPV -Pm P V '°  w here  m- 

linkage in the m onom er acts as a conjugation break.). PPV em ission can be tuned from 

blue to red, however, even for the bluest PPVs, em ission from the green tail results in a 

low blue colour purity (high CIEy value) and so they are not useful as blue emitters.

4.3.1 Other Consequences of Chemical Structure

Chem ical structures with bulky aromatic side-groups or hyper-branched side

groups can quite effectively dem onstrate  reduced inter-chain interaction due to hindered 

inter-chain Ji-stacking, for example. A lthough inter-chain interactions generally reduce 

the PLQ Y  in m ost polymers, efficient excim er em ission in C N -PPV  is one exception. 

A ggregation also tends to red-shift emission with respect to m atrix-dispersed material. 

The use o f  bulky side-groups may reduce aggregation effects, however, it may also 

reduce hopping probability between chains and hence reduce mobility, resulting in 

increased drive-voltage.

C hem ical structure determ ines the relative positions o f  the H O M O  and LU M O  

levels which are very important from the point o f  v iew  o f  EL. The H O M O  and LU M O  

levels o f  PPV  are -  6.12 eV and 3.75 eV  and o f  M E H -P P V  are -4.98 eV and -  2.89 eV “° 

respectively. Chem ical structure therefore determ ines how  easily a material is oxidised
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or reduced  and the m obility o f  holes and electrons in the material and therefore plays an 

im portant part in determ ining  charge balance in a given device structure. Both PPV and 

M E H -P P V  are p-type. For a SL LED , if  the H O M O  (or LU M O ) levels o f  the emitter are 

offset from  the m ost suitable electrode workfunctions offered by readily available 

m aterials, the introduction o f  a H TL (or ETL) can improve hole (or electron) injection, 

reducing  the drive voltage and im proving the balance o f  charge transport i f  the emitter 

m obility  is not am bipolar,  resulting in increasing LED  r]ext.

For p-type polym ers  one w ay to im prove the charge balance is to have the ET 

m oiety in the backbone o f  the light-emitting polym er, as one o f  com onom er units, and 

has been used to improve the LE D  efficency with respect to the M E H -PPV  

hom opolym er. A statistical copo lym er o f  triphenyl-triazole (an ET  moiety) substituted 

PPV  and M E H -P P V  leads to a more efficient O LED  due to improved electron
I

transport" . Also, PPV  with oxadiazole  side groups as an ET moiety resulted in a very 

efficient device (21 cd/A), much better than the hom o-po lym er PPV“ . Improving the 

balance o f  charge transport by b lending  an essentially hole-transporting polym er with an 

ET material can also be a m eans to im prove O L E D  efficiency. An r|ext value o f  1.3% 

w as ach ieved  by blending a PBD ET material with M EH -PPV . A 2 .5%  r|ext double-layer
-^■5

device w as  m ade with  a po lybenzyobisazole ETL and an A1 electrode" . A 2.3 %  r|ext 

was ach ieved  for a device using a blend o f  M E H -PPV  with a Li-organophosphate 

surfactant. 3.8 %  rjext was achieved by blending a carbazole-thiophene ET copolym er 

with M E H -P P V . From the discussion above it can be deduced that improving electron 

injection and or transport in M E H -P P V  devices is beneficial with respect to device 

perform ance.

C om bin ing  the motivating factors o f  good hole-transporting propertiess, excellent 

solubility, high P L Q Y  and co lour tunability, novel copolym ers o f  M E H -PPV  with TPA 

(triphenylam ine) and with TPD (triphenyldiam ine) were synthesised by P ro f  Horhold at 

Jena University. These m aterials were designed for use in optical and optoelectronic 

applications including po lym er w aveguides and polym er LEDs. This thesis investigates 

the use o f  these m aterials for LED applications.
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4.4 LIGHT-EMITTING POLYMER MEH-PPV

MEH-PPV or poly{2-methoxy-5(2-ethylhexyloxy)-l,4-phenylene-vinylene), is a 

homo polymer and is the first o f  the Jena materials used in this thesis and has the simplest 

chemical structure. MEH-PPV is already well known and its intended use in this thesis is 

as a control material for comparative purposes since the other materials are all derived 

from this structure. A 1% riexthas been achieved for a single layer MEH-PPV LED with a 

calcium cathode. This was improved to 2 % using SiOi nanoparticles"'* blended with 

MEH-PPV. MEH-PPV has orange emission whereas PPV is a green emitter. MEH- 

PPV can be made using Horner-olefmation synthesis as the step-growth polymerisation 

process or, by using the dehydrohalogenation process (Gilch method), it should be noted 

that while two synthesis methods may result in the same chemical structure, the product 

yield and purity may be quite different. The Horner method is advantageous in several 

ways and was used. Firstly, both cross-linking and incomplete double bond formation is 

avoided. Both o f  these defects interrupt conjugation, thus modifying the electrical and 

optical properties with respect to a perfectly polymerised, defect-free polymer chain. 

Interrupted conjugation reduces mobility along a chain and blue-shifts emission. 

Secondly, different dialdehyde and bis(phosphonate) monomers may be used to produce 

strictly alternating copolymers and regular terpolymers. Thirdly, completely soluble 

materials with a perfect phenylene-vinylene backbone structure are formed (i.e. the 

backbone is fully conjugated). Fully conjugated bacbones result in higher mobilities than 

more defective materials. MEH-PPV is made by reacting 2-methoxy-5 (2-ethylhexyloxy) 

xylylene hisphosphonate directly with MEH-terephlhalaldehyde and is characterised by a 

glass transition temperature (Tg) o f  65° C and a molecular weight (Mw) o f  40,300“ .̂
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Fig. 32 Left: absorp tion  (dashed), PL (dotted) and SL (72 nm) EL (solid) line for M EH -PPV . Right: 
C hem ical s tru c tu re  of M E H -P PV  (top) and M 3EH -PPV  (bottom ).

The PL and absorption spectra for 72 nm thick films spun from chlorobenzene 

solutions (15 gl/1 @  1500 rpm) are shown in Fig. 32. The PL is orange-red with peaks at 

590 nm and 630 nm. In Fig. 32 the EL from a SL LED is included to demonstrate that 

emission is from S| to So states for EL and PL. Changes in the relative peak intensities o f  

PL and EL are likely due to optical effects in the LED caused by interference o f  waves 

being reflected from the different optical interfaces.

4 .4.1 Single Layer Devices
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Fig. 33 Left: C u rre n t density versus electric field characteristics for single c a rr ie r  devices: electron- 
only (squares), hole-only (circles) and single-layer LED: fo rw ard  bias (triangles), m odulus of reverse 
bias (inverted  triang les). R ight: Fow ler-N ordheim  plots for sing le-carrie r M EH -PPV  devices.
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The current density versus electric field (J-E) characteristics show good 

rectification (~10‘* at 10.3 V) in the single-layer LED and that electron m obility is lower 

than hole mobility. However, the m obilities are quite similar, as observed by other 

researchers, including a report that electron and hole-mobilities only differed by one 

order o f  m agnitude, so the current balance and/or carrier injection must be quite good for 

a single layer LED. Notably, the single-layer LED has a higher J for a given field than 

either o f  the single-carrier devices, consistent with quite well balanced transport and 

efficient injection o f  holes and electrons in SL devices.

The Fowler-Nordheim  (FN) plot for the electron-only device in Fig. 33, has a 

linear region at high fields, enabling extraction o f a barrier height o f 0.55 ± 0.02 eV at 

the alum inium -polymer interface, using FN theory. This value, although reasonable,is, 

however, lower than expected given the workfiinction o f aluminium (3.8 eV) and the 

electron affinity o f  the polym er (2.89 eV). F-N theory is not applicable for the hole-hole 

(h-h) device as there is curvature throughout the corresponding F-N plot. The F-N plots 

are consistent with a smaller injection barrier for holes than for electrons.

4.4.2 Characterization of Single and Multi-Layer LEDs
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F ig . 3 4  left: C u rren t density versus electric  field for sin g le  and m ultilayer M E H -P P V  L E D s. R ight: C urren t  
versu s vo ltage ch aracteristics for single  and m ultilayer M E H -P P V  L E D s
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Fig. 35 left: EL from single- and multi-layer MEH-PPV LEDs and an AIq3 LED. Right: Luminance versus 
current plots for single- and multi-layer M EH-PPV LEDs.

From the logarithmic scale J-E plots in Fig. 34 it is apparent that the trapping- 

dominated transport is sim ilar in all these devices. H igh currents were observed in the 

single layer (SL) and double-layer (D L) devices w ith a PEDOTiPSS H TL which were 

not as efficient as the DL and triple layer (TL ) devices w ith an ETL as expected. The 

high drive voltage, Vd, o f the ETL-containing devices was unexpected and was probably 

due to having a low m ob ility  ETL which is too thick owing to the d ifficu lty  o f 

controlling its deposition thickness. In Fig. 35 the LED luminance-current (L-1) plots, 

being volume controlled are linear up to the point where thermal stresses start to degrade 

the device. A t this point the luminance rapidly starts to decrease as exemplified (see 

circle in Fig. 35) by the DL device w ith an A IQ 3 ETL. In the case o f the DL -A IQ 3 and 

T L  devices, there is a dip in the luminance in the current range 2-5 mA, after which the 

L-1 curve is still linear. Since the current in the corresponding 1-V does not drop 

simultaneously (i.e there is no corresponding drop in current at that fie ld in the I-V  

curve), this drop may be due to spreading o f the recombination zone w ith increased field 

to a include a more defective, quenching region o f  the emissise film  near an interface. It 

is also possible that some patches o f the device have degraded, leaving the remaining, 

smaller, pixel area being driven at significantly higher currents, rendering the device less 

efficient. Plotting rjext versus voltage would help to confirm  this. From the time scales 

involved in our test conditions, it can be concluded that device degradation is in the form 

o f heat-induced damage to the alum inium cathode. The rapid formation o f black spots 

across the pixel area was observed in real-time by viewing the LED during operation
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with a m icroscope objective lens. ITO (or other) dust on the substrate leads to the 

formation very thin or weak points in a spincoated film, and is the m ajor source o f  this 

problem. W ithout clean-room  or glove-box conditions it is impossible to prevent this 

happening. In the case o f  vacuum-deposited materials like AIQ 3 , any particles on the 

ITO are coated by the sublimed organic layer, so this problem  is not as great. The slope 

o f  the L-I plots gives a good indication o f  the device rjext- The slopes o f  the SL and DL- 

HTL devices in Fig. 35 are lower than those o f  the DL ETL and TL devices, consistent 

with M EH-PPV being p-type. The EL spectra in Fig. 35 all resem ble each other and the 

PL spectrum in Fig. 32 closely, with several vibronic peaks visible, however, these 

features are less evident in the TL device. This may be due to em ission from the AIQ 3 

itself, the high energy portion o f which will be largely absorbed by the M EH-PPV. 

Alternatively the high energy portion may undergo energy transfer to the M EH-PPV.

4.5 LIGHT-EMITTING POLYMER TPD-4M-MEHPPV-M3EH PPV

TPD-4M -M EH-PPV-M 3EH-PPV, or, to give it its full name; poly[l,4-phenylene- 

(4-m ethylphenyl)im ino-4,4’-diphenylene-(4-m ethylphenyl)im ino-l,4-phenylene- 

ethenylene-2-m ethoxy-5-(2-ethylhexyloxy)-l,4-phenylene-ethenylene)-co-(2,5- 

d im ethoxy-1,4-phenylene-ethenylene-2-m ethoxy-5-(2-ethylhexyloxy)-1,4-phenylene- 

ethenylene)] is a terpolymer. That is, it is an ordered tem aric (or just ter-) condensation 

copolym er o f the general structure TPD-4M -M EHPPV (AB)x M 3EH-PPV(CB)y, 

containing two different arylene-vinylene units, A,B,C, where A represents the TPD- 

vinylene unit and x:y is 50:50.

CHj

OMe

C H =  CH C H = C H C H =C H - N

Fig. 36 Chemical structure of TPD-4M -M EHPPV-M 3EHPPV
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F rom  the chem ical structure in Fig. 36, confirm ed by N M R  and IR  spectroscopy, 

it is apparen t that T P D -4M -M E H PP V -M 3E H PP V  is a triphenyld iam ine (TPD ) -based 

p p V  26 m otivation for m aking this m aterial was tw o-fold, i) to see w hat effect the 

am ine rich  m oiety  has on hole transport and hole in jection and ii) to see w hat effect 

having  M E H -P P V  and M 3E H -PPV  linked together in the m onom er has on em ission 

colour. T he sm all m olecule TPD^^ (see Fig. 1) is often used in SM O L ED s as an H TL and 

it is expected  that this m oiety  in T PD -4M -M E H -P PV -M 3E H -P P V  will im prove hole- 

in jection as the H O M O  o f  TPD  is expected  to be deeper than that o f  the am ine free M EH - 

PPV. T his has been  observed  for T PD -PPV  w ith respect to PPV. A lthough TPD  is 

em issive, it has a w ide bandgap w ith respect to M E H -PPV  and em ission is still expected 

to be from  the M E H -PPV  units (i.e. any em ission from  the am ine m oiety  is expected to 

transfer to the pheny lene-v iny lene m oieties.)

T he terpolym er com bines a reasonably  good M * (35,700) for film -form ing w ith a 

high Tg (156 C), the values for w hich w ere obtained by G PC  (Gel Perm eation 

C hrom atography) and T G A  (T herm o-grav im etric  A nalysis) respectively. The PLQY for 

a solid film  is 25 %.
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Fig. 3 7  Left: absorption  (dashed) and  photoluminescence (solid) of thin films of TPD-4jVI-IV IEHPPV - 
IV I3 E H P P V  on quartz-glass substra tes .  Right: FeClj doping-induced absorbance  versus energy for a solution 
of this te rpo lym er.

T he T P D -4M -M E H PP V -M 3E H PP V  terpo lym er em ission (Fig. 37) is red-shifted  

w ith respect to M E H -PPV  (Fig. 32) due to the presence o f  the M 3E H -PPV  m oiety. The 

terpo lym er em ission is in fact red w hereas that from  M E H -PPV  is m ore orange in colour. 

T he terpo lym er em ission is associated  w ith  the M EH -PPV  unit and good coplanarity
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between the phenyls in the M EH- and M 3EH-PPV units providing the increased 

conjugation necessary to observe the longer wavelength emission maximum. It has also 

been suggested that there may be emission from the TPD m oiety also but that it is 

absorbed and reemitted in a down-conversion process, by the M EH-PPV moieties, thus 

not directly contributing to a red-shift in emission. The terpolym er solution was easily 

doped using FeCb and the polaron absorption in Fig. 37 (right) showed little sign o f 

saturating which is consistent with the notion o f  a rather long straight conjugated 

backbone section easily accessed by dopant ions. Excited state absorption due to 

polaron-pairs in thin solid films is expected to be similar and Fig. 38 illustrates the 

importance o f  designing materials where non-radiative excim ers cannot easily form. 

Fig. 38 (right) shows that the doping-induced absorption due to positive polarons 

overlaps the EL emission, quenching the low energy EL.

4 .5.1 Single Layer Devices
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F ig . 38  Left: C u rre n t  density  versus voltage fo r a s in g le-carrie r device and  a sin lge-layer TPD-4IVI 
P P V -IV I3 E H -P P V  L E D  (1 2 0  n m  th ic k ) .  R ight; O verlap  of dop ing-induced  p o laro n  abso rp tio n  (open 
an d  single lay er EL (solid line) sp ec tra .

-M E H -
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Rectification is quite good again (~10 at 14.8 V). Mole-hole data was not 

obtained for this device due to problem s with device stability. However, as can be seen 

from Fig. 38 it is likely there is a larger difference between the m agnitude o f  the electron 

and hole m obilities for this terpolym er than for M EH-PPV, with the single-layer LED 

being essentially a hole-only device, consistent with its low r|ext o f  1.2x10 '*%.
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4 .5.2 Characterization of Single and Multi-Layer LEDs
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Fig. 39 Left: Current density versus electric field characteristics for single and multilayer TPD-4M- 
MEHPPV-M 3EHPPV LEDs. Right: I-V characteristics for single and multilayer TPD-4M- 
M EHPPV-M 3EIIPPV LEDs.

T he DL H TL device exhibited  a slight reduction in Vd for a given current w ith 

respect to the SL device. This effect was also seen in the TL device w ith respect to the 

DL ETL device. T he im provem ent in ho le-in jection  afforded by using PED O T w as not 

reflected  by im proved r|ext o f  the device. This was probably  due to the carrier transport 

im balance being increased by using PED O T and also to d ifficulties experienced w ith 

PED O T layer form ation on an untreated ITO surface, resulting  in poor w etting  o f  the ITO 

and possib ly  the presence o f  sm all partic les in the PED O T solution. Use o f  an ETL on 

the o ther hand resulted  in a m arked increase in lum inance efficiency (Fig. 40) in the DL 

and TL devices in w hich it w as used, albeit at h igher operating  voltages. The latter m ay 

be due to the th ickness and low  m obility  value o f  the A IO 3 layer used.
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Fig. 40 Left: EL spectra of single- and m ulti-layer T P D -4M -M E H P P V -IV I3E H P P V  L ED s. R ig h t: 
Luminance versus curren t plots for single- and m ulti-layer T PD -4M -M E H P PV -1V I3E H PPV  L E D s. In o rder 
to display the luminance data on the same plot a semi-logarithmic plot of the data  was made.

The EL spectra in Fig. 40 show a lot o f  similarity but the DL HTL device has a strong 

green component that the others do not have. The reason for the enhancement o f  this 

shoulder in this device is unclear as there should be no AIQ3 in this device. The EL peaks 

were better resolved overall, than they were for M EH-PPV, consistent with a more linear 

q uasi-1-dimensional material with better order.

4.6 POLYMER TPA-MEH-PPV

TPA-M EH-PPV is a triphenylamine- (TPA) based PPV copolym er and has the 

full name p o ly[ph en ylim in o-l ,4 -phenylene-ethenylene-2 ,5-dioctyloxy-l ,4-phenylene- 

ethenylene-1,4~phenylene]. The structure is similar to the terpolymer except it contains 

one amine moiety and no M 3EH -PPV moiety. The motivation for making this material 

was two fold: i) to see whether use o f  a single amine m oiety is sufficient to hole injection 

(the previous terpolymer has two amine-type units) and ii) what effect i f  any it has on 

em ission colour. The TPA-m oiety has previously been observed to reduce the barrier to 

hole injection for TPA PPV with respect to PPV.

Fig. 41 C h em ica l S tru c tu re  o f  T P A -M E H  P PV

• C H = C H -= C H

CH3O
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T PA -M E H -PPV  is m ade by a po lycondensation  m ethod using the H om er 

reaction. The TPA  m oiety  is incorporated  into the PPV  backbone by using TPA 

dialdehyde for the polycondensation . The H om er reaction allow s the preparation  o f  

T PA -PPV s (w ith strongly  e lec tron  donating and hole-transporting properties), sim ilar to 

TPD  m oieties, contain ing  unsubstitu ted  and phenyl substituted double bonds.

The m olecu lar stm ctu re  o f  TPA  is well defined by N M R  and IR  spectroscopy. 

As in the case o f  M E H -P P V , in this polym er, the m ethoxy and ethyl-hexyloxy  side 

groups assist solubility . T he w eigh t averaged m olar m ass or m olecular w eight is 46, 900 

w hich is high enough to perm it good film -form ing properties w hen p rocessed  from  

solution. This m olecu lar w eigh t was found by gel perm eation chrom atography  (G PC) 

using a po lystyrene standard  in TH F. The Tg is 147° C and T P A -M E H -PPV  therefore 

show s a favourable com bination  o f  high Tg and high Mw and is soluble in toluene and 

d ioxane . - 2
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Fig.  42  Left: absorp tion  (dashed) and  PL (sohd line) of T P A - M E H - P P V '  thin films. Right: FeClj doping- 
induced absorp tion  in T P A - M E H - P P V  solutions.

E m ission from  T P A -M E H -P P V  is green and is, therefore, b lue-sh ifted  w ith 

respect to that o f  M E H -PPV . It has been show n that the em itting  chrom ophore size is 

about the sam e as the repeat un it size and it is assum ed the lum ophore structure is 

derived from  the 4 ,4 ’-d iam ino-d isty ry lbenzene skeleton. This lum ophore is p resent in 

the phenylam ino, d istry lbenzene, phenylam ino segm ent o f  T PA -M E H -PPV . This 

assum ption is further backed  up by the fact that low m olar m ass com pounds, also 

contain ing this lum ophore, have sim ilar PL, EL, and A SE m axim a to T PA -M E H -PPV . 

O ne reason TPA  leads to a b lue shift but TPD  does not m ay be due to the fact the TPD  is
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essentially a larger conjugated amine moiety and is probably not as blue an em itter as 

TPA, and is itself contributing to the emission assuming energy transfer to the PV 

moieties is not complete.

4.6.1 Single Layer Devices

10000-,

Fig. 43 left: C urrent density v e i (VI*S) electric field for single-carrier devicei''S'^W( l̂|f(e layer LED (150  
nm ) for T P A -M E H -PP V . Exam ples o f  the linear fits to the single-carrier data from w hich carrier  
m obilities w ere extracted  are included. R ight: FeClj dop ing-induced absorpance and single-layer  
L ED  EL spectral overlap.

From the plots in Fig. 43 it can qualitatively be seen that for single layer devices, 

the hole mobility is several orders o f  magnitude larger than the electron mobility for 

TPA-M EH-PPV. The rectification in the single-layer LED is good (-1 0 “̂ at 19.1 V). 

Although EL was not recorded under reverse bias for any o f  the devices made in this 

thesis, it is possible. Fig. 43 shows a large overlap o f  the polaron absorption and the EL 

emission as with the terpolymer.
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4 .6.2 C haracterization  o f  Single and M ulti-Layer Devices.
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Fig . 44  L eft :  C u r re n t  density versus electric field characteris tics  for single (150 nm) and m ulti- layer T P A -  
M E H - P P V  LEDs. Right:  c u r re n t  versus voltage characteris tics  for single and multi-layer T P A - M E H - P P V  
I.EDs.

The double logarithm ic m ulti-p lot o f  J v E for all the devices show s the transport 

is sim ilar in all o f  them . T he use o f  PED O T;PSS reduced Vd at a given I in DL HTL 

w ith respect to the SL dev ice  and this effect w as also seen in a reduced Vd for TL w ith 

respect to DL ETL devices. For this m aterial the use o f  AIQ3 reduced V d o f  DL ETL 

devices w ith respect to SL and this effect.

Fig . 45 E l e c t r o l u m i n e s c e n t  I T O / T P A - M E H - P P V / A I Q 3/AI) d e m o n s t r a t i o n  p a n e l  w h ic h  I d e s ig n e d  

a n d  f a b r i c a t e d .
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Fig. 46 EL spectra for single and m ultilayer TPA-M EH-PPV LEDs and right: luminance versus 
current plots for TPA-M EH-PPV LEDs.

From the double logarithmic plot in Fig. 46 one can see luminance turn-on is ~10 

|jA  and stays on up to currents o f  ~30 mA. The data is noisy in low current regions since 

there is no appreciable light detection until -1 0  fiA. For the SL devicc in Fig. 46 shorting 

is almost certainly the cause o f  the spread in data points. At currents o f about 1 mA a 

sublinear correspondence o f luminance to current is already observed, indicative o f EL 

quenching or degradation processes which may be heat-induced. This could also be 

indicative o f a change from volume-controlled EL to injection-controlled EL. Such 

degradation results in black spots and patches o f the device being destroyed thereby 

reducing the luminance per original, undamaged device area. The L-1 data shows the 

AlQ 3-containing devices to be much brighter and more efficient than the SL or DL HTL 

devices as expected. One might have expected the TL device to be m ost efficient since 

PEDOT reduces Yd but the efficiency is slightly worse suggesting charge balance is 

worse. Also the m aximum  luminance is less than the DL ETL device probably because 

the TL devices are less stable due to problems forming a good, uniform  HTL layer. The 

EL spectra are all very similar and have a lot less structure evident than the two orange 

and red emitters investigated, consistent with the notion that the effective conjugation 

length is reduced and suggests that TPA-M EH-PPV m aterials are more disordered.
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4.7 POLYMER TPD-MEH-PPV

The full name of this polymer is Poly[4-methylphenyl) imino-4,4’ -diphenylene- 

(4-methylphenyl)imino-] ,4-phenylene-ethenylene-2-methoxy-5-(2-ethyl-hexyloxy)-l ,4- 

phenylene-ethenylene-l ,4-phenyleneJ and it is a polyconjugated main-chain polymer with 

TPD units in the arylene-vinylene backbone.

The motivation for making this material was two fold i) to compare with TPA- 

MEH-PPV which has one not two tryiphenylamine moieties and ii) to compare with 

TPD-M3EH-MEH-PPV which has an additional M3EH-PPV moiety but is otherwise the 

same.

C H = C H

Fig. 47 C hem ical Structure o f  TPD  -M EH  -PPV

As can be seen from the chemical structure in Fig. 47, TPD-MEH-PPV is an 

alternating copolymer which is a triphenyldiamine (TPD)-based PPV̂ *̂  consisting of 

TPD-vinylene and MEH-phenylene-vinylene units. The TPD moiety is incorporated into 

the PPV backbone by using the corresponding TPD-dialdehyde for the Homer type 

polycondensation. The internal PL yield is 15 %. TPD-MEH-PPV combines a high Mw 

(53,100) with a high Tg (188 °C).
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Fig. 48 left: absorption (dashed) and photoluminescence (solid line) of thin films of TPD-M EH_PPV  
and right: FeClj doping-induced absorption of polymer a polymer solution of TPD-M EH-PPV.

The extension o f the arylene-vinlylene conjugation over the whole chain leads to 

a red-shifted luminescence with respect to TPD small m olecules or non-conjugated TPD 

polymers. The latter are blue emitters while TPD-M EH-PPV is a green emitter. PL is 

blue-shifted slightly with respect to TPA-M EH-PPV. The m onomer conform ation is 

expected to be slightly more twisted for TPD-M EH-PPV than TPA-M EH-PPV, from 

quantum  chemistry calculations for isolated heptamers o f  each polym er (using a 

Fletcher-Reeves energy minimisation routine with Hyperchem software), consistent with 

the blue shifted PL. The greener emission with respect to M EH-PPV implies that as with 

TPA-M EH-PPV exciton formation must also be occurring on the amime part o f  the 

molecule. The doping-induced absorption is very sim ilar to that o f  TPA-M EH-PPV. 

The polym er is readily doped and does not show signs o f saturating. Also there is no 

evidence o f  bipolaron formation or o f any change in the ground state absorption. The 

polaron peaks for each M EH-PPV derivative were fitted by a Gaussian function and the 

peak energy and FW HM obtained. The polaron peak in Fig. 48 is shifted slightly with 

respect to that in TPA-M EH-PPV and has a slightly larger width at FWHM.

4.7.1 Single Layer Devices
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Fig. 49 .  Left:  C u r r e n t  density versus electric field for single c a r r ie r  devices (60 nm) a n d  a single-layer TPD- 
M E H -PPV -L E D . Right:  FeClj doping-induced absorp t ion  overlap with EL from a single layer T PD -M E H -PPV  
LED.

Note that although the data can appear very smooth on a linear scale, this is o f  

course often not the case on a log scale. Despite this it is instructive to plot the different
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device types together on a log scale. The rectification is poor in the single layer device 

~  10 at 15.6 V).

One can see the electron-m obility is considerably less than the hole-m obility for 

this material. The differential observed for this polym er and the other MEH-PPV 

derivatives would be less, if  lower workfiinction electrodes were used for the electron- 

only devices, however, for process reasons A1 cathodes were used for this thesis work.

4.7.2 Com bined Characterization of Single and M ulti-Layer Devices
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Fig .  50  I-eft: C u r re n t  density versus electric field characteris tics  for single and  m ulti layer TPD-MEH-PPV^ 
LKDs. Right:  C u r re n t  versus voltage characteris tics  for  TPD-M EH -PPV  LKDs.

From  the 1-V characteristic in Fig. 50, one can see however that all the devices 

have sim ilar operating IV characteristics, excepting the DL IITL which had very large 

currents. This may be due to current flowing through the PEDOT itself (which is a 

highly conductive conjugated polymer) preferentially where the polm er layer has 

pinholes. Pinholes are more likely in very thin films such as the one formed by TPD- 

M Ell-PPV . This is more likely than a percolation situation where PEDOT:PSS and 

polym er layers may have becom e mixed upon layer formation. This is because 

PEDOT:PSS is spun from aqueous solutions, whereas the polymer is spun from toluene 

or xylene and there is good solvent orthogonality and interface m ixing o f the two 

materials should not be a problem. This again is most likely due to device fabrication 

issues. W ith respect to TPA-M EH-PPV, the increased current by using PEDOT suggests 

a greater hole-supply due to reduced hole-injection barrier. This implies a deeper 

HOM O for TPD-M EH-PPV than TPA-M EH-PPV while LUMO levels are similar.
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F'ig. 51 Left: EL from single layer and multilayer TP D -M EH -P P V  LEDs and a single-layer A IQ 3 

LED . Right: Luminance versus current curves for single and multilayer T P D -M E H -P P V  LEDs.

From Fig. 51 it can be seen that most o f the EL spectra resemble the PL spectrum 

obtained for TP D -M EIl-PPV . However, the T L  LED spectrum is considerably red- 

shifted and resembles emission from a pure AIQ3 SL device, suggesting there is a 

contribution to the EL from the AIQ3 layer. This may be due to the AIQ3 layer being too 

thick for this device. In that case, optim isation o f the AIQ3 thickness should recover the 

TPD-M EH PPV spectrum for the T L  device. However, the increased hole-supply may 

also be responsible, causing a greater charge imbalance w ith  the recombination zone 

shifted into the ETL emitter itse lf

4.7.3 Discussion of M EH-PPV Polymer Results

4.7.3.1 Absorption and Emission Spectra

For all these materials a large stokes shift is clear from the small overlap o f the 

ground state absorption and photoluminescence spectra. The absorption profiles are very 

featureless owing to inhomogeneous broadening. In all cases the PL and EL spectra are 

very sim ilar indicating emission is from  the same species. TPA-M EH-PPV has the 

smallest stokes shift and is the least fluorescent o f these materials. The PL spectra are
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narrow er than  the absorption spectra and exhibit more structure and sharper, better 

resolved peaks, consis ten t with spectral and structural relaxation. A lthough the PL 

quan tum  effic iency  is not extremely high, A SE  (amplified spontaneous emission) has 

been ach ieved  for these m aterials and the peak  A SE  w avelengths are included in Table 2 

w hich  sum m arises  the optical properties o f  these polymers. In m ost cases the A SE  max 

is red-shifted  with respect to the PL and EL m axima. This red-shift is thought to be due 

to short-w aveleng th  fluorescence re-absorption by the long-wavelength ground state 

absorp tion  shou lder and m ay be reduced by using higher pum p intensities than those for 

the onset o f  A S E  to be observed. The PL and A SE  and EL m axim a are nearly the same 

in T P A -M E H -P P V  as for the corresponding TPD material, T P D -4 M -M E H P P V ^ '’^^'^'.

C learly  non-radiative relaxation o f  the excited segments in neat films is the 

dom inan t  decay process  in these materials and is due to internal conversion, polaron 

form ation and  triplet formation. Emission param eters  for the M EH -PPV  derivatives 

looked at in this chap te r have been calculated, using ideas from molecular photophysics, 

and indicate a lum ophore about the size o f  a repeat unit^°.

Radiative lifetimes for a repeat unit are o f  the order o f  a nanosecond and are also 

included in Table 2. Hence the device response time is not optically limited. With 

respect to M E H -P P V , T P D -4M -M E H -P P V  emission is blue-shifted. This is because the 

exciton for M E H -P P V  is thought to extend over several repeat units based on 

fluorescence lifetimes, while for TPD- 4 M -M E H -PP V  it is thought to be over one repeat 

unit. W eaker absorption cross-section spectra for M EH -PPV  are consistent with this. 

The absorp tion  o f  T P D -4 M -M 3 E H -P P V  resem bles the com bined shapes o f  T PD -4M - 

M E H -P P V  and M 3E H -P P V  (which is very similar to M EH -PPV ), indicating separate 

T P D -4 M -M E H -P P V  and M 3E H -PPV  chrom ophores with excitation transfer from the 

form er to the latter as ev idenced  by the dom inant em ission from the M 3EH -PPV .

The doping  induced absorption peaks for each polym er were fitted using a double 

G aussian  function in order to obtain the peak widths and absorption m axima, taking the 

effect o f  the g round state po lym er absorption edge into account by using a G aussian to 

m odel the absorp tion  edge. The main peak Gaussian fit param eter results were then used 

to generate  a single G aussian which was superim posed on single-layer LED spectra for 

each polym er. The fitting was necessary to isolate the polaron absorption spectrum from
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the ground state absorption and the background signal due to trapping effects. The 

doping peak increases linearly with concentration for each polym er despite their 

structural differences. For other materials, quadratic and higher pow er law dependences 

have been observed. For the materials here, the doping-induced absorption is very broad 

and featureless for the same reasons as given for the ground state absorption and PL. 

Excited state absorption in the three copolym ers is clearly evident from the doping- 

induced absorption spectra which overlap the EL spectra to a high degree, posing  a 

problem for achieving an electrically pum ped laser with these materials.

4.7.3.2 Overview o f Absortion and Luminescence Parameters.

Polym er Abs
^max

(nm)

PL
^max
(nm)

Polaron
Abs

^max
(nm)

4)PL o r  
PLQ Y

SL EL
^max
(nm)

ASE
^max
(nm)

PL
Lifetime
X
(ns)

A 482.6 574 .9 \

617.22
.15 576 . 7*,

620.6
622 6.2

B 437.9 591 .8 *.
640.9

743.1 0.25 584 *,

640
618 .238  -1 - 

20
C 437.7 514 .4,

549*
678.1 . 27 511 .5 ,

545 . 6 *

546 0.27+-.04

D 424 501 .8,

535*

669.0 0.15 505 ,

537 .8 *

540 . 182+ -

.045

T a b le  2. Optical parameters of polymer films and devices and polaron absorption in polymer solutions. All 
film m e a s u re m e n ts  a r e  from  films s p u n  from  to luene  except M E H -P P V  w hich  w as  s p u n  from  
ch lo ro b en ze n e .  (A s te r ix  ind ica tes  m a in  peak .)  A is MEH PPV, B is T PD -4M -IV IE H P P V -M 3E H  P P V , C 
is T P A  M E H  P P V  a n d  D is T P D  M E H  PPV.

In Table 2 A SE  pum p intensities at onset o r threshold (defined as pum p pulse 

energy density required to narrow  the spectral emission to h a lf  its initial value) are all o f  

the o rder o f  10 |iJ/cm^ for T PD  materials here and for the M E H -P P V s and for TPA 

materials, they are a bit higher, at about 50 fj.J/cm". The threshold is directly  related to 

the effective stimulated em ission cross section which is reduced by excited state 

absorption. Therefore m inim ising excited state absorption will reduce the th resholds for 

lasing in these materials. S ince A SE  is observed for these materials in waveguide 

structures, this suggests that issues like losses due to absorption by the metal electrodes.
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a c h ie v in g  su f f ic ien t ly  h ig h  c u r re n t  dens i t ie s ,  and  p ro m o t in g  s ing le t  o v e r  tr ip le t  

fo rm a t io n ,  a re  v e ry  im p o r ta n t  for  d ev e lo p in g  n a r ro w -b a n d  e lec tr ica l ly  d r iv en  o rgan ic  

l igh t  sou rces .

4.7.3.3 Carrier Mobilities and Trap Energies in Single Carrier Devices

Polymer Po= P Vn M'Sc lc tdn Et
V m^V's' m ^ V 's’ s (eV)

±20% ±30% ±20% ±50% ±3% ±3%
A ee 2.3x1 6.4 4 .6 x 1 0 '^ 4 .7x10- '^ .016 .0997

hh 3.8x10-^ 1.05 8 .5 x 1 0 ' '^ 8 .8x l 0 ' “ 5 .2x10 '^ .112
B ee 3.7x10^^ 0.45 7.0x10- '^ 7 .0 x 1 0 '" ’ 6 .46 .108

hh 1 .7 x 1 0 '’^ .114
C ee 2.4x10'' '* .118

hh 1. 1x 10“' 0.71 3.7x10 '* 3 .7 x 1 0 * 3.4x10 '^
D ee 4 .3 x 1 0 “-* 1.82 1x 10''^ 2 . 4 x 1 0 '^ 38 .9 .232

hh 1.4x10^^ 0 .70 3 .6 x 1 0 ' '^ 6 .3 x 1 0 ' '^ 3 .4x10 '^ .107

T able 3 T he  electron (e) and hole (h) charge carrier mobilities, charge carrier densities, transition  
voltage, and die lectric relaxation times for the four Jena materials are sum marized. A is IMEH-PPV, 
B is T P D -4 M - M E H P P V M 3 E H  -P P V , C is TPA-IVIEH-PPV and D is T PD -M E H -PPV .

A s  can  be  seen  f rom  T ab le  3 all the p o ly m ers  are p- tpye , h a v in g  m u c h  g rea te r  

h o le -m o b i l i t ie s  (o b ta in ed  f ro m  hh  -  ho le  on ly  -  dev ice s)  than  e lec tron  m obil i t ies  

(o b ta in e d  f ro m  ee  -  e lec tro n  o n ly  -  dev ices) .  T h is  is co n s is ten t  w ith  the  SL d ev ice  

e f f ic ie n c ie s  in T a b le  4 g e n e ra l ly  b e in g  low  d ue  to  p o o r  cha rg e  ba lance . Ideally  a non-  

e m is s iv e  e le c t ro n - t ran sp o r t  laye r  w ith  s im ila r  e lec tron  m ob il i ty  to  the in tr insic  ho le -  

m o b il i ty  o f  e m is s iv e  p o ly m e r  sh o u ld  be used. T he  ba rr ie r  to e lec tro n  in jec tion  u s ing  

A I Q 3 is la rge r  th a n  fo r  th a t  fo r  ho les  so  tha t the  a l th o u g h  d ev ices  u s ing  an  E T L  had be tte r  

c h a rg e  b a la n c e  a n d  w e re  th e  m o s t  e ff ic ien t ,  these  d ev ice s  w ere  still d o m in a te d  by ho le  

cu rren ts .  T h e  re a so n  fo r  p o o r  a g re e m e n t  in the  e lec tron  m o b il i t ie s  fo r  T P D - 4 M - M 3 E H -  

P P V  is la rge ly  th a t  the re  are  to o  few  p o in ts  for  a p ro p e r  fit. T h e  larges t  so u rces  o f  e r ro r  

in ca lc u la t in g  th e  p a ra m e te rs  in T ab le  3 a re  th o se  invo lv ing  the  d im e n s io n s  o f  the  o rgan ic  

f i lm , i.e. a re a  ( len g th  and  w id th )  and  th ick n ess .  S ince  ^ifjand | . I s c l c  ag ree  w ell  for  a fie ld  

in d e p e n d e n t  m o b i l i ty ,  Xd s c l c  will  a lso  be s im ila r  to  Xd a .  H o le -o n ly  da ta  w a s  d iff icu lt  to 

o b ta in  d u e  to  sh o r t in g  o f  d e v ic e s  m a d e  by  spu tte r ing  a go ld  top -con tac t .  T h is  cou ld  be
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avoided in future work by using thicker films (requiring either more concentrated 

polymer solutions or a lower spin speed. The dye layer time-of-flight method could be 

used to obtain carrier mobilities to compare with those obtained from electrical data 

here.^’

The electron and hole mobilities o f  the polymers studied here listed in Table 3 are 

not only very different, they are also rather low compared with the state o f  the art which 

is now o f  the order o f  1x10'^ Vm^s ' for fluorene-type backbone emitters. The turn on 

voltage o f  our devices is therefore quite high, with the exception o f  MEH-PPV devices, 

compared with state o f  the art devices. This is largely due to poor electron transport in 

the devices and the energy barrier at the AlQ 3-polymer interface still being quite high. 

The use o f  Ca electrodes or aluminium electrodes using alkali-halide interlayers would 

reduce this barrier and lower the operating voltage o f  the devices. However, calcium is 

extremely instable in air and so was not a viable material to use considering air transfer 

etc., in the test setup used for the work in this thesis. With regard to the use o f  alkali 

metal fluorides and oxides like BaO in composite cathodes as they are sometimes 

referred to, extremely thin layers need to be deposited (of the order o f  I nm) and 

therefore a great degree o f  control is required over the deposition process in order to 

achieve reproducible results.

Low mobilities in the materials tested is mostly due to the presence o f  trapping 

sites in the MEH-PPV films (largely linked to monomer and hence polymer purity) which 

reduces the charge carrier mobility. Evidence for trapping in the materials tested is clear 

from fits to the I-V data which suggest that an exponential distribution o f  traps exists in 

all the materials studied here. Moreover, the characteristic trap energy is very similar for 

these materials as can be seen from Table 3, which is not unexpected as they have 

common components in their chemical structure and were synthesized, stored and 

processed using similar methods, it is evident that LED operating currents for useful 

brightness are all in the range described by space-charged limited conduction in the 

presence o f  an exponential trap distribution, in all the single carrier device 1-Vs in this 

work, the trap filled limit and a subsequent trap free current region was not observed.

Trap distribution fits for an exponential distribution can be fit over several 

decades o f  device operation for unipolar devices. The electron and hole trap energies at
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ro o m  te m p e ra tu re  are  s im i la r  (0.1 an d  0.2 eV  re sp ec t iv e ly )  fo r  all the  d ev ice s  e x c e p t  the 

e lec tro n  d ev ice  fo r  T P D - 4 M - M E H - P P V  w h ic h  is a b o u t  tw ic e  as d eep  as th a t  o f  the 

o the rs .  A t  lo w e r  te m p e ra tu re s  these  trap  en e rg ie s  w o u ld  be e x p e c te d  to  d e c re a se  for  the 

s a m e  en e rg e t ic  d is t r ib u t io n s .  F or  the  m o s t  par t  the  ch arac te r is t ic  trap  en e rg ie s  ob ta ined  

a re  s im ila r  to  th o se  o b ta in e d  for  P P V , d ia lk o x y -P P V  and  A IQ 3 f ilms. T ra p p in g  theory  

can  a lso  be ap p l ied  to  L E D  s tru c tu res  since  the  bas ic  re la t ion  o f  J b e in g  p ro p o r t io n a l  to 

V"’ w il l  rem a in  true  a l th o u g h  th e  fo rm  o f  the  m ob il i ty  will be  m o re  co m p le x .  T he  

t r a p p in g  levels  p ro b a b ly  ex is t  in ve ry  h igh  d en s i t ie s  in th e se  m a te r ia ls  desp i te  im p ro v ed  

sy n th e s is  te ch n iq u es .  M o s t  o f  th e se  are  traps re la ted  to  s truc tu ra l d e fec ts  ra the r  than 

c h e m ic a l  im puri t ies .  T h is  m ay  par t ly  exp la in  w h y  f lu o ren e  ty p e  b ac k b o n e s  have

m o b il i t ie s  than  P P V  ones ,  s ince  the  fo rm e r  o ffe r  to  rou tes  fo r  ch a rg e  so i f  one  is b locked  

by a d e fe c t  th e re  is still a  w a y  for  ch a rg e  to  be transpo r ted .

T o  inc rease  rjext a n d  Im /w att  by im p ro v in g  ch a rg e  ba lan ce ,  light o u tc o u p l in g  fo r  a 

g iven  e m iss io n  c o lo u r  a n d  k e e p in g  V d  d o w n ,  L E D s  need  to  h ave  all the  o rg a n ic  layer 

th ic k n e s se s  o p t im ise d .  T h e  ind iv idua l  layers  w e re  no t  o p t im ise d  in th is  thes is  and  the 

to tal th ic k n e ss  o f  o rg an ice  layers  ranged  be tw een  40  and 210  nm . U sing  h ig h e r  m obil i ty  

m a te r ia ls  w o u ld  resu lt  in h ig h e r  b r ig h tn ess  levels  at a g iven  o p e ra t in g  vo l tag e  a s su m in g  a 

s im ila r ly  c h a rg e -b a la n c e d  s t ruc tu re .  T h e  lack o f  su itab le  n o n -e m iss iv e  n - ty p e  p o ly m ers  

is th u s  a b o t t len eck  to  a l l -p o ly m e r  u l t ra -e ff ic ien t  d e v ic e s  based  on  P P V -ty p e  em itte rs .

4.7.3.4 LED Performance

T h e  d e v ic e  e f f ic ien c ie s ,  ta k in g  into a c c o u n t  the e ffec t  o f  the  p h o to p ic  cu rve ,  are 

qu ite  s im ila r  fo r  each  p o ly m e r .  T h e  use o f  A IQ 3 s ig n if ican t ly  red u ced  the  cu rren t  

f lo w in g  in the  d e v ic e  a t  a g iv en  fie ld  ye t  e f f ic iency  is im p ro v ed ,  p a r t icu la r ly  fo r  the ter- 

p o ly m e r  as it has  u n b a la n c e d  t ransport .  Pe rhaps  fo r  th e se  p o ly m e rs ,  the  use  o f  A IQ 3 in 

th is  in s tance  in tro d u ced  a  lot o f  t rap p in g  sites w h ich  re d u c e d  the  cu rren t  f lo w  in the 

d ev ice .  T h e  u se  o f  A IQ 3 sh o u ld  no t ju s t  im p ro v e  EL  from  a c h a rg e  ba lan ce  p o in t  o f  v iew  

bu t a lso  b ecau se  it can  ac t  to  force  reco m b in a t io n  to be nea r  the  po ly m er:  A IQ 3 in terface, 

a w a y  from  the  p o ly m e r x a th o d e  in te rface  w h e re  a m u ch  h ig h e r  n u m b e r  o f  q u e n c h in g  

s ites a re  likely to  be found .  R eco m b in a t io n  is l ikely  to be at th is  in te rface  in a p o ly m e r
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with a p-type backbone and so the A IQ 3 can act as an exciton confin ing layer too 

provided the H O M O  o f  A IQ 3 is not well aligned with that o f  the LEP as is the case here.

Device
Type

Max
Bright
ness
Cd/m^
± 5 %

Max
Measured

external

(%)
± 1 5 %

Estimate
^ in t e rna l

(%)
± 20%

Theoretic
^ i n t e r n a l

(%)
±5%

Max
Luminous
Efficiency
LniAV
± 1 5 %

A
SL 119 2.3x10'^ 6.25 1.6x10’̂
DLH 157 6.8x1 1.8x10-^
DLE 58 6.7x10'^ 1.5x10-^
TL 230 1.3x10'^ 7.5x10'^ 3.0x10--
B
SL 2.2 1.2x10-^ 3.8 9.9x10-^
DLH 1.2 8.6x10'^ 7.4x10-^
DLE 158 1.2x10-' 7.8x10-' 7.1x10--
TL 52 4.7x10-- 2.7x10'^
C
SL 2 1.1x10-^ 6.8 2.5x10-^

DLH 8 2.4x10'^ 1.7x10-^
DLE 631 2.7x10-" 5.6x10--
TL 504 3.1x10'^ 2.4x10-' 8.1x10--
D
SL 4 1.8x10-^ 3.8 4.5x1
DLH 0.5 1.2x10-^ 6.7x10-^
DLE 510 8.6x1 O'- 5.3x1 O'' 5.7x10'-
TL 52 8.4x1 Q-̂ 6.9x10'-

Table 4 LED Summary of performance parameters for the four M EH-PPV derivative-based LEDs 
where A is MEH PPV, B is TPD-4M-MEHPPV-IVI3EH PPV, C is TPA IMEH PPV and D is TPD 
MEH PPV.

The best external quantum  efficiency achieved for each EL device w as com pared 

with 25%  o f  the internal PL yield in order to see how  close to the spin-statistically- 

limited m axim um  EL efficiency for each material our devices were. For all these 

materials the simple spin statistics limit was found to be valid, however, several instances 

o f  devices which have exceeded this limit are discussed in section 3.6.3.1.
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Despite the relatively low efficiencies o f  the devices tested here compared w ith 

state o f the art devices, these materials are certanly excellent candidates for 

electroluminescent applications. Even w ith  unoptimised layer thicknesses, and cathode 

materials, m ultilayer devices w ith good brightness levels sufficient fo r many electronic 

display applications were achieved under constant current driving. Use o f Ca cathodes, 

device encapsulation and fabrication using glove box conditions from start to finish 

would greatly improve device performance, however, this is mostly the realm o f 

corporate clean-room facilities. Such fabrication improvements would undoubtedly 

render LEDs made w ith  the LEPs tested here w ith  brightness and efficiency levels 

improvementby up to an order o f  magnitude, making these materials competitive with 

many o f the other organic EL materials in the PPV class o f  emitters. The issue o f colour 

purity o f the emitters, very important fo r EL display applications, is not addressed in this 

thesis. Colour purity is measured using a colourimeter and is defined by the CIE 

tristimulus curves which can be use to provide CIE colour coordinates. W ithout the use 

o f  a colourimeter, one can still see from the EL spectra that the emission is quite broad 

and varying in intensity over the spectral w idth, w ith  several broad peaks or shoulders. 

This reduces the colour purity, and is something which must be addressed through a 

combination o f  chemical synthesis to achieve narrower emission, selective wavelength 

outcoupling and m icrocavity effects enhanced by optim ising device architecture.

4.8 BLUE-EMITTING LIGHT-EMITTING POLYMERS

The high energy (~3 eV) excited states o f  blue organic emitters impose higher 

reactivity (and lower stability) to these materials. Colour purity and device stability for 

blue OLEDs lag red and green devices considerably “ . Blue emission can be obtamed 

from several polymeric emitters including some PPV-based materials, ladder polymers 

and the most successful type — polyfluorenes. For PPVs, bulky sidegroups can be used to 

produce^^ fu lly  conjugated PPV materials w ith a PL max at 442 nm attributed to 

interruption o f  conjugation due to oligophenylene substituents, which adopt a nearly 

orthogonal dihedral angle w ith  respect to PPV in order to m inim ise steric hindrances. 

However, a shoulder is seen at 512 nm, which is attributed to aggregate emission. 

Incorporation o f phenyl comonomer units in a PPV copolymer, also reduces conjugation
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yielding an EL m ax o f  450 nm. Use o f  carbazole-PPV^‘* copolym ers  resulted in an 

emission m axim um  o f  480 nm. A triazole PPV -copolym er w as  m ade which had a 486  

nm PL m axim um  in thin film with a PLQ Y  o f  33%. A non conjugated po lym er with
• 35oligo-PPV  side groups had a PL m axim um  o f  475 nm. A lthough there is a lot o f  blue 

emission in these materials, pure blue is not available for fully conjugated  PPVs.

Some ladder polymers, such as PPP, are good in terms o f  co lour purity  but LED s 

based on these materials required a relatively high turn-on voltage.

4.8.1 Overview of Fluorene-Based Blue Emitters.

Fluorene-containing materials are the best blue polym eric  emitters as they are 

easily functionalizable and good pure blue em ission can be achieved. Poly tluorene is a 

polycyclic aromatic com pound which received its nam e due to strong violet fluorescence 

which arises from the highly conjugated p lanar n-electron system.

PF

Fig. 52 Chemical structure o f  the monom er o f  unsubstituted polyfluorene (PF).

The 2, 7 positions in Fig. 52, are the most reactive tow ards electrophilic attack, 

allowing construction o f  a fully conjugated rigid-rod po lym er chain by substitution 

reactions, w hereas  the m ethylene bridge provides scope to m odify  the processibility by 

substituents, w ithout perturbing the electronic structure o f  the backbone. Polyfluorenes 

are the only class o f  conjugated polym er that emit right across the visible range o f  the 

electrom agnetic  spectrum with relatively high PL quantum eftlciency^^. 7'he rigid rod
37 . . .  . .structure can result in an overestimation o f  the m olecular w e igh t (Mw), which for PFO 

((poly(9 ,9-di-«-octylfluorenyl-2-7-diyi) or simply ‘F 8’) is es tim ated to be by a factor o f
38 • o • •2.7. Hom o- and co-polym ers are very stable therm ally with >  400 °C decom position  

tem perature for many materials. Several PF materials, including PFO and PFO 

copolym ers show  liquid crystalline behaviour, opening the possibility for polarised
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LEDs^^. PFO or ‘ F8’ is the most liqu id  crystalline and most studied o f  the PFs. 

Nanoscale crysta llin ity has been observed fo r PFO in XRD. In PFO the octyl chains are 

believed to intercalate"^® (90 degrees to backbone), resulting in monodomain structures. 

A lso as a result o f  ordering, PFs show well-resolved structural features, w ith  respect to 

PPVs, in emission spectra o f  spincoated film s. PFO emission is characterised by 

intrachain singlet features w ith  maxima at 420, 445, 475 nm corresponding to 0-0, 0-1, 

and 0-2 peaks'*'. Due to some longer wavelength ta il emission, PFs are typically bright 

sky-blue in colour. The solid film  PLQY ranges between 40 -  80 depending on film  

morphology, where due to the high tendancy to order, solvent choice has a strong effect 

on the morphology and photophysical properties. From oligom er studies , the effective 

conjugation length in PDHF , a d ia lkyl PF sim ilar structurally to PFO, is found to be 

about 11.8 fluorene units'*^.

A lthough cyclic voltametry is often used to obtain HOM O and LU M O  data, 

results should be interpreted w ith  care since diffusion o f  ions may have an effect on the 

polymer structure"*'*. UPS data can also provide a value fo r the HOM O and for PFO the 

ionisation potential is found to be -5.6 ± .05 eV. The band gap was found to be 3.1 ± .1 

eV, in close agreement w ith  the optical gap, im plying an electron a ffin ity  o f  2.5 eV. 

Generally the deeper blue the PF emission is, the deeper the HOM O level is and so the 

use o f PEDOT:PSS (or even higher workfunction materials) are needed as an H TL to 

achieve e ffic ient hole injection.

Apart from being good blue emitters, PFs show excellent charge transport

properties. Non-dispersive transport o f holes w ith a weakly fie ld dependent m obility  o f 4
^ 1 1 ' *  • *X 10 -  4 c m 'V ‘ s' , a factor o f  10 -  100 times better than that typ ica lly found in PPVs, is

found in many PF materials. As w ith PPV, unsubstituted PF“*̂  is insoluble. The first

substituted PFs, made via oxidative coupling, resulted in low  Mw materials w ith a lot o f

residual impurities and defects. The Yamamoto method^^ minimises m islinking and

crosslinking but a lot o f  metal catalyst is used and so the polymer produced needs careful

purify ing. Suzuki coupling can minimise the problem o f  metal impurities.

One o f  the main issues w ith application o f blue PFs in PLEDs is colour stability. 

Despite polyfluorenes exhibiting blue peaks, often the pure blue emission is contaminated 

upon annealing in air or during device operation by a green emission band centered
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around 530 nm. In otherwords the colour purity is temperature dependent, being pure 

blue at low temperatures and often turquoise or green at elevated temperatures. In itia lly  

this was thought to be due to aggregates and or excimers'*^ which act as energy and or
48charge traps. The green emission is not observed in dilute solutions o f PFs. In itia l 

attempts to determine the orig in o f this green component focused on using bulky 

sidechains or main chain moieties in order to help separate chains in thin film s. It has 

been shown recently that although the latter approach stabilised blue emission in some 

cases, the real cause o f  the green emission is due to fluoren-9-one defects in the chain. 

This was confirmed"*^ fo r PL spectra o f  film s annealed in air and in nitrogen, and by IR 

(infrared) spectroscopy where C=0 peaks were observed in the spectra. Less than 1 % 

fluorenone o f  these ^e/o-defects can quench the blue emission^^ and these defects may 

form during synthesis and or photooxidation during device operation.

Dense packing o f  PF molecules facilitates energy transfer onto fluorenone defects, 

and hense the defect originated emission is reduced in solutions^'. The intensity o f  keto- 

defect green emission in EL is worse than PL since the keto defects act as electron traps 

increasing the probability o f recombination there. The green emission has been
52proposed to be due to momomeric fluorenone by some and to be due to fluorenone 

excimers (interchain effect) by others based on work w ith matrix-isolated PF chains^^. 

The mechanism o f fluorenone formation is thought to be related to monoalkylated 

fluorene moieties, present as im purity or defect sites in dialkylated PFs like PFO, since 

these sites are the most sensitive to oxidation^"*. Unsurprisingly, monomer purity is 

crucial in reducing keto-emission in PFs and it has been found that deprotonation o f the 

monoalkylated im purity reduces green emission"^^.

+  e '

OO'

Fig. 53 Mechanism proposed for the formation of keto defects in polyfluorenes.

184



The first diaryl-substituted PFs w ere blue emitters with PL at 4 1 7  , 4 3 9  and 473  

nm in solution. A  PL m ax im im u m  o f  4 3 0  nm w a s  achieved with no green em ission  

and exce llen t  co lour  stability during annealing (2 hrs at 180 C in air with no C = 0  peaks  

seen  in FTIR after that). Random  copolym ers  have a lso  exhibited similar colour stability 

and PL m axim a but lower lum inous e f f ic ien cy  and increased turn on voltage"^^.

The use o f  dendrons in substituted PFs and PF copolym ers has been em ployed  

w here the bulky side groups reduce aggregation. T hese  materials can suffer, though, 

from oxidation at benzyl l inkages and at CFI2 groups. Dendrons"*^ do suppress the green  

em iss ion ,  com p le te ly  in so m e  cases ,  w ithout altering the em iss ion  with respect to PFO  

much. A  spiro-anthracene-fluorene po lym er also exhibited stable blue em iss ion  at 418  

nm as did cross-linked PF cop o lym ers  with siloxane bridges'*^. Hyperbranched PFs lead 

to blue em iss ion  without a green com ponent and r]ext= 1%^^

A s with PPV s b lending PFs with transport layers like triarylamines increases
48d ev ice  e f f ic ien cy .  H ow ever , in both cases , phase separation is likely when small  

m o lecu le s  are used. B lending with polym ers can reduce this problem“̂ .̂ Another  

approach to im proving charge transport is to put an HTL m oiety  such as TPA in the 

polym er backbone o f  PF or, as a sidegroup^®, resulting in increased hole mobility . It w as  

found that the PLQ Y  w as less than h a lf  that o f  PFO but turn on voltage w as low  and 

green em iss ion  w a s  w ell  suppressed. This highlights the problem o f  using the same  

m oieties  to shift em iss ion  and tailor the charge transport.

End-capping can replace reactive end-groups in PFs. Both HTL and ETL^' end-  

capping has been used to im prove e ff ic ien cy  and green em iss ion  (com petive  

recom bination on HTL units) w ith  respect to uncapped polym ers. End-capping, which  

does not shift the em iss ion  sign ificantly , can also  be used to cross-link polym ers to
•. . . S ')  •

provide an insoluble layer for further spincoating Interestingly an end-capped (alky-  

substituted) PF, w ith no alkyl s ide-groups in the main chain, exhibited no green em ission,  

confirm ing the fluorenone origin o f  green emission^^. A s with PPV s, copolym ers offer  

the opportunity to tune EL and transport properties o f  PFs. Both ETL^"  ̂ and HTL^^ 

com o n o m ers  w ere used to im prove e ff ic iency . A statistical cop o lym er  with both ETL  

and HTL comonomers^^ resulted in a stable blue emitter with r]ext= L2 I .  A binapthyl PF
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LED w ith a copper-phthaiocyanine (CuPc) transport layer and Ca as the cathode gives 

Tlext = 0.82 % and blue EL peaks at 420 and 446 nm w ith a PL efficiency o f  44%.

Other colours are possible from PFs using the co-polymer approach. A  green 

(545 nm) LED w ith  T]ext~ 3.86 % (using a TPD H TL and an A1 cathode) was made using 

a fluorene-benzothiadiazole copolymer (F8BT)^’  PF-benzothiadiazole randomers w ith 

electron deficient and electron rich units fo r balanced transport^* resulted in LEDs 

(PEDOT:PSS H TL and Ca electrode) w ith r̂ ext = 6.5% at 540 nm where the BT unit 

dominates the EL. The best efficiency was for a material w ith  the greatest electron- 

deficient BT content, indicating the importance o f improving electron transport for PFs. 

Also, using the copolymer approach, U V  (395 nm)^*  ̂ and N IR  1.035 |j,m^° PLEDs were 

demonstrated. A lm ost monochromatic light can be achieved by energy transfer to Eu^^ 

emitters fo r red emission w ith a FW H M  o f about 4 nm^'. A  PF-MEH-PPV copolym.er 

was made^“ w ith  an emission maximum at 580 nm. Fluorene-thiophene random 

copolymers exhibit performance far greater than homo or alternating copolymers owing 

to fine tuning o f  the co-monomer ratio and^^ possess good suppression o f  the green keto- 

emission. A red randomer^"* w ith a i]ext ~ 3.1 % was made using a PF-

napthaselanathiozole copolymer. Colour tuning in PFs is also achievable via down- 

conversion using effic ient Forster energy transfer in PFs doped w ith phosphorescent (blue 

to red) and non phosphorescent (v io let to blue) dye molecules^^. Interestingly inefficient 

Forster transfer can be used advantageously to produce white emitters^^.

4.9 ANEW POLY(PHENYLENE-VINYLENE)-POLY(FLUORENE) 

COPOLYMER

Use o f PPV-fluorene copolymers which had high PLQ Y o f 81 % and 24 % in 

film  have been produced w ith emission maxima o f 495 nm and 473 nm respectively. An 

MEH-PPV-fluorene copolymer was made w ith a PL maximum o f 503 nm and HOM O - 

5.16 eV and LU M O  o f -2.6 eV. A  d ia lkyl PF-PPV random alternating copolymer was 

produced previously and showed the same properties as the corresponding fluorene- 

vinylene homopolymer. This material had a HOM O o f -5.73 eV and a LU M O  o f 3.13 

eV w ith  EL peaks at 465, 500, and 530 nm^^. Good performance (brightness o f 870
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cd/m^ at 16 cd/A for a PEDOT/polymer/Ca/Al device was achieved.) Flourenyl-

substituted PPV has been produced by Gilch polycondensation and has fluorene as a side

group. This polym er had a hole-mobility o f 4.5 x 10"* c m ^ V 's '',  two orders o f

m agnitude higher than that for MEH-PPV. The PPV backbone determined the optical

properties though. An LED (ITO/PEDOT:PSS/Polymer/Ca) with r|ext = 0.53 % with

emission m axim um  at 500 nm and a shoulder at 532 nm was produced.

The PFO-PPV copolym er studied in this thesis is similar to some o f the PFO-PPV

copolym ers synthesised previously with the aim creating a bluer emitting PPV type

material. The polym erizations o f the rigid fluorene monomers, in which two phenyl

rings are locked into a plane via the C-9 carbon o f the fluorene-units, can be realized

through Stille, Heck, W ittig, Yamamoto, Grignard and Suzuki coupling reactions. The

facile functionalization at the C-9 position o f  the fluorene unit may offer an opportunity

to reduce the interchain interactions thereby improving the NLO response and
68optoelectronic properties o f  the resulting polymers. Recently Chou and Shu developed 

a simple way to introduce 4-hydroxyphenyl functionality to the C-9 position o f  fluorene.

4.9.1 Chemical Structure, Absorption and Photoluminescence
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Fig. 54 Chemical structure and synthesis route for PFO-PPV
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The fu ll name o f the polymer is Poly(di-4-dodecyloxyphenyl-7-fluorene). The

Mw is 4.28 X 10 for this polymer, giving it good film-form ing properties. The glass- 

transition temperature (Tg) is about 95°C, which is higher than those o f poly(9,9- 

dioctylfluorene) (~5l''C)^' and poly(9,9-dihexylfluorene) ( - 5 5 due to the attachment 

o f two 4-dodecyloxyphenyl groups onto the C-9 position o f every fluorene unit. The 

objective in using an extended 9,9-bis(4-hydroxyphenyl)fluorenyl core in the 

polymerization reaction is that insertion o f a rigid phenylene spacer between the large 

side chain and the polymer backbone would increase shielding o f the polyfluorene main 

chain, resulting in reduced aggregates/excimer formation, while not blocking the reaction 

sites o f the macromonomer from the palladium-catalyzed polymerization reaction. 

Furthennore the C9 position may now be less susceptible to oxidation. In previous PFO- 

PPV copolymers the C9 position is unphenylated with alkoxy chains attached directly at 

the C9 position.The TGA thermogram exhibits two weight-loss plateaus. At lower 

temperatures almost no weight loss was observed. The 4-dodecyloxy-side chain in PFO- 

PPV decomposed first at 160-320^', with an onset temperature for the thermal bond 

cleavage o f 210'^C, then the main chain decomposed with an onset temperature for 

thermal bond cleavage o f 404^C. These findings indicated that the resultant polymer has 

good thermal stability.

Concentration

mC
</)
<
■ o
a>
M 0 .4 - Dilute
E
o
z

320 360  400  440  480  520

(U
N

TO

1

0.8

0.6

0.4

0.2

0
400 450 500 550 600

Wavelength /nm Wavelength /nm

Fig. 55 Left: UVA^is absorption spectra of PFO -PPV in dilute benzonitrile solution (2.6x 10“* m M ) 
and in thin film. Right: PL of PFO-PPV in solution. The bluest PL is for the most dilute solution 
and the PL redshifts as concentration increases (2.1x 10‘^ 2.6x lO"̂ , 8.7 x 10' ,̂ 2.6x 10' ,̂ and 0.5 M ).
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The main absorption peak in the UV-vis spectrum is located at 427 nm, followed 

by a shoulder peak at 450 nm. The peaks are attributed to the n-n* transition o f the 

polymer. Intermolecular interaction makes the solid absorption broader than the solution. 

As expected, the polymer exhibits very strong photoluminescence (PL) with maximum 

emission centered at 474 nm in dilute benzonitrile solution. The maximum PL peak is 

shifted gradually to the longer wavelengths with the increase o f the polymer 

concentration from 2.1x 10"̂  to 0.5 M, suggesting the formation o f aggregates (leading to 

excimers) in solution. The fluorescence decay monitored at 474 nm (A,exc= 410 nm) in 

deoxygenated dry benonitrile showed two exponential-decay processes. From the initial 

fast decay part o f  the decay, the lifetime (xn) o f the single excited state was found to be 

584 pŝ ** (fraction o f  this component: 88%). From the slow decay component, the 

lifetime (xq) is 1.38 ns (fraction o f  this component: 12%). The value o f the latter is quite 

close to the fluorescence lifetime o f  typical PPV polymer (about L27ns). The excited 

triplet-state maximum o f polymer occurs in the region o f 460-540 nm with a lifetime of  

65.8 |as. The nanosecond transient absorption spectrum was obtained by the excitation 

o f  the polymer with 355 nm laser light in deaerated benzonitrile solution, in which the 

rapid and slow decay components were observed; both components showed the same 

absorption band at 500 nm. On addition o f  O2 , the transient absorption band showing 

slow decay at 500 nm, attributed to triplet-triplet (T-T) absorption o f this polymer, 

disappeared™, suggesting that the energy transfer takes place from the triplet excited 

states o f to O2 , probably yielding 'O2 .
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Fig.  56  L e f t :  Q uenching  of photoluminescence from tha t  observed in dilute solution (main plot, ) to tha t
observed (weak signal a ro u n d  500 nm) for thin film. Right: EL spec trum  of m ult i layer  PFO -PPV  (solid line) 
LED. T he  EL spec trum  o f  a s im ilar  PFO  m ulti layer LED is included (dashed  line) for  comparison.

As part o f  this thesis work PLEDs with the structure ITO /A u(lnm )/PFO - 

PPV/LiF/Al were made. A 100 nm thick film o f  PFO-PPV was spincoated onto a ITO 

substrate from a 5 g/1 chloroform  solution at 900 rpm. The stable electroluminescent 

(EL) spectrum obtained is shown in Fig. 56 (right), with a peak wavelength o f  515 nm 

and a shoulder at 490 nm. This was compared with the EL from a similar control device 

made with a comm on polyfluorene material (poly(9,9-di-/7-octylfluorenyl-2-7 -diyi) 

obtained from Am erican Dye Source Ltd. From the PL data in Fig. 56 is clear that the 

bright green emission observed over the whole active area o f  the PFO-PPV PLED 

resem bles the PL o f  the highest concentration solution (0.5M ) most. This suggests that 

despite the use o f  phenyl spacers, chain-stacking in the solid state is responsible for the 

observed green EL. This suggests that bulkier sidegroups are required to reduce 

aggregation effects. The most dilute solution o f PFO-PPV is still much greener than PFO 

EL. It is worth noting that on their first run the EL from the PFO-PPV PLEDs initially 

appeared bluish to the eye but was not stable enough to obtain a spectrum as it rapidly 

became green. The fact that the change to green emission was perm anent suggests that it 

may be linked to keto-type defect formation occuring upon exciton generation. Initially 

a the keto-related emission may not be detected by eye but w ithin a couple o f  seconds the 

num ber o f  keto-defect sites is such that you can already tell the colour is changing.
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The peak brightness at 10 mA was just 8.6 cd/m which corresponds to an 

external efficiency o f  0.012 %. Due to the small amount o f PFO-PPV at our disposal, the 

emissive layer had to be spin-coated at low rpm from a dilute solution in order to get a 

uniform thin film. The resulting emissive layer was m easured to be 30 nm thick using 

AFM. Typically a more concentrated solution (e.g. 15 mg/1) and a higher spin speed 

(e.g. 1500 rpm) would result in an em issive layer thickness between 100 nm and 150 nm. 

The thinness o f  the em issive layer combined with the fact that the PFO-PPV device was a 

single layer device contributed to the low efficiency o f  this particular device. 

Furthermore, the fluorescence o f  the thin-film  spin-coated onto indium-tin oxide (ITO)- 

coated glass substrate has been shown to be almost completely quenched due to possible 

energy transfer to ITO, but the emission peak at around 500 nm in the PL spectrum was 

still clearly resolved. Sim ilar observation on the quenching o f PL o f  poly(p- 

phenylenevinylene)(PPV) spin-coated onto ITO was reported by Herold et The 

quenching o f  PL means that the electroluminescence (EL) efficiency is also quenched. 

To overcome this problem , tluorene-doped tin dioxide (FTO) instead o f the ITO substrate 

has been used and also thin polym er interlayers between the ITO and LEP, intended for 

hole transport only, might help reduce the quencing. In any case this is only a problem 

for single layer devices.

V ( V )

Fig. 57 Left: C urrent density versus voltage for single-layer PFO (open squares) and PFO -PPV  (open  
circles) LEDs. R ight: C u rrent-vo ltage characteristics for PFO -PPV  and PFO m ultilayer LED s. The 
inset show s the blue electro lu m inescence from  the PFO LED.

The I-V curves in Fig. 57 are very similar, with the PFO having a slightly lower 

operating voltage o f 6.2 V com pared with 6.8 V for the copolym er PFO-PPV at a current
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density o f 167 Am'^, suggesting that there is more balanced charge transport in the PFO 

device and or that the pure PFO hom opolym er has a higher m obility than the copolymer. 

Note the m agnitude o f  the current density at equivalent operating voltages is 

considerable higher in both PFO-containing polymers than that seen in the M EH-PPV 

derivatives again suggesting the mobility o f PFO materials is greater than PPV materials 

(given the efficiency is poor for both).

4.10 ANEW BLUE-EMITTING 9,9-BIS[4-(DIPHENYLAMINO)- 

PHENYLjFLUORENE SMALL MOLECULE

Aswell as polymers, part o f this thesis work involved fabricating SM OLEDs 

using the small molecule 9,9-bis[4-(diphenylam ino)-phenyl]fluorene (DPA-F), which, 

like PFO-PPV, is based on the fluorene structure. The m otivation for m aking this 

material is two-fold i) it is expected to have high PLQY and possibly be bluer than PFO, 

if  this were the case it could be a good candidate m onomer to produce a deeper blue LEP 

than PFO and ii) it may be a good small molecule emitter for use in SMOLEDs. 

Achieving more efficient, deeper blue (lower CIEy value) EL is a m ajor priority area o f 

research for all OLED types.

4.10.1 Chemical Structure, Absorption and Photoluminescence

N

Fig. 58 Left: Chemical structure of DPA-F small molecule. Right: Geometry-optimised structure 
using HyperchemTM and a Fletcher-Reeves convergance algorithm.

192



—  P hoto lum inescence  (80 nm thin film)
 E lectro lum inescence (250K) IT0/PEDT:PSSA'u19/LiF/AI

3 .5 - (80 nm thin film)
—  (FeClj) doped  soln { Icm ^)

1.0 _

3 .0 -

2 .5 -

d>oc
(D

O

<

0,5

0,00,0
300 350 400 450 500 550 600

4
0 drops
1 drops 

- 2 drops
3 drops 

-  4 drops
 6 drops

8 drops 
10 drops

3

Eo
,i 2
Q .

1

0
3 25 3,00 2 75 2,50 2.25

W avelength  (nm ) Energy (eV)

Fig. 59 Left: A bsorbance thin film  (purple line), Polaron absorbtion  due to FeCIs doped l)P A -F  
solution (green line), PL thin film  (light blue line), EL DL D PA -F L ED  (dark blue line). R ight: 0.25  
M FeClj doping-induced absorption  o f a 9 g/l to luene solution o f D PA -F.

The absorption and photolum inescence o f a sublimed layer o f  DPA-F on a quartz 

(spectrosil B) substrate are shown in Fig. 59, The fact that several strong peaks other 

than the 0-0 peak are visible is a good indication o f  strong electron-lattice coupling as 

expected for a small molecule. Further evidence o f this is the fact that the peak for the 0- 

0 transition is not the strongest peak in the spectrum. The DPA-F was deposited from a 

quartz boat using an Edwards Auto-306 evaporator at a vacuum o f < 2 x 1 0 ^ ^  mbar and 

at a rate o f 2.5 nm/sec. The film quality appeared very uniform  and o f very qood quality 

to the eye. Also shown in Fig, 59 is the polaron absorption data from and the EL taken 

from a double layer LED at 250K (room temp spectra was rather noisy). Like the 

polymers, there is significant overlap o f  polaron absorbtion and EL spectra.
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4 .10.2 I-V and EL Spectra of Single and M ulti-Layer Devices
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Fig. 60 Left; Current versus voltage for DPA-F devices ( 80 nm) with R ig h t: Temperature 
dependent I-V data for a ITO/(ozone)PEDOT/DPA-F (110)/LiF/AI device.

The thickness o f the sublimed layer was 80 nm ± 5 nm using a Digital Instruments 

Nanoscope Ilia  AFM in tapping mode and applying a stepheight analysis to a cut made in 

the film using a blade. Care was taken to measure away from the region where material 

builds up as a result o f  the cut.

Generally the top aluminium electrode does not seem to adhere very well to the 

DPA-F layer as evidenced by rather rapid electrode destruction at moderate current 

densities. Despite this it was possible to perform some device characterization. Fig. 61 

right shows that PEDOT used as a HTL significantly lowers the operating voltage o f the 

device. Using ozone treated PFO (Im in  exposure) was sufficient to modify the ITO 

surface. Though this only resulted in a slight reduction in hole injection barrier as seen 

in Fig. 61, the stability o f the device was improved as evidenced by the longer emitting 

lifetime observed with respect to the untreated device and the single layer device.
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Fig. 61 Emitting lifetime at constant current for DPA-F devices. Clearly the ozone treatment of 
ITO improves the stability of the treated devices which exhibit a lower voltage drift for a constant 
current density, than the single layer device or the double layer device without any ozone treatment.

Using a 60 nm thick DPA-F layer, ozone treated ITO with PEDOT, and LiF/Al as 

as the cathode resulted in a low operating voltage device with similar stability' (similar 

increase in drive voltage with time) to the treated devices with just an A1 cathode (Fig. 

61: diamonds). This device structure was used to obtain EL spectra. For this structure 

EL was seen at 5 -  7 V. The other devices did emit but at a very low level intensity
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Fig. 62 Left: Temperature dependent EL spectra of an ITO(ozone)PEDOT/DPA-F/LiF/Al device. 
Right: Close-up for the same temperature dependent EL data, o f the the blue spectral region.

With regard to the EL, the main peak is at 401 nm. There is not too much 

parasitic green emission at low temperature which is often a problem  with fluorene- 

based blue emitters. The PL and EL main peaks are the same (both due to singlet 

exciton emission) but the EL contains more features in the green region o f the spectrum, 

albeit at a lower intensity than the blue features. This is possibly because the sites

195



responsib le for the green em ission  are good  charge trapping sites. The origin o f  the 

green em ission  is likely  to be due to keto-d efects as d iscu ssed  earlier. The form ation o f  

these defects and the quenching in the spectrum  are m ost lik e ly  linked to ox idation  

effects. The o x y g en  m olecu le , d ioxygen , has a triplet ground state, denoted by Ti

eV  and 0 .98  eV . S inglet o x y g en  form ed by excitation  is by excita tion  o f  d ioxygen  and 

D exter energy transfer from  a photosythesiser, in this case  the blue em itting m o lecu le  in 

question , D P A -F . The lon g -liv ed  triplet state energy in D P A -F , is probably su ffic ien t to 

produce singlet o x y g en  w hich  is electroph ilic  in nature and undergoes ‘tw o-e lectron ’ 

reactions and is thus h igh ly  reactive. Carbon double bonds are electron  rich areas, very  

su scep tib le  to attack from  singlet oxygen  w hich  is noted for resulting in chain sc iss io n  

and the form ation o f  carbonyl groups at these sites on the backbone and at a lk oxy  

substituent points in fluorenes and also  PPV s. The breaking o f  conjugation due to 

sc iss io n  and carbonyl form ation caused by ph otooxid ation  in d ev ices  results in blue  

sh ifted  electro lu m in escen ce spectra and a reduction in intensity. It can be seen  that the 

peaks at 401 and 414  nm shift to sligh tly  h igher energy as the T increases from from 50  

K to 295 K, opposite  to w hat is norm ally observed  for organic em itters and it is not clear  

w h y this is observed. The green peak in the EL in F ig. 62  centered at 550  nm is not 

seen  in the PL and, it can be seen that the associated  transition increases in oscilla tor  

strength as the tem perature is increased. T his increase in the in tensity  o f  the 550  nm  

em issio n  is s lo w  at first (50K  -  150 K) and then increases m ore rapidly (1 5 0  K -  295  K) 

and appears to be in line w ith a reduction in the overall EL em issio n  intensity in this 

tem perature range. In other w ords, the green com ponent o f  the EL increases w ith  

increasing T relative to the blue com ponent. T his peak is probably associated  w ith a 

keto-type d efect and the quenching o f  in tensity  is due to photoxidation  o f  D P A -F  w hich  

is very unstable in air.

sym bol The low est energy exc ited  states are singlet states

denoted by and j The sin g let states have long lifetim es sin ce  the

singlet-trip let transitions are forbidden. The energy lev e ls  o f  sin g let oxygen , 'O 2, 1.63
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4 .10.3 General Conclusions on the Red, Green and Blue Emitters Tested

The elec tro lum inescence from six new  materials was studied. Given identical 

device preparation conditions, it is c lear that  the blue small m olecule w as the m ost 

unstable, closely followed by the PFO -copolym er. This  is a universal problem , m ost o f  

the best blue m aterials current available have m uch shorter lifetimes than the best red 

and green ones (by 1- 2 orders  o f  m agnitude). If  oxidation degradation was m inim ised 

by encapsulation it w ould  be possible  to ach ieve much longer lifetimes for all the devices 

tested, particulary the blue small m olecule which appears to be m ost sensitive tio 

oxidation. H owever, even for encapsulated  devices, blue lifetimes lag behind the rest. 

The PF based m aterials operature at lower vo ltages and have higher mobilities than the 

PPV  type materials. This is possibly due to the fact that there are effectively tw o routes 

for charge to travel betw een phenyls  in the fluorene unit so that i f  one pathway is 

defective charge may still f low along the chain. O ptim isation o f  all the devices tested 

w ould  involve know ing  the ionization potentials obtained from UPS m easurem ent for 

each material ra ther than inferring what electrodes will suffice from previous work on 

similar materials, also optim ising  HTL and ETL and optical outcoupling. This w ould  

allow estimates for the electron affinities and choice o f  the best electrodes to use. A full 

th ickness dependent analysis o f  s ingle-carrier devices w ould  help elucidate details o f  the 

transport in each material.

Finally it has been noted that from electrical pulsing experim ents (PPV), that the 

device efficiency and not the ultimate brightness limits laser action. A t high exciton 

density quenching due to excited state absorption is a problem. Therefore, although 

som e very high PL solid state efficiencies have been achieved for both types o f  materials 

PF and PPV, this does not a lw ays translate to high EL efficiency or long device lifetime. 

Separation o f  transport and em ission functions in a material does seem like the best 

approach to achieve efficient devices. This  may be achieved by using dendrim er 

structures or by using careful choice o f  b lends o f  an emitter and a transport material, for 

example. It m ay also be possible to have transport and em itter functions better separated 

on a given backbone. For the PPV materials studied, blending with an electron transport 

layer is likely to be a good, easy  route to take given that the m aterials in this thesis are all
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predominantly hole-transporting. In order to learn m ore about w hat limits the 

fluorescence yields in the materials studied, pho to induced  absorption and FTIR 

spectroscopies o f  the materials studied would be interesting and w ould  help to assign 

structure property relationships in this series o f  related chem ical structures.
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chapter 5

5 DEVICES WITH NOVEL NANODOT-ARRAY ANODES
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5.1 INTRODUCTION

So far, organic light-emitting diodes have been discussed almost exclusively from 

the point o f  view o f  using different emissive media. However, device architecture plays 

an equally important role in determining device efficiency and performance.' In this 

context, architecture relates to the geometry (dimensions) or physical elements o f  all the 

layers (active and passive) involved. Device architecture can be used to maximize 

performance via improved carrier injection and transport (with a view to bulk 

recombination), thermal management, and optical outcoupling^ Architecture can also be 

used to control the spatial distribution o f  the emitted light and the narrowness o f  the 

emission via the inclusion o f  diffractive elements, in this chapter the motivation is to see 

if using a nanodot array o f  metal contacts to inject charge in a PLED improves the 

thermal management in the device. The development o f  a nanodot metallic array 

produced via porous alumina templating to meet this objective is described. The 

physical grounds deemed responsible for the proposed benefits o f  such a structure are 

discussed. The feasibility o f  the idea was investigated initially using copper- (Cu) filled 

porous alumina. Subsequently, an improved version, based on a polished nickel (Ni)- 

filled array was made as this was more in line with the kind o f  quality o f  component 

required for a device application. Much o f  my research w'ent into developing the 

nanodot electrode itself However, preliminary characterization o f  the resulting device 

prototypes was done. Consequently, and possibly o f  greater interest, one can now 

envisage the possibilities in terms o f  new devices structures. Although, at present, the 

template used in our research and in the proposed future work is inorganic, there are 

already indications that it may be possible to switch to suitable organic templates 

materials in the not-too-distant future.

5.1.1 OLED Perform ance Limited by Joule Heating

Since the discovery o f  light-emitting polymers, there has been much progress'* in 

the field o f  OLEDs with ever increasing demands for more efficient and brighter devices. 

For example, passive matrix OLED displays need to be pulse driven at high currents to 

achieve reasonable average brightness. This means that maximising current density
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levels will be very important as the technology goes forward. Also, any potential 

electrically pumped organic laser devices will require high current densities to achieve 

lasing. It is, therefore, clear that for these kinds of applications, good thermal 

management by minimizing Joule heating is crucial to achieve and maintain high current 

densities and useful operating lifetimes under such driving conditions. Apart from the 

issue o f joule heat causing cathode degradation, it is reasonable to assume that trapped 

carriers may be mobilised, and similarly impurities may be more mobile in a heated 

environment. The combination of heat and electric field may cause an unfavourable 

redistribution of these defects which may adversely effect device performance and 

lifetime. Furthermore, increased heat will cause increased molecular vibration which 

may increase the number of non-radiative decay paths available directly or indirectly.

Fig. 63 An example o f  black spot formation which is due to localized electrode melting and is a 

major cause o f  early device failure.

In electronic devices, the elevated operating temperature of the active medium 

with respect to “standard” room temperature (21-23°C) is a direct result of Joule 

heating^ and acts as a limiter to device performance and lifetime. The carrier mobilities 

in polymers have been shown to be temperature dependent. The heat in a device is 

proportional to the electrical power of the device. Now, as the power scales with the 

square of current flow or current density J (J is proportional to the mobility), there is 

good potential for thermal runaway at elevated current densities when the device is not 

actively cooled.

Tessler et a t  have studied heating in devices which had a thick cathode (200 nm) 

in conjunction with a pressure contacted external heatsink. The devices which 

effectively had two-stage heatsinking were studied under direct current (DC) and pulsed 

driving. For 15 V pulses with a corresponding 25 mA current (high for a 1mm active
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area), the pulse width was varied while keeping the repetition rate constant. Below a 5% 

duty cycle, heating was not significant but, by 30%, the device tem perature had already 

risen by 20 C. Below 5% the thick cathode has sufficient heat capacitance to dissipate 

the heat effectively. Based on a linear relationship between temperature increase and 

pulse width, a 20 C rise was higher than expected. This was attributed to the high contact 

resistance o f the second stage heatsink which was lightly contacted to avoid film 

damage. In DC or continuous wave (CW) operation with heatsinking, the device 

temperature rose by 60 C. It has also been shown that pulsed drive schemes m aximize 

device brightness. These, and other sim ilar experiments, highlight that current heating in 

devices plays a critical role in determining device performance. It should be noted that 

the majority o f the research was carried out for single pixel devices^ and that heatsinking 

is even more crucial in a display where temperature rise depends on the peak power 

determined by the num ber o f  pixels and the drive scheme.

As a corollary to the last observation, it is not unexpected that that electrode area, 

or more specifically pixel size, significantly affects device performance with smaller 

pixels resulting in improved heatsinking and reduced Joule heating. In the case o f 

discrete devices, it has been shown that, as the active area was reduced the device 

becomes less susceptible to Joule heating^. In other words, sm aller devices may be 

driven at higher current densities for a longer period o f time than sim ilar devices with a 

larger active area. This is important for electronic display applications where the display 

brightness is proportional to current density. In practice, for most applications, it is o f 

more interest to see how the integrated emission from an array o f  nanoscale devices 

compares with that from a single device o f the same area. So, although single molecule 

devices^, CNT devices and other nanowire devices have been made, they are typically 

difficult to position and require top-down patterning to assist in positioning and 

addressing them. W hether discrete nanoscale components or arrays o f  nanoscale 

components are o f  interest, clearly there is an overriding need for high resolution 

patterning over a range o f areas. Given that Joule heating in OLEDs is related to pixel 

size, our aim was to see whether we could produce a nanodot array type electrode in 

order to create a nano-pixel OLED array and to characterize the array OLED electrically 

and optically. To do this first involved choosing a suitable patterning technique.
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5.2 OLEDS FABRICATED BY HIGH-RESOLUTION PATTERNING

Patterning methodologies can be split into three main categories which are top- 

down, template guided and bottom-up patterning. Top-down patterning usually refers to 

patterning o f  a single continuous layer o f material which is deposited prior to patterning.

5.2.1 Top-Down Patterning

• • 8 . . ■»Some o f  the top-down patterning techniques available are UV-crosslinking o f

polymers, ink-je t printing, OVPD (organic vapour phase deposition), C VD  (chemical 

vapour deposition), evaporation, sputtering, focused ion beam, electron beam, ion beam, 

rubber stamping, nanoimprint lithography (N IL ), U V -N IL , photoresist lithography, 

femtosecond laser ablation using upconverted light, maskless (interference) lithography, 

excimer laser ablation^, SNOM lithography (w ith or w ithout aperture), reactive ion- 

etching, dip-pen lithography, cold welding.

Bottom-up typ ically refers to both manipulation (A FM , STM, m icroflu id ics) or 

self-assembly o f atoms or molecules to form ordered structures. Self assembly may 

occur during or post synthesis o f the material. The growth o f  porous membranes is an 

example o f the former and a se lf assembled monolayers (SAM ) produced via the 

Langmuir Blodgett (LB ) technique is an example o f  the latter. Molecular self-assembly 

may be initiated by surface functionalisation or by molecular design and is thus really 

only valid when one speaks o f  a layer (LB  film  or SAM ) or complex molecule (e.g. 

hexabenzocorronene) self assembled from more simple components w ithout the use o f 

top-down patterning. Prepatterned catalysts on a substrate are used in many cases 

where it is wished to direct se lf assembly. Here the catalyst w il l be required to position 

molecules or molecular structures at a desired location. Although this is generally 

spatially lim ited by the top-down patterning method used to produce the catalyst pattern, 

it is, nonetheless, essentially a bottom-up approach.

Porous template guided patterning^ may be considered intermediate between top- 

down and bottom-up in many respects and refers to patterning materials using templates 

which are themselves produced by self-ordering processes. Although the templates
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them selves develop via se lf  assembly, their growth may be guided using top down 

imprinting methods.

5.2.2 Porous Templates

Porous templates'® and films include, porous alumina, track etched polycarbonate, 

sefl-assembled micro-bead a r ray s"  , porous films produced by micelle expansion, porous 

films produced by solvent condensation methods, self-assem bled films o f  molecular 

cages, wet etched sem iconductor films including porous silicon and indium phosphide, 

electrospun polym er films and inkjet deposited carbon nanotube mats.

5.2.3 The Proposed Nano-array-PLED Device Structure

O ur approach to patterning involved an array-electrode m ade using a template 

hich is customizable on the nanoscale. The aim was to dem onstra te  the operation o f  a 

device com prised o f  an organic light emitting material sandw iched between a metal- 

filled porous alum ina m em brane (PA M ) and a planar metal e lectrode as depicted in Fig. 

64. This device can be referred to as a nano-array-PLED  or N A -P L E D  for convenience.

A1 Foil Substrate

Fig. 64 Idealised nanow ire array device schem atic show ing the d ev ice bias. T he device structure is 
as follow s: alum inium  foil substrate (dark grey); filled and unfilled porous alum ina regions (thick  
black and thick w hite, vertical lines respectively); SiO  (dark grey horizontal bar); sp in-coated  light- 
em itting polym er T P D -M E H -PP V  (shaded layer); evaporated  a lum in ium  top contact (upperm ost 
light grey layer).
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5.3 THE CHOSEN TEMPLATE: POROUS ALUMINA

O f all the patterning methods listed above, the one chosen to produce a metal 

nanodot array in line w ith  our proposed device structure, was porous alumina templating. 

Anodically grown porous alumina (or porous aluminium oxide) was chosen as the 

template for two main reasons. F irstly, the pore depth and diameter can be easily 

controlled by varying the anodization time and voltage respectively. Secondly, PAMs 

can be filled w ith a range o f  metals to form an array o f  metal nanowires surrounded by 

an insulating m atrix that could be used as an array electrode. W ell ordered regions in 

porous alumina were firs t reported by Masuda et al in 1995'^ and since then the long 

range order has been further improved, resulting in h ighly uniform PAM s over large 

areas, which now makes this application worth investigating.'^

Under appropriate conditions. Porous A lum ina Membranes (PAM s) were 

produced by the anodisation o f  high purity aluminium fo il, containing a regular 

hexagonal matrix o f  isolated cylindrical pores o f  uniform diameter, length and inter-pore 

distance. These parameters are highly manipulable by the variation o f  anodization 

voltage and time. Pore diameters between 5 nm and 250 nm '”*, pore densities between 

lO'  ̂ and 10"cm"^ and membrane thicknesses between 0.1 and 200 jam are obtainable. 

Porous alumina, or, to give it its correct chemical name, aluminium oxide (A I2O 3), is an 

inorganic dielectric. It is electrically insulating w ith a bandgap o f  7 -  9.5 eV. PAMs 

may be separated from the excess aluminium fo il from which they are grown or they 

may be left as a chemically converted porous oxide region on the fo il. Freestanding 

PAMs are chemically durable and transparent in the ultraviolet, visible, and infrared 

spectra. Freestanding PAM s in the < 20 micron th ick are physically very brittle, 

however, and may hence need a support in practical application. A lternative ly, they may 

need to be left on the orig inal fo il which, i f  thick enough, w ill provide good support. 

Apart from the excellent degree o f dimensional control over PAMs, their versatility w ith 

respect to device fabrication is further enhanced by the wide range o f  materials -  from 

metals to semiconductors that can be deposited in the pores by different means.

While our proposed structure involves the incorporation o f  metal nanowire arrays 

into a conventional OLED, the current and potential applications o f  PAM s'^ and PAM -
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based arrays are many. Some o f  these include the use o f  P A M s as photonic crystals, 

solution filters, lab-on-a-chip test arrays for biological sam ples, sensors, ou t-coupling 

e lem ents for LEDs, tem plates for a w ide range o f  nanow ire, nanorod, and nanotube 

growth including magnetic and superconducting nanow ire array  tem plates, high density 

m em ory devices, and patterning m asks for evaporation  and dry etching.

5.3.1 Using Cu-filled PAMs for the Proposed Device Structure

In order to test the feasibility o f  our proposed  structure, a prototypical electrode, 

com prised o f  a copper nanow ire array fabricated by AC electrodeposition into a porous 

alum ina m em brane, was incorporated into a single-layer organic  light-emitting device. 

The 48-nm -diam eter copper nanow ires effectively form an array o f  electrical 

nanocontacts. The following sections detail the form ation and filling o f  the porous 

alum ina m em branes but, first, some information on the im aging techniques used to 

provide feedback at each stage o f  the developm ent is given.

5.3.2 Imaging Techniques Used to Monitor PAMs

In order to m onitor and optimize our deve lopm ent o f  PA M s for electrode 

applications, scanning electron m icroscopy (SEM ), T ransm ission  Electron M icroscopy 

(TEM ) and Atom ic Force M icroscopy (A FM ) were used to im age features in the 10 -  

200 nm size range.

For SEM imaging, the surface o f  the P A M s w as m onitored using a Hitachi S- 

4300 SEM  at the Centre for M icroscopy and A nalysis  (C M A ) at T C D  and their cross- 

sections were imaged using a Philips X L30 SFEG  SEM (A lC ove G m bH ). Sam ple 

preparation for surface imaging at the C M A  involved cutting a section o f  the foil and 

m ounting it on a metal stub with double sided conductive  adhesive  tape or with silver 

paint. For cross-sectional im aging the sample w as set in an epoxy resin which was 

frozen, cut and m ounted with the cut face and pores parallel to  the surface o f  the metal 

stub. The samples were generally  coated with abou t 10 nm o f  gold in a sputterer. The 

highly polished em pty and metal-filled PAM sam ples  did not ac tually  require any gold 

coating although the em pty samples did exhibit som e charg ing  effects during imaging. 

For metal-coated samples, the beam current was less than for uncoated sam ples since
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coating reduces charging effects. The contrast in the SEM images was enhanced in some 

images by using the SEM in backscattered mode. The woricing distance (sample-gun 

distance) varied between 6 and 14 mm and images were generally taken at 20 keV, and 

for three magnifications ( x 200, x 30K, x 200K) for each sample to get a good idea o f  

the condition o f  the sample surface. The resolution o f  the instruments used was about 15 

nm once astigmatism (image wobble) was reduced as much as possible.

Although the main interest was in the as-prepared metal-filled PAMs and 

therefore in SEM imaging, some TEM was also carried out in order to check the 

uniformity o f  the metal nanowires electrodeposited in the PAMs. The latter is difficult 

to achieve along the whole length o f  a single wire in cross sectional SEM since a perfect 

cleave is required. For TEM imaging, the alumina membrane was dissolved in NaOH, 

liberating the metal nanowires which were subsequently dropped from a suspension onto 

copper TEM grids for imaging. A JEOL Instruments TEM was used at 200 KeV for this 

purpose.

Finally, it as it is quite difficult to get topological information from a regular 

SEM or TEM instrument (with STEM this is possible), AFM was also used to image the 

surface o f  PAMs. The AFM used was a Nanoscope 111 A by Digital Instruments and had 

an E type scanner with a max scan area o f  13 micron. After laser alignment by 

maximizing reflection o f  an image o f  the AFM cantilever onto a piece o f  white paper, 

tapping mode AFM was used, slightly off resonance and at a slow scan speed with low 

gains, to image some PAM samples. This provided information about the surface 

roughness o f  the samples.
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5.3.3 Formation of PAMs

5.3.3.1 Theory o f Pore Formation

a)

Porous layer

Barrier layer 

Aluminium

Pore diameter

b)

Pore diameter

Fig. 65 Schematic of an anodized aluminium foil (a) depicting the aluminium foil (black substrate, 
the porous oxide layer on the surface, and a barrier oxide layer separating the two and top down 
view of the hexagonally ordered porous oxide surface (b). The pores are often illustrated as being 
hexagonally ordered cylindrical pores but they are in fact hexagonal in shape (c).

V

IV

t

Fig. 66 Vertical lines represent the different stages during anodisation. i) barrier oxides starts to 
grow, ii) fine featured pathways form on outer oxide surface iii) the surface features start to 
propagate into barrier oxide, enlarging as they do so, iv) steady state pore stucture is formed.

It is generally believed that pore growth is due to surface inhomogeneity which 

results in non-uniform Electric fie ld at the surface when a fo il sample is connected to to a 

counter electrode in an anodisation rig. There are very few papers which detail the early 

stage o f pore formation. McDonald suggests'^ that voids which form at trip le points 

between hexagonal crystallites in the anodic oxide shortly after anodising has 

commenced, are responsible fo r the in itiation o f a porous structure. Due to fie ld 

enhanced ejection o f  metal cations w ithout a fast enough vacancy annihilation 

mechanism, vacancies condense below the trip le  points in this point defect type model. 

Condensation o f  the cation and/or metal vacancies in localised decohesion o f  the barrier
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oxide film from the substrate, restric ting oxide grow th in the regions directly below. This 

effectively creates metal protrusion in the barrier layer as surround regions o f  barrier 

ox ide continue to grow  in th ickness. A t this point m echanical forces due to a factor or 

tw o  difference o f  alum in ium  in a lum ina  and metallic a lum inium  com e in to play. Since 

the oxidation takes place at the entire pore bottom  sim ultaneously , expansion can only be 

vertically upw ards from the foil, so that the ‘w a lls ’ o f  the early stage depressions/pores in 

the oxide surface are pushed up. (In practice a lum inium  expansion is < 2 since ions 

are mobile in the oxide under the anodising  E field, so som e o f  the oxidised aluminium 

does  not contribute  to oxide growth.) At an early stage pores are very disordered, 

however, se lf  organisa tion  kicks in over  time to give pore arrays with uniform pore 

d im ensions and spacings in some electrolytes. Pores o f  virtually tubular shape with 

hem ispherical bo ttom s and a m ore  or less hexagonal outside a lum ina cell are a logical 

consequence o f  expand ing  circles, evenly distributed over  a surface in a (111) type 

arrangem ent (starting from e.g.triple points), and m erging  after their perimeters hit each 

other.

iii
nnn

Fig. 67 C artoon o f  vacan cy  condensation  m echanism  for void  form ation  in anodic oxide film s, i) 
vacancies condense at AI/AI2O3 in terface, ii) D ecohesion  o f  oxide from  m etal film , iii) void form ation. 
C learly the field w ill be stron ger in regions betw een voids on the film  surface and hence that is w here  
pore form ation by anodisation  occurs.

The elementary processes involved in porous oxide grow th '^  are:

•  External oxide interface d issolution by interaction o f  electrolyte species with the 

oxide surface via a proton-assisted  E-field enhanced m echanism . The dissolution
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process is com prised o f  electrochemical (current assisted) and chemical (field 

assisted) m echanisms.

•  M ovem ent o f  oxygen anions and alum inium  cations th rough the barrier by the 

field-stimulated m echanism

• Oxide grow th at both internal and external oxide interfaces as a result o f  ionic 

species m ovem ent.  The oxide grow s at its external boundary as a result o f  outw ard 

migration o f  AI3^ ions and their reaction with oxygen-contain ing electrolyte species. 

At the same time the internal a lum inium /oxide interface is shifted inwards in the 

sample due to interaction o f  m oving oxygen species within the Al.

The m ost com plete first principles model o f  anodic growth is g iven by Parkhutik 

et al'^  and is applicable to porous alum ina growth and other porous materials. Because o f  

the inhom ogeneity  o f  the E-tleld laterally (m ax @  pore base, less at pore walls) and 

vertically in the tllm (due to space charge effects as a result o f  anodic grow th  process) a 

3-D or at least 2D (space charge effect may be neglected) is required to model the 

growth. The internal and external oxide surfaces are used as boundary conditions, 

however, only the current at the oxide surface is considered as this is where the oxide 

growth rate-determining reaction takes place. The equation for the current density at this 

interface is:

=  [ a  A e x p ( k / E J -  / ^ B e K p ( k , E j ]  ■

A = A,CI.=A,\0~'^^^

The model ensures that the barrier layer thickness is constant and takes account o f  the 

curvature o f  oxide interfaces. The E field at the pore bottom  rem ains practically 

unchanged during steady state growth. The ratio Em/Ee is independent o f  tem perature and 

electrolyte concentration.

The dependance o f  pore cell size Rm (and pore radius and oxide thickness) on anodisation 

conditions is given by :
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Substituting eqn for concentration  for A  into eqn 25 g iv e s  the Rm dependance on  

electro ly te  parameters;

= ■

R..

\ - 2 3 p H In

- I

Both the vo ltage and e lectro ly te  dependances g iv en  by the m odel have been substantiated  

by experim ental results.

W ith respect to the s e l f  organisation in porous alum ina, it has been concluded  that 

for both oxa lic  and sulfuric acid  electro ly tes, optim al cond itions for the grow th o f  ordered  

structures are accom p an ied  by a m oderate exp an sion  o f  alum inium , w here the expansion  

w as found to increase strongly  w'ith anodisation  voltage. This corresponds to an 

expansion  factor o f  1.2 - 1.4 independent o f  e lectro ly te  as determ ined by the porosity rule 

w hich is governed by the porosity  equation for a perfect hexagonal structure.'* The linear 

elastic strain at the interface is - 1 ) ,  V r is expansion  factor, and Y o u n g ’s m odulus  

Ep can be related to porosity  p, Ep =  Eaio ( l - p ) “, so know ing p and V r one can get the
19stress m PA .

5.3.3.2 Cleaning o f  Aluminium Foils

B efore an od isin g  the com m ercial alum inium  fo ils  (source: G o o d fe llo w , purity: 

99 .999% , thickness: 0 .25  m m ) it is important to clean  them . The thermal ox id e  layer, 

surface grease and debris w ere rem oved together by dipping in a hot chrom ic acid  

solution  (48  g/1 K2Cr2 0 7  (potassium  dichrom ate) in 10 % phosphoric acid at 80 °C ) for 5 

-10  m inutes. Surface in h om ogen eities and scratches w ere rem oved by electroch em ical 

polish ing at 15 V  in a 11:7 (v /v )  m ixture o f  concentrated phosphoric and sulphuric acids  

at 70 -  75 °C. The setup w as sim ilar to the anodisation  setup in fig  72.
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Fig .  6 8  Typical SE M  images of an u n t rea te d  a lum in ium  foil x 200 (left) and a c leaned foil x 250 (r ight)  where  
the scale is 200 |im.

From the SEM im ages above it is clear that the cleaning process is quite e ffec tiv e  at rem oving m ost 

o f  the surface debris and the grains produced by rolling the sheets o f  alum inium  during foil 

production. N o  gold  coating w as needed for im aging the fo ils  as they are m etallic .

5.3.3.3 Anodisation o f Aluminium Foils
”̂0 • * A nodisation o f  an alum inium - foil causes a hexagonally  ordered alum inium

ox id e  layer to grow  on the a luminium. A schem atic  o f  the situation is sh ow n  in Fig. 65.

In order to anodize the foil, it is placed in a cold (0° C) acidic bath and anodised

at a specific voltage for a specified time. It is important to keep the concentration and

tem perature o f  the solution as hom ogeneous as possible. This w as  done by stirring the

solution constantly and by using an autom ated tem perature controller. A schematic o f

the apparatus used is shown in Fia. 69.

Fig. 69  Anodisation setup showing ex ternal  circuit ,  a lum in ium  foil (held in position using  a r u b b e r  o-r ing  clamp 
fixture), glass co n ta in e r  with w a te r  cooling, s t i r re r ,  and  lead plate  (holding c lam p  not sh o w n } ^  Left of  the 
schematic  is the pow er supply  used and  on the r igh t  is the t e m p e ra tu re  control unit.

T em p ’
Control
Unit

m m Al
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Depending on the acid used (sulphuric: 4 - 3 0  nm, oxalic: 30 -  80 nm, 

phosphoric: 80 - 250 nm), a wide range o f  pore diameters is achievable. The pore 

diameter is directly related to the anodisation voltage (1.2 -  1.4 nm/V). The electrolytic 

reaction proceeds according to:

Oxidation Process at Anode:

2 Al + 3 H 20 = AI2O3 + 6H+ + 6e- 

Reduction Process at Cathode:

6H+ + 6e- = 3H2 (g)

The number o f  electrons transferred therefore determines the total oxidised 

thickness which increases linearly with time until the anodisation is halted. Two step
/ 7anodisation, which was introduced by Masuda et al is the preferred way to achieve 

excellent pore order. The first step involves anodising a thick aluminium foil for a long 

time (e.g. overnight) and removing the resulting oxide using hot chromic acid (similar to 

the solution used in the degreasing step.) This leaves a regular hexagonal pattern on the 

aluminium surface to act as a template for a second, shorter time anodisation.

20.0kV  x30k

Fig .  70  Left: SEM  image showing th in  oxide walls o f  natively oxidized a lum in ium  foil a f te r  removal o f  oxide 
from  the  first  anodisation  (80 V). Right:  e-heam image taken with a dua l  beam FIB in s t r u m e n t , of  the surface  
o f  PAM  af te r  second anodisation .
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In Fig. 70 lumps on the surface which are also porous alumina are due to impurities.

Note in Fig. 70 (right) that the porous alumina surface has considerable curvature around 

the defective regions.
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Fig. 71 Electron-beam images of the PAM  surface (left) and of a crack in the PAM  (right).

In Fig. 71 above it looks as though the edges o f the pores must be above the plane 

o f the pore mouths because the highest points (white dots in Fig. 71 (le ft image)) 

correspond to the corners o f  the hexagonal pore walls. This is further borne out in Fig. 

71 (right) where the image o f a crack in a PAM  was fortuitously obtained and good use 

o f beam t ilt  w ith  respect to the sample provided an image which helps one appreciate 

what the topology o f an unpolished or unmilled surface is really like. C learly the PAM 

surface which could be compared to an egg-box topography.
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F ig .  7 2  False colour A FM  im ages: stan d ard  tapp in g  m ode im age (left) and su rface p lot corresp on d ing  to the  
A F M  im age on the left for the sam e sam p le  (right).

As with the previous e-beam images for a similar sample, the AFM image (Fig. 72 - left) 

shows the white as high points again, a clearer idea o f  the topology is given by the 

surface plot.

Although in our work, double anodisation was used, ftirther anodisation steps, 

much longer anodisation periods in the two step method, and better temperature control, 

should improve the pore ordering even more. The trade-off is beween increased order at 

longer anodisation times for thick, expensive foils and shorter anodisation times and less 

well ordered PAMs on thinner, cheaper foils.

5.4 BARRIER LAYER FORMATION AT THE FOIL:POROUS 

ALUMINA INTERFACE

The schematic in Fig. 65 depicts the presence o f  a barrier layer at the aluminium 

foihporous alumina interface. This barrier layer is central to the PAM formation 

(anodisation) process and also to some PAM -filling electrodeposition processes.

The whole PAM structure in fact consists o f a duplex oxide layer‘ ' made up o f an 

inner oxide layer which is known to be pure alumina, and an outer oxide layer between 

the inner oxide and the pore wall which contains anionic impurities. Therefore, the 

barrier layer too is made o f a duplex oxide layer. However, the inner oxide thickness in
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the barrier layer at the centre o f the hemisphere under a pore base is twice as thick as it is 

at the edges o f the hemisphere where it equals the inner oxide thickness o f  the pore wall. 

This has been attributed to the electric field being concentrated at the pore center. Choi 

et aP'^ have shown that the inner oxide dielectric constant is 2.8 whereas for the outer 

oxide it varies between 2.4 -  2.7 and that the interface between the two oxide layers is 

hexagonal in shape.

Fig. 73 A regularly prepatterned foil by way of a long first anodiation (left) helps to achieve well 
ordered straight, parallel pores (right). Note the interpore spacing is larger than the pore diameter 
(even allowing for asymmetrical cleaving).
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Fig. 74 Left: A l/barrier oxide/PA /A u Right: A l/barrier oxide/PA /SiO /A u .

As seen in Fig. 74 (left) by the extremely low currents at high applied voltages, 

the electrical insulation afforded by the PA itself is excellent. From Fig. 74 (left) it can 

be seen that the log-log plot has readily identifiable slope = 1 and slope = 2 regions and 

thus in the PAM the current may be described by the current flow equation for an
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insulator w ith shallow traps. In Fig. 74 (right) the effect o f the SiO layer is to suppress 

the current flow  yie ld ing so that only a low level ohmic response is observed.

5.4.1 Reduction of The Barrier Layer Thickness

In order to f i l l  a PAM  as uniform ly as possible by electrodeposition it is beneficial
23 . . . .to reduce the thickness o f  the highly insulating barrier layer. Furthermore, the barrier 

oxide region in a m etal-filled PAM , although less insulating than the barrier in an 

unfilled PAM , is s till like ly  to result in a high contact resistance for a PAM  based 

nanowire array electrode. Thus it is like ly  that in order to achieve current densities high 

enough to observe electroluminescence, a high applied voltage voltage would be 

required. For these reasons barrier layer reduction fo r PAMs is often required.

To reduce the thickness o f  the barrier layer at the interface between the 

alum inium fo il and the oxide, which inhibits anodic current in the electro-deposition 

process, a stepwise voltage reduction was carried out at the end o f the second 

anodisation. The reduction process works by forcing the system into a non-equilibrium 

regime where the rate o f  oxide dissolution is greater than the oxide formation rate''*.

Note also that it is possible to alter the r/a (radius/interpore distance) ratio by 

isotropic wet chemical etching but this is a much slower process than the anodisation 

process. This is usually done using phosphoric acid (10 % at 30° C) and because the 

etching is isotropic the barrier layer w ill also be reduced.

5.4.2 Complete Removal of The B arrier Layer

It is possible to eliminate completely the barrier layer oxide and expose the pore 

bases (or nanowire ends in a filled  PAM ). For an empty PAM , this means that after 

barrier layer removal, a metal layer may then be evaporated or deposited onto to 

underside o f the membrane in order to f i l l  it using DC electrodeposition. For a filled  

PAM  the metal layer would be deposited on the exposed nanowire array and would

provide a good electrical contact w ith low contact resistance. Motivated by these issues,

removal o f  the barrier layer in an empty membrane was attempted. Copper chloride 

solution was used to dissolve away the alum inium fo il and the barrier layer beneath the 

porous oxide. It was found that, for the anodisation times used, the resultant free
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standing transparent oxide m em branes were much too brittle to handle for device 

fabrication with our current setup. Furthermore, SEM  images show ed the barrier layer 

removal to be quite patchy, being incomplete in many areas. Hence, it w as decided to 

stay with the proposed device structure which includes the alum inum  foil and use the 

voltage reduction process to reduce barrier layer thickness.

026657 HD13.6imn 20 .0 k V  xlSO k 200nm 0 2 6 8 5 8  WD13.6nim 2 0 .0 k V  x 4 0 0 k  lOOrun

Fig. 75 Images a f te r  b a r r ie r  layer removal for 25 nm pores (right: x 150k , left: x 400k). As expected, 
the o rder  is be t te r  a t  the pore bases, which are  the growth front, than a t  the  pore mouths.

5.4.3 Electrodeposition Techniques Used to Fill Porous Alumina

The three main w ays o f  electrochemically  depositing a metallic or 

sem iconducting material into PA are by direct current (DC), alternating current (AC) and 

pulsed current or pulsed electrodeposition (PED ) as the latter is known, in all o f  these 

m ethods deposition is often continued until there is a drop in deposition  potential which 

indicates that deposition has com m enced  on the outer surface o f  the PA.

5.4.3.1 DC Electrodeposition

Electrodepositon by D C  in the presence o f  a barrier layer is very unstable"^ and 

uniform pore filling is not achievable due to a cathodic side reaction which  causes partial 

removal o f  the barrier layer and hence deposition is favoured individual pores. Hence, if  

DC is going to be used, the PA m ust be detached from the a lum inium  foil and the barrier 

layer dissolved away. I f  a metallic contact is then sputtered, evaporated  or even pressure
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contacted on one side o f  the PAM  the pores may then be filled quite readily. The free

standing PAM m ust be > 20 m icron thick for handling without the risk o f  it breaking. 

Hence most com m ercially  available PA M s are very thick (several hundred microns) and 

already have the barrier layer removed. H owever, they are generally m ade using 

phosphoric acid and so the pore size is large (100 -  200 nm) and also the pore order is 

usually poor. Filling by DC is the fastest e lectrodeposition m ethod but is quite rough 

and ready.

5.4.3.2 AC Electrodeposition

26 •In the case o f  A C  deposition  , the PA remains on the foil substrate and metal is 

deposited on the barrier layer at the bottom o f  the pores. Deposition into the pores is not 

limited by the th ickness and size o f  the barrier oxide and its rectifying contact allows 

metal deposition by an alternating current. It is thought that charge transfer across the 

barrier layer can occur because  the metal ions in the electrolyte can migrate through the 

oxide. O nce a current path is established, electrodeposition will start in the pores and 

they will be filled from the bottom up. H owever, the high cathodic potentials cause 

some hydrogen evolution which tends to inhibit deposition. H ydrogen evolution can 

occur at sufficiently negative potentials, as a result o f  the hydrous nature o f  the alumina. 

Charge passed through the oxide can therefore leave an excess o f  O H - ions , which may 

dissolve the oxide layer locally as follows:

H2O + e ^  '/2 H2 + O H -.

A lO O H  + OH - ^  AI0 2 - + H2O 

A lO O H  + e ^  AIO2 +  '/2 H2.

The overall reaction (third equation) shows that w a te r  is not consum ed as the Boehm ite 

(hydrate o f  a lum ina) becom es soluble which means the reaction proceeds until a hole is 

formed in the barrier layer and hence the plating solution may be in direct contact with 

the aluminium foil and hence lead to non-uniform  filling o f  the pores. Buffering and 

stirring o f  the plating bath can reduce the increasing hydrogen evolution with time but
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will not stop it completely. Oxide dissolution can also occur at the anodic side o f  the 

barrier layer but even if it does it is a much slower process than the one just described.

5. 4.3.3 Pulsed Electrodeposition

The effect o f  hydrogen can be minimized best if the deposition interfaces are 

adequately supplied with metal ions during the course o f  deposition. This can be 

achieved by using pulsed electrodeposition (PED) which can compensate for the slow 

diffusion-driven transport on ions in the pores. This technique was first applied to filling 

a porous template (PA) in 2000""*. During a single deposition pulse the local ion 

concentration is exhausted and the overall ion concentration is reduced. Pulsed electro

deposition (PED) allows better control over the deposition parameters by optimizing the 

delay between pulses to allow the metal ions to diffuse into the pores bottoms between 

successive deposition pulses. Furthermore since the deposition current density is 

typically higher for PED than DC, the number o f  deposition centres in each pore should 

be higher too. For 100% current efficiency a negative pulse (deposition) o f  8 ms was 

used followed by a short positive pulse (2ms) to discharge the capacitance o f  the barrier 

layer and interrupt the field at the deposition interface. By modulating the delay 

between deposition pulse signals in the microsecond range, Nielsch et al~^ have shown 

that the optimal delay time is about 1 s for filling into a 40 V membrane similar to the 

ones used in this thesis.
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Fig. 76 Typical pulse-times and -currents for PED.
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Shorter delays o f  10 -  100 ms result in fluctuations in the metal growth rates in 

the pores due to the hydrogen evolution process described above. Consequently the 

formation o f  hydrogen bubbles on the membrane sufaces is visible during the PED 

process. If the delay time is too long (> 2s) macroscopic pieces o f  alumina peel o f f  

Thus at optimised pulsing parameters, PED yields the most uniform deposition with 

greatest number o f  filled pores, with 100 % filling having been observed over 90% o f  a 1
'y

micron deep PAM o f  area approx 1 cm . Although the use o f  a 1 s delay renders the 

process slower than AC, this is compensated for somewhat by virtue o f  the fact that the 

filling is more efficient. For both AC and PED, reduction o f  the barrier layer w ill ensure 

lower electrodeposifion fields and more uniform filling.

5.5 COPPER-FILLED PAM DEVICES

5.5.1 Production and Characterisation of Cu-fiiled Nanowire Arrays

Initially to becom e acquainted with anodisation and plating procedures, thin, 

cheap foils were anodised once using sulphuric acid at 20 V and AC-plated with copper. 

The AC deposition o f  copper was done at 13 V (AC, 50 Hz) for about 1 min (the actual 

plating time depends on the thickness o f  the PA) using a CUSO4 electrolyte (35 g/1 

CUSO4, 20 g/1 M gS0 4 , H2SO4, pH 1.3). Thus this provided initial rough samples quite 

quickly. Since the anodisation was at a relatively low potential there was no need to do a 

voltage reduction. H aving becom e familiar with the procedures necessary to produce 

and plate PA it was decided to focus on 40 V membranes for which considerable 

literature information is available. The foils used for the 40 V samples were purer and 

thicker and consequently a lot more expensive. They were plated using the same copper 

sulphate electrolyte as used for AC.

During our inifial trials PAM s were anodized at various voltages including 10, 

20, 50 and 80 V. H owever, for consistency, 40 V was used for the remainder o f  the work 

and for the device data discussed in this thesis. The reasons for this selection include 

the good order and relatively uniform pore size exhibited by PAM s formed using oxalic 

acid at this voltage, recent progress in achieving almost 100% metal filling by 

electrodeposition^^ using this system and the relative ease o f  imaging the features o f  a
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40 V PAM. Therefore, well ordered PAMs were made using the double anodization 

method by anodizing at 40 V for 9 hours in oxalic acid and then re-anodising, after oxide 

removal, for 4 hours. This resulted in PAMs with a mean pore diam eter o f  48 nm, centre 

to centre pore spacing o f  123 nm and a depth o f  approxim ately 8 jam (measured using 

image tool software on SEM cross-sectional images). The oxide growth rate is, 

therefore, about 2 micron/hr. The 8 micron thick oxide formed ensures electrical 

isolation o f  top and bottom  contacts.

F ig . 7 7  S u rfa ce  o f  an em pty  40 V PAM  (an underfilled  PA M  w ill a lso  look the sam e) w ith  the  co lou red  lines 
roughly ind icatin g  the b ou n d ary  o f  an ord ered  dom ain  w ith  p ore orien tation  w hich  d iffers from  the 
su rroun d in g  reg ions. T hus, the PA M s used  here are  po lycrysta llin e.

Perfect monodomain PAMs may be made by pretexturing the foil by e-beam

lithography or by nano-im printing m e t h o d s . I n  order to achieve m onodomain PA with

a high aspect ratio, the anodisation conditions must match the lattice constant o f  the

prepattem. Using SiN pyram ids as a m aster stamp, monodomain PA over an area 4 cm^ 
28has been achieved.
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Fig .  78  Top left: SEM  surface  images showing filling of a PAM anodized at 40 V, filled with copper  by AC 
electrodeposition..  Top right:  high resolution SEIVI of sam e sample. Bottom left: Non-uniform Tilling as only 
w here  some areas a re  heavily overpla ted.  Bottom right:  Extrem e overpla ting  where  the whole surface  is covered 
in copper  /copper oxide.

5 mm
Fig . 79  Digital C a m e ra  Images of A C Cu- filled PAMs , left: empty anodized PAM, middle: underfil led PAM, 
right:  completely overp la ted  PAM.

227



Devices were made in accordance with the proposed device structure in Fig. 64. 

Firstly the nanowire array electrodes were produced. Each array was based on a 0.25 mm 

thick square sheet (50 mm^) o f A1 foil which was anodised at 40 V, giving pore 

diameters o f  48 nm on average. The use o f  a rubber o-ring seal defined a centred, d isk

shaped area (diam eter 30 mm) o f  anodized portion o f  the foil. The 40 V PAMs were 

then filled with Copper (Cu) by AC electrodepostion where once again an o-ring seal 

defined the Cu-filled region, a disk- shaped area (diam eter 20 mm) concentric with the 

anodized area. Overfilling is not desirable as uneven Cu domains fonn on the surface 

(see Fig. 78: bottom, left) that lead to electrical shorts. High resolution cross-sectional 

SEM images o f  the filled PAM s helped to determine the best filling time to ensure a 

good electrical contact at the polym er-Cu-filled PAM interface. Arrays were made with 

electrodeposition times o f  4, 6, 7 and 8 minutes.

LI) A 9  A 3 8 I .  B S  1*10
Uet  WU I xp  
T i n  4 8  7 Rf. Pu

F ig . 80  Left to righ t: SEIM of 4, 6, and  8 min A C  Tilled C u PAlVls Each PAIM is anodized  u n d e r the sam e 
conditions, b a r r ie r  layer is 36 =/- 3 nm . O xide is 6 8 m icron th ick  fo r each PAIM.

Fig. 80 shows that, for similar PAMs, the average filling level is proportional to the 

filling time and that filling is non-uniform , with some pores being plated more easily 

than others.
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Fig. 81 Left: A cross-section SEM image of the 8 minute Cu-filled PAM. The upper inset shows a 
surface image of the PAM (scale bar 1 micrometer) and the lower inset shows a cross-section of an 
overfilled pore (scale bar 0.5 m icrometer). Right: cross-section showing the 36 nm barrier layer and 
Cu-filling near the pore base.

After production o f  the arrays, the remaining OLED layers were deposited on 

top. First, a 200 nm thick layer o f silicon monoxide (SiO) was thermally evaporated 

from a resistively heated tungsten boat at a vacuum o f 2 x l0 ‘̂ mbar at a rate o f 0.5-1.5 

nm/s, onto the electroplated foil sheet through a shadow mask. The mask was designed 

to leave an uncovered central disk shaped area (diameter 15 mm), concentric with the 

first two disk areas, o f the copper-plated alumina, and to leave some foil uncovered at 

the edge o f the sheet to allow for an electrical contact with the aluminium. In this way 

the SiO distanced the active region from the boundary o f the unfilled and m etal-tilled 

PAM which is prone to overfilling and defined a 6 mm^ active area. The Cu-filled PAM 

was then spincoated with the polym er Poly[(4-methylphenyl) imino-4,4'-diphenylene-(4- 

m ethylphenyl)im ino-l,4-phenylene-ethenylene-2-m ethoxy-5-(2-ethylhexyloxy)-l ,4- 

phenylene-ethenylene-l ,4-phenylene)] (TPD-M EH- PPV) (Fig. 47) at 1500 rpm from a 

I5g/1 xylene solution. The thickness o f the polymer layer was measured to be 

100 nm + 10 nm using white light interferometry. Finally A1 was thermally evaporated 

onto the polymer layer at a rate o f  0.2 nm/s to form a 100 nm thick cathode.
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F ig. 82 Left: SEM  o f  p o lym er on PA M  at a crack  in the dry p o lym er film . R ight: actual A C  plated  (7 m in) 
device.

From Fig. 82 it can be seen that the active area o f the device is positioned within 

the electroplated section o f  the alumina layer and set in slightly (2 mm) from the 

interface between the Cu-filled and unfilled alumina sections. This was done to produce 

hom ogeneous device pixel areas because the interface region had a rougher topography 

than the rest o f the plated membrane. The SiO layer not only defined the active area o f 

the device but also isolated the top and bottom device contacts, reducing the risk o f 

electrical shorts when making a mechanical contact to the top electrode. Additionally, in 

order to minimise the risk o f electrical shorting, the top electrode was deposited so that it 

did not overlap the unanodised portion o f the alum inium  foil. Both the SiO and A! were 

deposited using an Edwards Autovac 306 evaporator fitted with a calibrated quartz 

crystal thickness monitor.

As can be seen in Fig. 82 (left), the filled PAM rem ains part o f the A1 foil from 

which it was grown allowing electrical contact to the metal nanowire array to be made 

by contacting the aluminium foil. Current can flow from the alum inium  to the nanowire 

array via metal filaments, formed during the electrodeposition process, which span the 

36 nm-thick barrier layer o f  alumina between the foil and the m etal-filled PAM.

5.5.2 Current Voltage Characteristics of Cu-fiiled PAMs Devices

The direct current (DC) electrical characteristics o f  the devices were obtained at 

room temperature using a ICeithly 2400 source-measure unit interfaced, using a Visual 

Basic programme, to a PC. Electrical contact to the device was by means o f  a solder
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connection to the fo il and a gold-plated point probe contact to a part o f the top electrode 

over the unfilled membrane area.

10®
400

-400

-20 20

10 20 30 50 60 700 40

Voltage (V)

Fig . 83 Current Density vs \  oltage for the unfilled P A M  (open circles), four (open squares), six (open triangle), 
seven (inverted open triangle) and eight (open diamond) minute Cu-fllled PAM s and the planar Cu-electrode 
device (solid circles). I'he inset shows the positive and negative bias characteristic for the 7 minute Cu-filled  
PA M  device.

Fig. 83 shows a plot o f  Current Density (J) vs. Voltage (V ) for Cu-filled PAM 

devices w ith fillin g  times o f 4, 6, 7 and 8 minutes w ith estimated maximum J values o f 

9.6 A/m", 4.8x10^ A /m “ , 7.6 xlO^ A/m^ and 4.7x10^ A/m^ respectively. The current
1 3 - ' )

density was estimated using a pore density o f 10.9 x 10 m '  and assuming 10% o f pores 

are tilled  to the surface o f  the PAM . The pore density was calculated based on previous 

work done by the Nielsch group where a relationship between pore density and 

anodisation voltage was found using HRTEM .

=  P h r ti:m  X  ^  ( ^ / 2 ) '  X  X

where P h r t e m  is the pore density as measured using High Resolution Transmission 

Electron Microscopy" , d is the pore diameter, Ap is the total contact area and 0  is the 

fillin g  fraction.

231



The current flow in the under-filled 4 and 6-minute devices m ay result from 

partial impregnation o f  the po lym er into the pores due to w etting  o f  the inner pore w alls  

by polymer solution prior to spincoating. In addition, there m ay also be som e unusually  

long wires that provide a conductive path through the PAM . The best filling time was 

found to be 7 minutes as 8 m inutes resulted in overfilled regions on the PA M  surface. 

1 hus although the highest J value recorded was for the 8 m inute device, this device was 

very unstable since the use o f  an overfilled PAM caused electrical shorting. This 

shorting was observed on the surface o f  the device and was across the po lym er layer 

which was probably very thin in places due to the very rough surface o f  the overplated 

PAM.

The inset in Fig. 83 shows J-V  data for the 7 m inute  device in forward and 

reverse bias. It is clear that there is essentially no rectification, w hich  is attributed to the 

small difference ( -0 .4  eV) between the workfunctions o f  A1 and Cu. A lso  show n in Fig. 

83 is the J-V data for an unfilled PAM which clearly shows there is no conductive  path 

through the unfilled PAM which was where contact was m ade to the top electrode.

The J-V data for an equivalent planar Cu anode device on a glass substrate is
• ♦ * 3 / 2also shown in figure 3 with a m axim um  J o f  1.2x10 A/m . It can be seen that up to a 

value o f  J = 6 A /m ' the J-V curves o f  the planar and the 7 m inute PA M  devices overlap. 

However, beyond this point, J rises more steeply in the p lanar device and reaches a final 

J value lower than that attained by the filled PAM device prior to breakdow n. A lthough 

the tilled PAM devices attained a higher J, this was at a h igher operating  voltage. The 

latter is probably due to non-uniform  metal-filling o f  the pores and partial impregnation 

of polym er into the pores.

It is proposed that the higher current density levels attained in the PA M  device 

prior to failure suggest that it possesses better heat d issipating properties than a planar 

contact. Although the thermal conductivity o f  the metal-filled barrier layer w as not 

measured, it is expected there will be some benefit from having  the device built on this 

metal array electrode with attached to a metal foil. This is d iscussed  in more detail in 

section 5.6.4.
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5.5.3 Electroluminescence of a Cu-filled PAM Device

PL and EL measurements were made using an Oriel Multispec CCD 

spectrometer coupled to a liquid light-guide. The devices were tested in air owing to the 

difference in device structure compared with a conventional device. The light-guide was 

simply placed and held as close to the emitting region on the PAM -OLED as possible.

Before building an LED, the PL o f  an empty membrane was taken and is shown

below:
6000 n

5000-

4000-

<d 3000 -

® 2 0 0 0 -

1 0 0 0 -

300 400 500 600 700
W a v e le n g h t  (nm )

Fig. 84 PL o f  empty PAM  with the laser harmonic o f  the pulsed mini-Yag laser used to excite the PA  
at 266 nm.

The PL spectrum o f  PA has quite a broad peak from 500 to 550 nm. In general 

the PL o f  PA is very sensitive to preparation conditions. For similar oxalic acid 

anodized membranes to the one above (i.e. 40 V high purity membranes), a peak o f  470
-^9  ̂ ^

nm was seen using a fluorimeter with a Xe lamp source. Gao et al " attributed this 

fluorescence to the incorporation o f  oxalic acid compounds in PA during anodisation.
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Fig . 85  E lectroluminescencc spec tra  for the 7 minute Cu-filletl PAM (open circle a n d  dotted  line) and the Cu 
p la n a r  e lectrode devicc (open square  and  dash dot dot line). Photoluminescence spec trum  for the emissive 
m ateria l  (open tr iangle  and solid line). The inset shows the chemical s t ru c tu re  o f  the emissive polymer.

Although the devices presented in Fig. 83 (inset) show ed virtually no 

rectification, w hen a sem i-transparent A1 cathode (30 nm) w as used, green EL was 

visible over the entire predefined pixel area.

Fig. 85 shows the smoothed EL spectrum o f  the filled 7 min PAM  device and o f  

the equivalent p lanar electrode device. Also shown is the PL for a thin film o f  the LEP. 

The difference in oscillator strength observed between the devices m ay be due to 

differences in po lym er film m orphology, different electrode reflectance characteristics, 

and/or differences in J between the two device types.

Though the signal to noise ratio was quite high, the nanow ire and p lanar EL main 

peaks are clearly similar to that o f  the PL from a film excited by a 370 nm UV diode 

which is at 542 nm. Allowing for graph scaling, the high energy shoulder or secondary 

peak is also similar in the film PL and nanowire EL device and is at about 505 nm. This 

secondary peak is suppressed in the Cu planar device. The very noisy  hum p centered 

around 640 nm in the nanow ire EL is due to shorting across the po lym er layer. At 30 nm 

the alum inium  cathode is not very stable and furthermore is not very transparent which 

m akes obtaining good quality EL spectra quite difficult.

Due to the nanow ire array it is expected that, ow ing to the typical exciton 

diffusion lengths (6- 15 nm)^® in PPV resulting from the short lifetimes o f  the excited 

states and the am orphous nature o f  PPV-type conjugated polymers, only the polymer
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film directly above the metallic regions in the Cu-filled PAM is excited. This, coupled 

with the fact that recombination occurs near the cathode due to the imbalance o f  the 

electron and hole mobilities, means that there is an array o f  nanodots emitting 

corresponding to the positions o f  the ends o f  the nanowires in the PAM. However, the 

emission appeared uniform and not as a series o f  dots because the spacing between the 

filled pores is much smaller than the resolution o f  the human eye. It should be possible 

to resolve the emission at the plane o f  the device surface using techniques such as 

confocal microscopy. Previously, highly localized EL has been investigated via 

scanning tunneling microscopy tip-induced EL experiments,^' however, this is not a 

practical device configuration as the electrical contacts are not permanent.

5.5.4 Synopsis of Devices Using Cu-filled Porous Alumina Arrays

A working device based on the proposed device structure in Fig. 64 using a Cu- 

filled PAM as an array-electrode to inject charge into an organic sandwich-type device 

was demonstrated. Higher DC current densities prior to device failure were observed in 

the PAM devices compared with equivalent planar devices. This is attributed to 

improved thermal management in the PAM devices. The EL spectrum is largely 

unaffected by using a nanostructured electrode. With optimization and appropriate 

patterning and addressing, the structure demonstrated may be useful for producing stable 

display pixels consisting o f  arrays o f  nanosized light sources. As well as optoelectronic 

applications, this type o f  device could be useful for fundamental investigations o f  

electrode-organic semiconductor interfaces. For any further research, however, several 

significant modifications to the demonstrated device structure are required before the 

device can approach performance similar to conventional OLEDs and before a more 

accurate analysis o f  electrical or optical properties can be carried out. The main 

improvements required are:

y Surface planarization o f  the filled PAMs.

y Use o f  PED to increase uniformity and degree o f  metal-filling.

>  Reduction or complete removal o f  the barrier layer to reduce operating voltage.

>  Use o f  mores suitable electrode materials to improve device efficiency.
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y Use o f electron-transport layers to improve device efficiency.

> Use o f a high transparency electrode to improve EL brightness.

5.6 NICKEL-FILLED PAMS FOR OLEDS

In order to implement some o f the recommendations made at the end o f the last 

section with regard to improving nanowire array devices, the PED method was used to 

electrodeposit Ni into PAMs. The use o f Nickel which has a higher workfunction than 

copper makes it better at matching the HOMO of the polymer, and should therefore 

improve hole injection and increase rectification.

First o f all, 50 mm" aluminium foils were doubly anodized at 40 V (as was done

for the Cu-filled devices previously described. This resulted in PAMs with pores 48 nm
♦ * 1 0  2 ‘in diameter on average and with a pore density o f 10 cm' . The barrier layer thickness

was reduced from that in the copper devices by carrying out a voltage reduction at the 

end o f the second anodisation which left a 20 nm thick barrier layer. Nickel was then 

electrodeposited into the pores by PED. The area o f the anodized and metal-fllled 

regions was the same as for the copper devices.

The PED process used to fill nickel into the PAMs involved placing the PAM in 

a Watt’ s bath containing 300g/l NiS0 4 .6 H2 0 , 45g/I NiCl2 .6 H2 0  and 45g/l H3 BO3 at 

35°C with a graphite rod as counter electrode. The use o f a highly concentrated 

electrolyte like this maximises the concentration o f metal ions at the bottoms o f the 

pores. The pH o f the electrolyte was adjusted to 5 to prevent corrosive attack o f the 

aluminium substrate. The pulse times used were 8  ms and 2 ms for deposition (foil 

biased negative with respect to graphite rod) and discharge (foil positive) respectively. 

An overfilled PAM with nickel aggregated on the surface was required to guarantee a 

uniform, densely filled PAM after mechanical polishing -  the process used, in this 

instance, to planarise the metal-filled PAMs. As with the Cu-filled devices, the filling of 

PAMs with nickel by PED was again monitored predominantly using surface and cross- 

section SEM.
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Fig. 86 a) Left: cross section SEM  im age N i-filled  PAM . N ote that tilt o f  the sam ple belies actual 
m em brane depth here, b) R ight: T EM  im age o f  a bundle o f  Ni nanow ires liberated  from  the filled 
PAM in fig xx a.

SEM cross section im aging (Fig. 8 6 , left) shows im proved uniformity o f  filling o f  

the Nickel into the pores. T hough filling uniformity and the percentage o f  filled pores 

are greater for these PED-filled PAM s than for the AC-filled PA M s, (albeit with a 

different metal) there is still considerable variation in pore-filling levels. It w as also 

observed that hydrogen evolution was occurring which m ay, perhaps, indicate that the 

delay ( I s )  was still too short. TEM  imaging (Fig. 8 6 , right), dem onstrates the integrity 

o f  the wires even w ithout the support o f  the a lum ina matrix and, also, their structural 

uniformity with respect to length, d iam eter and straightness. In order to prepare samples 

for TEM , the alum inium  substrate foil was removed by a solution o f  0.2 mM C u C b  in 3 

M HCl. The remaining, thin layer o f  a lum ina that exists between the substrate and the 

nanowires (barrier layer) w as rem oved using 10% H 3 PO 4  and the nanow ires were 

extracted by shaking in a solution o f  0.1 M N aO H  and 30g/I PVP. The free nanowires 

were found to be approxim ately  45 nm in d iam eter, in agreem ent with estimates made 

from SEM images.
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5.6.1 Planarisation of Ni-filled PAMs

For device fabrication involving thin films, it is desirable to have the film s or 

layers in a device as flat as possible to prom ote the formation o f  clean, smooth interfaces 

and to avoid shorting. In order to improve the nano-array devices by planarising the 

array surface, several m ethods o f  achieving this were considered. A rgon-ion-m illing  

was tried but was found to be too slow. It also results in quite different etch rates for 

metal and oxide. Furtherm ore, dishing occurs -  even with rotation o f  the sample. 

Similarly, reactive ion etching is quite a selective method. Neither o f  these m ethods is 

suitable for planarising a large area. Chemical m echanical polishing (CM P) is the 

method used to polish silicon wafers in the sem iconductor industry and is a highly 

developed technique. For the purposes o f  our work, it w as decided to use a s im pler 

version o f  this m ethod which is,for example, the one used to polish rock samples to a 

thinness suitable for TEM  imaging - in other words m echanical polishing without the 

assistance o f  chemical etchants. This approach would not be expected to com prom ise 

the degree o f  planarisation achieved significantly. PAM s were m echanically  polished 

with an aqueous slurry o f  alum ina particles 0.3 )im in diameter, using a Beuhlcr 

Petrolpol polishing system. PA M s were mounted on leveled glass substrates using 

acetone soluble superglue while trying to ensure a zero bond was achieved with no 

bubbles present. These m ounted samples were placed on a metal block which was in 

turn placed face down on a rotating cloth turntable and held in position under spring 

pressure. As the table turned, the polishing block with its m ounted sample was also free 

to rotate. This helped to polish the sample evenly. A continuous drip  feed o f  the 

polishing slurry w as fed to the turntable during polishing. For our purposes, this process 

was initially developed and tested with empty PA M s and was m onitored by SEM. 

Polishing successfully planarised the PAM s evenly (Fig. 87), leaving sm ooth  surfaces 

suitable for device applications. Polished metal foils o f  s imilar thickness are also now o f  

considerable interest for m aking  flexible displays where polishing quality is critical for 

flexible T F T  perform ance -  in principle the polishing processes they use could be used 

to polish porous alum ina o r  sheet A1 over large areas^'*
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raffles j*jf *Â i;̂ *Mj®*̂ » * im ^ ^ d ^ M :*

Fig. 87 Unpolished (left) and polished (right) SEM surface images o f empty 40 V PAMs.
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Fig. 88 SEM  cross-section image o f a polished, em pty 40 V PAM.

Note in Fig. 88 above how pore width has only been measured for the channels 

which appear widest due to the fact that a pore may, necessarily, be cleaved across its 

widest point. Thus, for the same reason, a pore may appear to be very thin or even 

‘missing’. Similarly, a single cleave can make it look as though a pore is ‘missing’ or 

cut. The diameter is best given by that o f  a circle o f  diameter d which, when placed 

within a hexagon, will touch each side. For this reason and the fact that pores in the
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PA M s produced in our experim ents were not perfectly hexagonal, the d iam eter  referred 

to above is an estimate. The inter-pore distance is the distance between the centres o f  

adjacent pores. Again, the centre is that o f  a circle o f  d iam eter d as defined above and 

the inter-pore distance is 73 nm for the sample above.

In order to obtain a s imilar level o f  planarisation with a Ni-filled PA M , polishing 

w as done on an over-filled Ni-filled PAM. In Fig. 89, it can be seen that this degree o f  

polishing was, indeed, achieved and that polishing o f  such a PAM  results in metal 

nanodot arrays where the nickel is filled exactly to the surface o f  the P A M s (Fig. 96, 

left).

Fig. 89 Top left: unpolished PAM Left: Surface SEM image (2 kV, x 25k) of a Ni •lilleii PAM. Right: 
Surface SEM image (2 kV, x 25,000) o f the same sample using BS (backscattered mode). Inset: 
cropped section from the BS-Mode image revealing good short range hexagonal ordering o f metal 
nanodots with a diameter o f about 48 nm and interpore spacing o f 73 nm.

The SEM  images in Fig. 89 show  that the filling fraction is close to 90%  across the plated 

surface. Unlike unpolished metal PAM s, the surface fraction o f  metal is w ell defined in

240



Fig. 89 as a result o f  planarisation, and the contact area can be quite reliably determined. 

This enables a more accurate estimate o f the current density in the array-electrode device 

to be made. Note that the effect o f  using backscattered SEM mode in Fig. 89 (bottom 

left) improves dot imaging somewhat. Also notice the lines in Fig. 89 (top right) which 

are most likely due to handling the sample but it is also possible they are remnants o f  the 

polishing process which, though effective, is rather crude.

W ithout polishing a similarly over-filled Cu-PAM produced by AC 

electrodeposition, it is not possible to compare directly the efficacy o f the AC and PED 

techniques. However, as discussed in section 5.9.2, AC filling is only uniform  at the very 

start o f  electro-deposition and then rapidly deteriorates. This is why the PED m ethod is 

preferred.

SEM images taken o f polished, filled and empty PAMs over the maximum scan 

area at which the instrument can adequately resolve the template features are presented in 

Fig. 90 below'.

37203 WD 5,3iran 20 .0kV  x lO k 5i

Fig. 90 Left: Surface SEM  im age of an  em pty polished 40 V PAM . R ight: S urface  SEM  im age o f an equ ivalen t, 
polished, Ni-filled PAM . Some ch arg in g  is evidenced as these sam ples w ere not gold-coated.

Over an SEM scan area o f about 10 micron, planarisation and high % filling 

levels are observed. Different regions on the disk shaped Ni-filled region (appox. 1.5 cm 

diameter) o f the sample yielded similar images and the whole process should be
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scaleable to diameters in the 50 -  100 cm range. By using a lower accelerating voltage 

in SEM imaging, both the PA template and the filled pores were resolved 

sim ultaneoulsly as shown in Fig. 91 below.

■ I '
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SE 21-Sep-04 37198 WD 5.1mm 20.0kV x35k lum
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Fig. 91 Left: SEM  surface im age (20 kV, x 35k) o f a polished N i-filled PAM . Right: SEM  surface 
im age (5 kV , x 35k) of the sam e sam ple. In yellow  is an exam ple o f six nanodots w hich are 
hexagonally  distributed.

Also quite noticeable from Fig. 91 is that there is a distribution o f  nanodot sizes 

and shapes but the average size is approximately 48 nm and the shape is, in general, 

roughly hexagonal. The order is very short range with only a few nanodots distributed 

perfectly hexagonally. A visual summary o f  the effect o f  planarisation by polishing is 

given below in Fig. 92 where high resolution SEM images contrasting unpolished and 

polished membranes are presented.
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Fig .  92 Surface  SEM images (20 kV, x 150k) of  40 \ '  PAMs. Fop left: Em pty  unpolished PAM. Fop right:  
Empty , polished PAM. Bottom left: Ni-filled unpolished PAM with some overplating. Bottom right:  Filled 
polished Ni-niled PAM

Note that in Fig. 92 (bottom left), although there is some overplating, most pores 

do appear to be almost full This indicates yet again that uniformity is actually quite 

good over several microns with PED filling. The polished and unpolished images cannot 

correspond exactly to the same region on the samples. This makes feature size 

comparison difficult. Furthermore, the focus and contrast at this magnification in the 

polished samples is not good because all the features are coplanar. The smaller-than- 

average size distribution observed in Fig. 92 (bottom right) may be localized, or, be due 

to the fact pore regularity improves with polishing as the original growth front at the 

barrier layer is approached. A reduction in the average pore size results as there is less 

pore coalescence.

AFM was used to quantitatively m easure and compare the surface roughness o f 

polished and unpolished samples as shown in Fig. 93 below.
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Fig. 93 Left: AFM section of empty unpolished PAM. Right: AFM section on empty polished PAM.

2
The AFM  cross-section images suggest that an unpolished membrane over 2 fim 

area has a surface roughness o f  at least 30 nm. However, this was for an area which 

could be imaged. M any areas were too rough to be imaged since they contained features 

hundreds o f nanometers high, thereby causing damage to the AFM tip. The polished 

m em brane over a similar area has a surface roughness o f less than 5 nm and this is found 

over the entire sample area o f 1.5 cm .

Fig. 94 A polished Ni-filled PAM reflecting the light from a micropipette which was dipped in light- 
em itting polymer solution.

The flatness over macroscopic dimensions can be illustrated by virtue o f the fact 

that a polished m etal-filled membrane acts as a good quality m irror as shown in Fig. 94, 

The polym er coated m icropipette was excited using a UV lamp.
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For polished samples, it is possible to confirm the presence o f  Ni in the pores by 

ED X (Energy D ispersive X-ray) analysis (Fig. 95). The sulphur signal is probably from  

the electrolyte, the carbon from oxalic acid and the aluminium and oxygen from the 

porous alumina.

5 10 IS  20^

Fig. 95 EDX of a polished Ni foil with the main peaks being Al and Ni and also showing O and S.

5.6.2 Electrical Resistance o f  a 20 nm Thick Barrier Layer

\ gn Del WD |—  
lOOx TLD 4 9 A455

A c n V  M aqn  W D  I- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 1
^  0 0  kV  :ib()0()x h  0 A 4 3 » . Ni tlllfxl (H S -P ic)______

Fig. 96 Left: SEM cross section image of a polished Ni-filled PAM which is about 2 micron thick. 
Right; High resolution 5kV cross section image of the same sample clearing showing branching  of the 
pores at the b a r r ie r  layer and a b a r r ie r  layer thickness of approx. 20 nm after a voltage reduction 
was performed.
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Having characterized the foils structurally, it is now important to turn to the 

electrical characteristics o f  the polished Ni-filled PAM itself The images in Fig. 96 

show a polished nickel-filled PAM and its barrier layer.

It can be seen in Fig. 96 (right) that at the base o f some wires, the main part o f 

the filled pore or ‘trunk’ splits into a number o f narrowing “dendritic” branches. The 

pores branch out at the formation front because the equilibrium num ber o f  pores cm" is 

inversely proportional to the square o f  the anodising potential. The pores in Fig. 96 

(right) appear to stop at the surface o f  the barrier layer and so the electrical properties o f 

the metal-filled PAM  are expected to be dominated by the electrical resistance o f the 

barrier layer.

0 .0 3 -

0 .0 2 -

0.01  -

2 50 E -0 0 9 - 

2 .00 E -0 0 9 - 

1 5 0 E -0 0 9 - 

1 .OOE-009 - 

5 .00 E -0 1 0 - 

O.OOE+OOO- 

•5 .0 0 E -0 1 0 -

8 10

V (V )

V (V )

Fig. 97 I-V of an over plated 40 V Ni PED filled PAM. Top left: Using Ag to contact area = 6 mm^.( 
right: low voltage region). Bottom left: Using point probe to contact surface (right: low voltage 
region).
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In terms o f  device structure notation, the barrier layer device is: A l/barrier 

layer/Ni. From the 1-V data in Fig. 97 (bottom), it is apparent that there is much less 

current when a point contact is used than is the case when a macroscopic contact using 

silver paint is made. This is to be expected as, in the former case, only one or, at most, a 

small bundle o f  nanowires is like ly  to be in good contact w ith the probe. It is also 

apparent that the barrier layers are not behaving like a macroscopic metal w ire in that the 

1-V is non-linear. Furthermore, it appears to be the case that there is a threshold voltage 

beyond which there is a dramatic increase in current as shown in Fig. 97 (top right, 

bottom right). Though this is evident using both macroscopic and point probe contacts, 

it is better defined using the probe contact, and is roughly between 7.5 and 8 V fo r the 

sample in Fig. 97 (bottom right). Below this threshold voltage, based on the current 

flow ing in actual LEDs below this value (fig . 101), the array contact would be expected 

to lim it current in a PLED and to behave as a blocking contact. Above the threshold, the 

array device should in that case switch from being electrode-lim ited to being bulk- 

lim ited w ith respect to current fiow  in the device. However the data in Fig. 98 suggests 

that the barrier layer is not lim iting  the Nanodot array LED at any point, as the current 

density in theses devices is comparable to the film  electrode LEDs over most o f  the 

operating range.

It is known that the barrier layer beneath the m etal-filled pore bottom is a duplex 

oxide o f pure oxide and that i f  the pure portion near the fo il base extends about 25% o f 

the way into the barrier layer at which point an im purity containing phase is encountered. 

This means that most o f  the potential drop is over a thickness o f  about 5 nm for a 20 nm 

thick barrier layer. The m etal-filled array w ith barrier layer was found to be slightly 

rectifying, which may be due to the fact that on one side we have A1 and on the other N i. 

However, it is known that the oxide itse lf in in trinsica lly rectifying by virtue o f  its 

structural composition.

One must ask how charge transfer can occur across the barrier layer both during 

the electro-deposition process and during array-electrode device operation. Since the 

electrical conductivity o f the pure oxide is very low, it is unlikely that the magnitude o f  

the current in a m etal-filled PAM  barrier oxide layer below the thresholds observed in 

Fig. 97 is due to some space charge lim ited conduction process in the barrier layer oxide.
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It is possible tiiat tiiere is some tunnelling barrier (or barriers in the case o f  multiple 

tunnelling events) which must first be overcom e in order to observe current flow. The 

lack o f  a threshold in the N anodot array LED s w ould possibly due to the pure oxide layer 

being thin enough to tunnel through at very low voltage and then assum es conduction in 

the remainder o f  the barrier layer is high enough for it not to  limit the LED current. 

Alternatively perhaps dielectric breakdown o f  the pure oxide com ponen t results in a 

current such that the device current is not array-electrode limited. It w ould  be interesting 

to com pare the current flow across a non-porous alum ina layer on a lum inium  (like an 

extra thick native oxide) with that flowing across the barrier layer after metal deposition.

Having fabricated and characterised the polished Ni-filled PAM s, the next steps 

in the O L E D  fabrication process are the same as for those used in conventional devices. 

Unlike the case with the unpolished Cu-filled devices, there w as  no actual need to use a 

SiO layer to prevent shorting across the po lym er layer but it w as used to define the 

device area. As with the Cu-based devices, a conventional p lanar type device w as made 

for comparison purposes. This was done by evaporating nickel onto a 12 m m  x l2  mm 

glass substrate, spincoating the substrate with po lym er and  evaporating  alum inium  

contacts on top.to give an active pixel area o f  0.06 cm". In order to obtain the I-V 

characteristics o f  both kinds o f  device, the a lum inium  top con tac t  was negatively biased 

with respect to the nickel contact.
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5.6.3 Characterisation of Ni-filled Array Electrode PLEDs

5. 6.3.1 Current Densities Under Forward Bias

ITO
pol_20 nm bar Ni 
pol_20 nm bar_Ni 
Ni/poly/Ni 
AI/20 nm bar/Ni 
40 nm bar

0.0020  -

0 .0 0 1 5 -

®  0 .0 0 1 0 -

0.0005  -

0.0000
100 20 30

Voltage (V)

Fig. 98 The s truc tu re  of all the above devices is X/poly/AI where X is the anode -  the structures  are 
listed in the plot legend.
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Fig. 99 Log-log plot of l-V for p la n a r  and nanowire a r ray  devices.

Based on fact that the slope is similar in Fig. 99 for voltages > ~10 V, the trapping 

distributions are therefore sim ilar in the conventional and the nanodot array devices.
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However, in Fowler-Nordheim  (F-N) plots (Fig. 100), the nanodot array devices appear 

to be linear over a larger field range. The barrier extracted for the 20 and 40 nm barrier 

devices was 0.48 + 0.09 and 0.8 ± 0 . 1  eV which is larger than the energy offset at the 

interface since the workftintion o f  nickel is 5.1 eV and the ionization potential o f the 

polymer is expected to be 5.1±0.2 eV. This may be due to backflow o f  current at the 

interface.

A ni ni
-30-1

■ 20 nm pam
A 40 nm pam underfilled 
H 40 nm pam

-32-

-34-

-36-

-38-
LU

c

-42-
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-48
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E '

Fig. 100 Fow ler-N ordheim  plots for all the devices.

The plots are linear over a limited high field range in the case o f the nanowire 

devices. However the applicability o f  tunneling theory does seem to be more suited to 

the nanowire devices than to the planar LEDs since the latter exhibit curvature 

throughout the plot. There is too much curvature for a linear fit to be made for the planar 

devices. The nanowire array LEDs yield barriers which seem to depend on barrier 

thickness. In order to check further the validity o f an FN analysis, F-N plots at different 

temperatures for a Ni nanowire device were made and are shown below.
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Fig. 101 Temperature dependence of FN tunneling for a 40 nm barrier Ni nanodot array device.

The FN equation predicts virtually no dependence on temperature and from Fig. 

101 it is clear that this is only the case at very high fields where the FN plots for the 

same device at different temperatures converge. In many OLEDs this overlap is not seen 

at any field and modeling the current flow using the FN equation is not appropriate.

5.6.3.2  Rectification Ratios
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Fig. 102 Negative and positive bias l-V da ta  for  Ni-INi sheet electrodes (left) and  Ni nanowire  a r ra y  electrode 
(r ight)  showing rectification.

The Ni-Ni data from a conventional planar device shows that nickel is a good 

ohmic hole-injector and that there is some rectification which is most likely due to 

differences in interfaces. The bottom interface is evaporated Ni: spin-coated polymer and 

the top interface is polymer:evaporated Ni and ,therefore, differences in injection
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barriers are to be expected. This would apply to all metals in such a nominally 

symmetric device structure.
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Fig. 103 Sem ilog plot show ing rectification  in thick barrier layer, unpolished devices, thin barrier  
layer, polished devices and planar devices.

Rectification, it should be noted, is generally better at high voltages, possibly due 

to small shorting pathways (which cause a vertical leakage current) being burned out 

more effectively and not being as dom inant at high fields. Planar devices have 

rectification o f (10 at 16 V for ITO and 10  ̂at 16 V for Ni), polished, thin barrier devices 

have rectification (3x10^ at 15 V) and those with thick barriers have the best rectification 

(~10^at30  V).

It should be noted that after several runs at a very high voltage, it may be 

possible to short out the barrier layer (thereby causing dielectric breakdown o f  the barrier 

layer oxide) and to have a normal Ohmic response from the array. In the future, this may 

be a way o f  effectively rem oving the barrier layer resistance o f a m etal-filled array prior 

to building an OLED or other device on top o f it.
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5.6.3.3 EL Spectra and Estimated Light Output
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Fig. 104 EL spectra of nanowire-array and sheet-electrode devices.

Peaks at 544 nm and 512 nm and a shoulder at 598 nm are observed for the EL 

spectra o f  sheet and nanodot array devices. The higher intensity o f  the high energy peak 

compared with the main peak (at 544 nm) in the Ni planar device gives the impression 

that the EL is blue-shifted with respect to the other devices. The change in peak 

intensity ratios may be due to different reflectance characteristics o f  the electrodes. The 

noise in the EL spectra was due to shorting across the polymer film. No major spectral 

shifts were seen as expected for nano-pixelation where the emissive layer is not confined 

or affected by the electrode interface morphololgically. These observations are in line 

with results from a nanopixelated OLED made using m icrobead arrays.^^ Note that were 

the polymer confined within the pores, one would expect to see some confinement 

effects in spectra. However, confinement here is not o f the same origin as for inorganic 

confinement of, say silicon, which can cause silicon to luminesce. For silicon, quantum 

confinement is due to electron energy levels becoming spaced further apart for silicon 

nanoparticles but does not involve physical alteration o f the silicon bonding. In the case 

o f  organic chromophores confined in pores, confinement will alter the packing o f the 

organic material, possible also altering its physical structure in the process. This is turn 

will modify the PL and EL spectra. It has already been shown that confinement o f 

organic materials in AAO (anodic aluminium oxide) can produce some very specific
9Qtypes o f packing and coiling o f  polymer chains . It is possible to incorporate light-
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emitting polymers like PPV and other fluorescent organic materials in AAO^ although 

very little detailed work has been published on this topic to date.

The spectrum for the nanodot array device was collected through a 

semitransparent alum inium  electrode, 70nm in thickness. Significantly, the intensity was 

sufficient to collect a reasonable signal. The EL spectra are normalised to the peak 

wavelength o f 544 nm to see if  there was a spectral shift. The un-norm alised spectra, 

taking the active area into account, indicate that the brightness o f the array devices is 

significantly better than the planar devices, particularly considering the poor outcoupling 

o f light in the array devices. Further development o f the array device structure will 

include the replacem ent o f  semitransparent aluminium electrodes with vacuum  sublimed 

copper pthalocyanine and conductive ITO deposited by plasma sputtering. To this end, a 

conventional device with this structure was made but it had poor stability and due to time 

constraints involved in optimising the structre further work was not carried out.

5.6.4 A Thermal Model for OLEDs

T c t c t

PPV
R c t c t

PPV

Fig. 105 G eneric m odel for a therm al equivalence circuit describing heat flow  in a Polym er LED.

In Fig. 105 an equivalent heat circuit^^ which models the heat flow in an OLED is 

provided where Ths is heatsink tem perature and is the analogue o f  an electrical voltage 

source. The power, P, dissipated in the LED is the analogue o f  an electrical current 

source where P = R j I and R j is the thermal resistance. Rj has the components Rpoiymer 

(in this case Rppv), R c t c t , and Rifc which are the thermal resistances o f  the polym er 

layers, the cathodic contacts, and the interfacial contact between the contacts and the 

heatsink. Cpoiymer and C c t c t  are the thermal capacitances o f  the polym er and o f  the
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contacts, respectively. The heat capacitance, Cppv, o f  a PPV film w as found to be 5.6 x
O

10' J/K  and Rppv to be 375 x 10" K/W . The contact param eters obtained were: C c t c t  =  

380 X 10'* and R c t c t  ~  2.4 x 10'^ K/W . T he heat resistance o f  Imm^ glass is 110 K/W. 

RiFchas been estim ated to be 100 -  1000 K/W.

In the m odel,  the mobility  in the single carrier space charge limited current 

described by the M ott-G urney square law is given by:

, where jj.o is the zero-tle ld  mobility, E is the electric field and T  is the device 

temperature, T hs is the heatsink tem perature, 1 is the current and Ry is the thermal 

resistance. It should be possible to calculate Ripc for the N A -O L E D s in future once an 

effective way o f  m easuring  tem perature rise in the device is possible. This requires a 

transparent top electrode so that the electrolum inescence spectrum  can be used as a 

therm om eter to gauge the device tem perature. Reducing device size and using substrates 

with a high thermal conductivity  are both practical m ethods w hich  have been 

demonstrated to improve heatsinking in O LED s. Thus, in the nanodot array O L E D s 

(N A -O LED s) the com bination  o f  small pixel size and improved thermal conductiv ity  o f  

alumina with respect to glass (46 versus 1.1 W /m K ) act to improve heatsinking. The heat 

circuit model and equations clearly predict reducing heatsink tem perature and /o r thermal 

resistance o f  the po lym er substrate interface delays the onset o f  therm al-runaw ay  in a 

device.

Although the m axim um  current density and brightness have been show n to be 

better for smaller devices, the L-I curves are the same - i.e. EL efficiency is independent 

o f  device size.^ EL spectra were not presented in the literature. This  w ould  be 

interesting information to have since the whole PLED  w as confined in a plasm a-etched 

hole in silicon nitride on ITO defined by patterned photoresist.

where y  = B and r  = +IVR,
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5.7 CONCLUSIONS AND IDEAS FOR FUTURE DIRECTIONS OF 

RESEARCH

5.7.1 Synopsis of Devices Incorporating Nanowire Array Electrodes

>  OLEDs were made using both copper and nickel nanodot arrays as a hole- 

injecting array electrode.

V  Planarisation o f  devices provided a better defined interface, however, if the foils 

were Hatter to start with, the PAM would polish a lot more evenly. As this was not the 

case, foils tended to wear through to the aluminium foil in places. The latter could be 

avoided in future, even without planarising the foils, by polishing considerably thicker 

PAMs (> 20 microns).

'r From the point o f  view o f  hole-injection, the metal nanowire array: polymer 

interface obtained using the polished nickel arrays represented a considerable 

improvement on the unpolished copper devices, it also represents a PEDOT-free device 

architecture with dramatically reduced lateral leakage currents with respect to a standard 

ITO SL device without PEDOT. Our electrical characterisations show that the nickel 

nanodot array devices exhibit improved rectification from the copper ones and afford a 

higher maximum current density.

>  Reduction o f  the barrier layer in nickel devices reduced the operating voltage to 

levels comparable with conventional planar structures, for a single layer device. This 

may partially be due to the reduced resistance o f  the barrier layer but also to the 

associated improved filling in thin barrier layer PAMs, which effectively reduces the 

average polymer thickness for PAMs which are almost 100% filled with the 

electrodeposited metal.
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>  V ery  high current densities were obtained in the polished Ni array devices with a 

20 nm barrier layer. These are com pared  with other high values from the literature for 

d ifferent device types in the table below, in the literature used to com pile  this table, in 

most cases either DC or pulsed current densities were cited with values for both regimes 

for a g iven device only reported in a few instances.

Device Area J dc (A /m ') J pu lsed

(A/m^)
EL max 

(Cd/m^)

STM

SM O LED

1 nm^ lO*

5.1 X 10^

predicted

SL film

PAMcu
P A M n i

r  26 mm  

0.14 mm^ 

1.1 mm^

2.2x 10-* ±0.2  

5x lO-’ iS  

Ix lO’ ± 6

4  (_d/m 2 

4 00 c d /m 2  o r

SM O LED
DL

SM O LED
DL

Extrem e

.03 mm^

2x 10  ̂nm^ 5x10®

3 X 10®

1.5x10®

DL PLED 1 mm 2 X 10'

PLED ,  2 1 mm 1 X lO’ 5 X 10®

SL PLED  

DL PLED

< Imm^

as above

10"

.6 X lO’

5 x  10® 

1 X 10®

DL PLED 4.5 mm^

2x 10  ̂ fim^

1.3 X 10  ̂

1.5 X 10*

8.6 X 10^

5.1 X 10*

2.4 X 10  ̂

1.9 X 10“* 

1.3 X 10"

6.5 X 10®

PH O LED 10^ 1.2 X 10^

TO LED 7.3 X 10^ 1.4 X 10^

patterned 400 ^m^ 3.7 X 10^ 3 X 10^

Table 5 High J and brightness values reported in the literature^^"*® for various OLEDs.
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More often than not, the pixel area is not quoted but, generally, a standard device 

is o f  the order o f  1 mm^. Note that the EL intensity often saturates at J below Jmax above 

particularly in case o f  DC driven devices. Jpuised starts to deviate'*' from Jdc at 50 

mA/cm^. (.5 X 10 e  ̂ A/m^). This typically occurs between 10^ -  lO'* Am '“. The DC 

brightness results in the table above for PHOLEDs are therefore very impressive because 

PHOLEDs tend to suffer from triplet-triplet annihilation at high current densities. There 

is still considerable scope for further optimisation o f  PED and thinning o f  the barrier 

layer to be used to improve the nanodot array devices. Also, given that the materials used 

here had lower carrier mobilities (x 10"'-10^) than current state o f  the art materials, higher 

DC current densities should be attainable with these device structures. If a linear 

relationship between luminance and current density is assumed it is reasonable to assume 

the light output o f  the NA-PLED (Ni) could be about 100 times more than the standard 

SL LED which we made. Our SL LED has very poor luminance, so assuming a high 

performance SL material set is used, based on the data above a maximum luminance o f  5 

X 10* cd/m^ could be achieved in theory. Although this neglects excited state absorption 

effects which are important at high J, some improvement over the current best DC 

brightness can be expected provided the brightness does not saturate due to such effects. 

It must be stressed that although addressing the issue o f  joule heating in devices is 

important and will extend the lifetime and maximum performance o f  a less well-heatsunk 

device, it is device efficiency rather than maximum brightness which will determine 

whether lasing can be achieved in an organic laser diode.

Although most o f  the improvements necessary for better charactisation o f  OLEDs 

based on the array electrode structure have been addressed, the issue o f  improved light 

outcoupling remains and this is clearly evidenced by the low signal to noise ratio in EL 

spectra. An inverted reversed device structure, with a low workfunction metal such as 

calcium as the nanowire array material, would be ideal for an efficient top-emitting 

'array. However, such metals are too unstable in liquid electrolyte to electrodeposit. The 

most probable solution is to replace the thermally evaporated semi-transparent aluminium 

top contacts'*^ with electron injecton layers and sputtered ITO contacts. This has yet to be 

demonstrated for the NA-OLED. A possible structure would be: < 10 nm barrier 

layer/Ni nanowire array/ polymer/ AIQ3/ LiF/ CuPc/ ITO.
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2
Note that the diffusion length is given by 1 = D, where t is the exciton lifetime and

3 2  1D the diffusion coefficient. D in molecular semiconductors is 1 x 10  ̂ cm s' and is not 

expected to exceed this in these conjugated polymers. Also, current spreading is not 

expected to cause a w ider emission area than that defined by the individual nanodots 

since no conductive hole-transport layer was used in our tests. Therefore, to our 

knowledge, this is one o f the smallest nanopixelated OLEDs to have been produced to 

date.

Although the PLEDs made here were single layer devices, m ultilayer devices 

could, o f  course, be made on the metal arrays also. Furthermore, there is no restriction to 

using polymers and it would also be interesting to build SM OLEDs on planarised arrays. 

OLEDs are seen as the natural predecessor to the organic laser diode. The loss o f guided 

mode intensity due to metal electrode absorption is one major issue which will determine 

if lasing is possible and, if  it is, at what power useful outputs can be achieved. One 

approach to reducing electrode losses is to inject using a FET structure'^^. Another idea is 

to use a metallic array to nanodisc array to inject charge. Lemmer et have studied 

gold nanodisc arrays with a view to this application. Lasing threshold results published 

by this group, for films spun onto such an array, have shown a reduced threshold with 

respect to planar metal electrodes.'^^'*^ Furthermore, the threshold was not much more 

than that for a film spun onto silicon. It is possible to electrodeposit gold"^’ into PA and it 

would, therefore, be interesting to perform similar studies with a Au-filled PAM coated 

with polymer.

5.7.2 Inline N anow ire  Device Arrays

Beyond the particular device structure used in this work, there are good prospects 

for using PAMs for novel structures in microelectronics and micro-optics. M ultilayered 

nanowires could act as tiny heterojunctions, p-n junctions and Schottky diodes, for 

example, and addressed metal or semiconductor nanowire arrays could be used as part o f 

high-density logic or m em ory-storage devices. Also, given that pore diameters as small 

as 4 nm are feasible, and that emissive materials may be deposited into the pores, 

confinement o f  organic or inorganic materials in the pores may allow for the tuning o f 

electroluminesced light. Ultimately, it is hoped to use a combination o f electrode and
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active material in pores in order to create in-line devices in which the device is essentially 

comprised o f  arrays o f m ultilayered nanowires.

ITO/CuPc/I.iF

Fig .  106 Left: p roposed s t ru c tu re  for an in-line nanowire  a r ra y  device where  the green represen ts  the emissive 
organic  material.  Right: varia tions of the inline s t ruc tu res  possible (blue:  emissive m ateria l ,  grey:
electrodepositcd metal,  white: t r an s p a re n t  conducting  o x id e . )

One possible inline m ultilayer nanowire stm cture would be (Ni/PPV) with a thin 

film o f  ITO and electron transport layers on the array. If one wished to have better 

outcoupling from each nanowire device, a PPV/CdO or PPV/PANI arrangem ent might 

be feasible if  the barrier layer were removed and an aluminium sheet cathode deposited 

in its place. With recom bination and EL originating from material in the nanowire, such 

devices should exhibit altered optical characteristics with respect to conventional 

monolithic structures. The latter would be expected to be based on different packing o f 

the chrom ophore molecules in a confined space compared with a film o f  chromophore 

molecules or even a patterned film o f chromophore molecules. Some progress has been 

made with regard to filling organic chromophores into PA. This cannot be done by 

electrodeposfion due to the low conductivity o f the polymer. Techniques used to date 

include vacuum filtration, wetting o f pore walls by polymer melt and capilliary wetting 

from solution. PPV nanorods and nanowires have thus been made using PA templates'*^. 

To the best o f our knowledge, only a couple o f groups attempted to make inline

260



structures similar to the above. However, the tum-on voltages were high because o f  the 

length o f the polym er nanowires and the barrier layer. For a more satisfactory result, it 

would be necessary to have polym er nanowires o f  about 100 nm in length.

5.7.3 Bulk Heterojunction Solar Cells

Looking briefly to other organic electronic device applications which could 

benefit from the use o f  porous alumina templating, one might immediately think o f solar 

c e l l s . I n  many respects a solar cell operates as the inverse o f  an OLED, with the 

separation o f photogenerated excitons at an interface and their subsequent collection at 

opposing electrodes resulting in a photocurrent. This process is maximized for bulk 

heterojunction devices^'. The use o f  polym er blends is one way o f obtaining bulk 

heterojunctions. However, the best possible solar cell structure would involve a structure 

based on interdigitated bulk heterojunctions where each phase has excellent electrode 

connectivity.

Fig. 107 An ideal solar heterojunction device with nanoposts of one semiconductor (brown) grown 
from metal-filled PA (grey), su r rounded  by another  semiconductor (green) and capped with a 
t ran sp a ren t  electrode (blue).

Such a structure may be possible by using PA templating to plate Nickel into the pores 

followed by CdS. Preferential etching o f the oxide may reveal nanoposts o f CdS upon

which an organic material may be deposited. It has been shown that polymer/C6o

interfaces are good for solar cells^^ and it is possible to produce arrays o f  Cds (carbon 

nanotubes) using PA templating. Accordingly, an alternative structure might be CNT 

posts coated with polymer. Incidentally, CNTs have been used in OLEDs as hole 

injecting electrodes, HBLs and ETLs. This suggests that CNT arrays could, potentially, 

replace Ni in the nanowire devices as produced in this thesis. M any o f  the ideas

discussed in this section represent a move away from traditional monolithic type
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structures to dense array type structures which are now feasible with an increasing 

number o f  nanotechnologies.
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Four M EH-PPV light emitting polymers were used as the emissive layer in 

polymer light emitting diodes (PLEDs). Although single layer devices were very 

inefficient from an electroluminescence quantum yield and a power point o f  view, good 

efficiencies were achieved for double layer devices using an electron transporting layer. 

Devices o f  this structure fabricated using the light-emitting copolymers TPD-MEH PPV 

and TPA-MEH PPV resulted in external quantum efficiencies o f  8.6x10'^ and 2.7x10'' 

with peak electroluminescence wavelengths o f  545.6 and 537.8 nm OLEDs made using 

the light emitting homo- and ter-polymers MEHPPV and TPD-MEH M3EH PPV 

resulted in orange and red electroluminescence respectively. These materials had 

external quantum efficiencies o f  6.7x10'^ and 1.2x10'' with emission maxima at 576.7 

and 584 nm. respectively. The electron and hole mobilities for these materials were
• '  > - 1 6  ^ - lgenerally quite low, being o f  the order o f  7.0x10" V cm" s’ and 8.5x10' “ V cm" s’ 

respectively. The difference in magnitude between electron and hole mobilities was less 

for MEH-PPV than for the other MEH-PPV materials. Single carrier devices made using 

these materials indicate that current flow in these devices is best described by space 

charge conduction in the presence o f  an exponential energy distribution o f  traps with a 

characteristic trap energy ranging between .099 and .232 eV at 295K. Two new PFO- 

type materials were also used to make OLEDs. A turquoise coloured LED was made 

using the copolymer PFO-PPV which had an external efficiency o f  0.1 % with and 

emission maximum o f  514 nm. A multilayer blue LED with an emission maximum of  

405 nm was made using the small molecule 9,9-bis[4-(diphenylamino)-phenyl]fluorene 

Although this device had a low operating voltage o f  5 V, it proved to be very unstable 

even under high vacuum test conditions. The low levels o f  EL observed from this device 

are deemed to be due to transfer to triplet oxygen states which are non-radiative.

Suggested future work for this area would be to make blends o f  the MEHPPV 

materials with electron transporting materials and to use them as emissive layers in 

devices. It is also important to carry out, photo-induced absorption measurements in 

order to reveal how the excited state absorption varies in the solid state for the range of 

MEH-PPV chemical structures studied here. This would also be o f  interest for the green 

PFO-PPV copolymer and the blue small-molecule where such measurements would help 

to elucidate the origin o f  the rapid degradation o f  these materials during device testing.
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In the second section o f  the woric a new device structure w as designed aid 

successfully used to produce a PLED. This structure involved using T PD  M EH  PPV as 

the emissive layer in a single layer LED with a nanodot array anode. T w o types of 

nanodot array were produced. The first was produced by using an alternating current to 

electro-deposit copper into a porous a lum ina m em brane and the second using pulsed- 

electro-deposition to fill a porous alumina m em brane with nickel. The L ED  m ade wit! a 

nickel nano-dot array exhibit greater rectification than a LED m ade using a copper arrty. 

This  is due to the work function o f  nickel being closer matched to the p o lym er ionizati)n 

potential. Both array type -L E D s  exhibited similar e lectro lum inescence features to these 

seen for a conventional sheet anode LED m ade with the same em issive layer. Both arny  

type devices were capable o f  operating at higher current densities (10^ A/m^) thin 

similar sheet-anode LEDs (10“̂ A/m^). This is because there is im proved heat sinking in 

the array devices as the thermal resistances o f  the nickel-filled and copper-filled  alum iia 

anodes, which act as substrates for the LEDs, are lower than that o f  the glass substrite 

used for sheet-anode LEDs. A lthough current densities achieved are am ong  the hightst 

reported for direct current driving, It is possible that if high mobility m aterials w ere  used, 

current densities in excess o f  10^ A/m" could be achievable with sim ilar device structures.

Suggested future w ork for the nanodot-array devices includes further optimizati)n 

o f  these structures via barrier layer reduction and the use o f  m ultilayer organic li<ht 

emitting diode structures with a good top-emission cathode for efficient lijht 

outcoupling. Furthermore, it would be interesting to investigate the perform ance o f  

optimised structures from a current density and brightness point o f  v iew  by using a short 

pulse, low duty cycle, driving scheme. The issue o f  jou le  heating in devices  is stil a 

m ajor problem affecting device lifetime is a barrier to achieving the high curren t densites 

that would be required for an electrically pum ped organic laser. T he array-electroie 

structures dem onstrated a way o f  increasing the current densities sustainable in orgaiic 

light emitting diodes.
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