
Durham E-Theses

A study of conjugated polymers and their applications

in light-emitting diodes

Dailey, Stuart

How to cite:

Dailey, Stuart (1998) A study of conjugated polymers and their applications in light-emitting diodes,
Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk/4744/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/4744/
 http://etheses.dur.ac.uk/4744/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


ABSTRACT 

The initiation of research into conjugated polymer electroluminescent devices in 

Durham is reported. The apparatus required for the fabrication and characterisation of 

polymer light-emitting diodes (LEDs) is outlined, and the essential assumptions and 

calculations required to determine their efficiency, brightness and colour are 

summarised. 

Optical and electrical characterisation of a range of polymers is reported, 

including polypyridine (PPY) and a range derivatives, poly(p-phenylene vinylene) 

(PPV) and poly(2-methoxy, 5-(2'ethyl-hexyloxy)-/?-phenylene vinylene) (MEH-PPV). 

The optical properties of PPY in solution, f i lm and dilute solid state are characterised. 

The conjugation length of PPY is investigated by deliberate disruption of the 

conjugation by the inclusion meto-links in the otherwise para-linked polymer. The 

effect of altering the chemical structure of PPY is investigated by the study of some 

PPY derivatives including random and regular copolymers. The consequences of using 

precursor polymers, especially the effects of conversion on indium tin oxide coated 

substrates are investigated using absorption and luminescence spectroscopy and 

capacitance-voltage analysis. 

Electroluminescence f rom a number of conjugated polymers is reported and the 

efficiency, spectral output and device characteristics are presented. The formation of 

Schottky barriers in some polymer devices is investigated using quasi-static 

capacitance-voltage measurements. 

Improvements in the quantum and power efficiency of polymer LEDs have 

been achieved using two hole-transporting polymers, poly(vinyl carbazole) and the 

doped, conducting form of polyaniline. A substantial improvement in quantum 

efficiency has also been demonstrated when PPY is used as an electron-transporting 

layer in PPV and MEH-PPV based light-emitting diodes. The variation in quantum 

efficiency and emission spectrum with the ratio of the thickness of the two polymer 

layers is reported and analysed. 
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Chapter 1 Introduction 

The field of conjugated polymer electroluminescence is a fast-moving and active area 

of research. The main drive behind this research is the exploitation of the novel 

properties of conjugated polymers in electro-optic devices. Conjugated polymers can 

be used in a variety of ways to produce a range of devices. The main direction of 

research with conjugated polymers is their use in electroluminescent devices. A wide 

range of polymers have been used as the active layer in polymer light-emitting diodes 

(LEDs) and much progress has been made in the efficiency and lifetime of their 

operation. Eight years after the initial report of polymer electroluminescence in 1990 

[1], the first commercial screens using conjugated polymers have recently been 

announced. 

Polymer LEDs have several processing advantages over conventional inorganic 

LEDs. Polymers can be used to cover large areas and hence provide a means of 

developing flat, large area displays with large viewing angles. They are processable 

directly from solution, producing robust, high quality thin films without the need for 

complex fabrication procedures. An added benefit is the "tuneability" of the polymers; 

the physical properties and emission wavelength can be modified by relatively simple 

chemistry. 

Several techniques can be used improve the efficiency and lifetime of polymer 

LEDs. Firstly, the photoluminescence quantum yield (PLQY) of the polymers used has 

increased dramatically; therefore more energy is recovered via radiative rather than 

non-radiative decay. Hole transport layers and electron injection from metals with low 

work functions have also resulted in an increase in efficiency, although these metals 

tend to be very reactive. Electron-transporting polymers (ETPs) can facilitate the use 

of higher work function (lower reactivity) metals and also improve the efficiency and 

lifetime of polymer LEDs. 

Detailed description of work in this field is provided by the numerous review 

papers have been published summarising work in this area. A brief description of 

current research into polymer electroluminescence is given below. 

Burroughes et al reported the discovery of polymer electroluminescence in 

Nature in 1990 [1]. The report centred on single layer devices using poly(p-phenylene 

vinylene) (PPV) as the active layer. The discovery was confirmed by Braun et al [2] 
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who reported electroluminescence from a single layer device using a soluble derivative 

of PPV, poly(2-methoxy, 5-(2'ethyl-hexyloxy)-p-phenylene vinylene) or MEH-PPV. 

Following the initial discovery, the range of luminescent polymers studied has 

increased dramatically. Hole and electron transporting polymers have been used to 

increase the efficiency of operation and the emission of the LEDs has been altered with 

microcavities (see for example references [3, 4]). With reports of lasing from 

conjugated polymers (see for example references [5, 6]) and from polymers in 

microcavities (see for example reference [7]) and with improvements in material 

quality, the production of electrically driven microcavity lasers using conjugated 

polymers may be possible. 

A substantial review of a number of polymers and the present situation in 

conjugated polymer research is provided by Kraft et al [8]. Another substantial review 

is provided by Dodabalapur [9]. Microfabrication and photoprocessing of polymer 

devices [10-12] has demonstrated the processing flexibility of the polymers. The 

physical nature of the polymers has enabled the fabrication and operation of a device 

on a flexible substrate [13]. Integrated three-colour light emitting diodes using 

polymers have also been reported [14]. Other intriguing device structures using 

polymers include an integrated organic field effect transistor and LED [15] and devices 

operated under alternating current [16]. 

The present study involved the initiation of research into polymer 

electroluminescence in Durham, starting with single layer device structures using PPV 

and developing the research into multilayer device structures. Considerable experience 

already present in conducting forms of polyaniline was applied to hole-transporting 

polymer applications. Synthesis of a pure form of another luminescent polymer, 

poly(2,6-pyrdinediyl) (PPY), led to it's use as the active layer in single and multilayer 

device structures and also its novel use as an efficient electron-transporting polymer in 

polymer light-emitting diodes. Luminescent derivatives of PPY were characterised and 

some were used as the active layer in light-emitting diodes. A novel precursor route 

MEH-PPV was also characterised and used in LEDs. 

Chapter 2 outlines the nature of the bonding which gives rise to the behaviour 

of organic semiconductors. A theory describing a simple conjugated polymer, Su 

Schreiffer and Heeger theory, is outlined and used to illustrate the origin of the band 

gap and the density of states which arises. Extensions to this theory, which facilitate 

the description of a wider range of polymers, are outlined. The theory of the 



photoluminescence and electroluminescence of the polymers, and the link between the 

two processes is explored. The theory of device operation is discussed, and the nature 

of the interactions between the polymer layers and the other parts of an 

electroluminescent device are discussed in terms of a literature mini-review. 

Chapter 3 provides an account of the experimental techniques and essential 

assumptions and calculations required for polymer LED characterisation. The 

experimental details and apparatus used for the optical characterisation of the studied 

polymers are presented. The fabrication techniques used for sample preparation are 

examined and a summary of polymer film preparation is given. The measurement 

techniques and calculation procedures for the spectral, efficiency and brightness 

characterisation of polymer LEDs are summarised and information necessary for colour 

co-ordinate calculation and conversion is provided. 

The first chapter of results, Chapter 4, presents the optical characterisation of 

the polymers used. The optical characterisation provides insight into the nature of the 

ground and excited states of the polymers and also provides information regarding the 

reproducibility, batch to batch variation and the conversion processes of polymers. It 

can also provide insight into the effect of changing the chemical structure and 

environment of the polymer. 

The second chapter of results, Chapter 5, presents measurements of single 

polymer layer diodes. The efficiency, spectrum and colour of devices using a range of 

polymers is reported and the effect of using different metals is investigated. 

Capacitance-voltage analysis of diodes using PPV, PPY and MEH-PPV as the active 

layer is reported. 

The final chapter of results, Chapter 6, deals with improvements to LED 

operation created through the use of multiple polymer layers. Efficiency improvements 

using polyvinyl carbazole) and thin films of conducting polyaniline as hole-

transporting polymers are reported. Application of PPY as an efficient electron-

transporting polymer, in a bilayer structure, with a number of luminescent polymers is 

reported. The effect of device structure on the efficiency and emission of the bilayer 

devices is investigated, and a model for the operation of the device is outlined. 
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Chapter 2 Theory 
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ELECTRONIC STRUCTURE OF CONJUGATED POLYMERS 

SIMPLE ARGUMENTS 

Polymers are regular arrangements of multiple monomer units producing a 

larger, repeating system. For example the monomer unit vinyl chloride polymerises via 

radical polymerisation to produce polyvinyl chloride) or PVC. 

n H^C—CH 

CI 

CHr-CH 

Figure 2-1 Polymerisation of vinyl chloride to form PVC 

Conjugated polymers are polymeric systems with alternating single and double 

(or any other unsaturated multiple bond) bonds. The simplest example of a conjugated 

polymer is poly(acetylene) (PA). It can be represented with or without the hydrogen 

atoms, as shown in Figure 2-2 (a) and Figure 2-2 (b) respectively. 

H H 

f / r M 
\ M U W / i 

a (b) 
n H H H 'n 

Figure 2-2 Poly(acetylene) 

The bonding in conjugated polymers is a result of the formation of hybridised 

orbitals and unsaturated multiple bonds, which are created by the bonding of sp and sp 

hybridised orbitals and any remaining p orbitals. 
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2s 2p2 2p> 2py 

sp-

HYBRIDISATION 

sp̂  sp 

f + 

1 

1 

1 

1 
sp2 Pz 

Figure 2-3 Hybridisation of 2s and 2p orbitals. Shading and non-shading represent 

opposite phases of the orbital wavefunction (opposite phases on hybrid orbitals are not 

shown) (after reference [I]) 

The energy levels of the hybrid orbitals are shown schematically in Figure 2-4. 

2p 3 sp sp sp 2s 

I s— I s — I s — Is — 

Isolated C C sp3 C sp2 C sp 
Figure 2-4 Energy levels of hybridised carbon orbitals 

The sp2 hybrid orbitals can bond to other carbon atoms along the chain or to 

other atoms, for example hydrogen. This bonding produces sigma (a) bonds. 
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H H c 

a 

Figure 2-5 sp~ a bonding (after reference [I]) 

The sp2 hybrid orbital can a-bond to another carbon atom, allowing the 

remaining p z orbital to bond with another orbital of similar symmetry. This interaction 

of a remaining p orbital produces a n bond. 

The formation of both a pi and a sigma bond in this system creates a carbon-

carbon double bond. Any molecule with a multiple bond is said to be unsaturated. An 

example of a compound which has a carbon-carbon double bond is ethene, which has 

two carbon atoms each with 2 sigma bonded hydrogen atoms. The presence of a 

double bond shortens the distance between the carbon atoms. 

Pz 

GO O o overlap 
Pz 

cCBOc c-c 2* > 
7 CO 

| j | J 7t bond 

Figure 2-6 Formation of a TV bond (after reference [I]) 

H. . 
H 

:c^c H H 

Figure 2-7 Ethene 

The energy level picture for this bonding is shown in Figure 2-8. 
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2p2-
-4- -1 

c 

2sp2 a* 

2pz 71* 

2p, w 

2sp a 

c=c c 
Figure 2-8 Energy level diagram of a carbon-carbon double bond 

Several elements are capable of forming pi bonds and hence are capable of 

supporting multiple bonds, for example nitrogen, oxygen and sulphur. These elements 

can form spx hybrids and have been used in polymeric systems, for example nitrogen in 

poly(pyridine-2,5-diyl). The electron configuration in the hybridised orbitals of these 

elements results in one or more (non-bonding) pairs of electrons. This is referred to as 

a lone pair and this results in a region of high electron density. The lone pair does not 

interact with the pi orbitals in the ring, although it is free to interact with other species, 

transition metals being one obvious example (see for example reference [2]). 

Lone pair 

Figure 2-9 Structure of a pyridine monomer (after reference [I]) 

In a phenylene (or benzene) ring, the situation is more complex. The sp 

hybrids form sigma bonds in the ring. The remaining p z orbitals can then overlap to 

form pi bonds. 
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y x Antibonding 

- f 4 - - f - f 4-
Bonding 

i 
Figure 2-10 Molecular orbitals in benzene (after reference [I]) 

The electron arrangements for the bonding and antibonding molecular orbitals 

^1.6 are shown below. 

• i o 
^2 ^3 ^4 ^5 ^6 

Figure 2-11 Pi molecular orbitals in benzene (after reference [I]) 

A simple example of a conjugated polymer is frarc5-poly(acetyIene) (t-PA), 

which has a linear chain of carbon atoms, each of which is attached to a hydrogen atom 

and two other carbon atoms. The sp2 orbitals form sigma bonds and the remaining p z 

orbitals can overlap to form pi bonds through the system. I f this happens, as shown in 

Figure 2-12, then the pi bonds produce a bond order of 1.5 for carbon atoms along the 

chain. (A bond order of 1 would arise for a single bond, and a bond order of 2 would 

arise for a double bond, hence a bond order of 1.5 is midway between the two. It is a 

similar case to that of benzene and can be considered either as a single bond plus half a 

bond, or as a resonance hybrid between two forms, for example the two Kekule 

structures in the case of benzene). 

H H 
C C c c 

c c c c c c 
H H H 

Figure 2-12 Undimerised trans poly(acetylene) 
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The overlap and interaction of the pi orbitals results in band structure due to the 

Coulomb interaction of the carbon-carbon lattice and the electrons in the system. Each 

state of a given quantum number is spread in energy thus forming a band, the width of 

which is governed by the strength of the overlap interaction between neighbouring 

groups (atoms). As the number of groups (orbitals) increases, the pi bonding and non-

bonding orbitals lose their discrete energies and a band of energy levels is formed. The 

pi bonding orbitals are occupied, whereas the pi antibonding orbitals are empty, leading 

to the formation of a half-filled valence band capable of supporting metallic 

conduction, and the system can be considered as a 1-dimensional metal. This system is 

susceptible to a distortion, which reduces the energy of the system and opens a gap in 

the electronic states. This is known as a Peierls distortion (or transition) [3]. This 

distortion reduces the symmetry of the system and reduces the overall energy by 

lowering the energy of the filled (pi-bonding) states whilst raising the energy of the 

empty (pi-antibonding) states. The pi-bonding states are completely filled, the pi-

antibonding states are completely empty and an energy gap now exists between the 

states, producing a polymer which is a semiconductor. This occurs in conjugated 

polymers (for example PA) and the distortion produces a polymer with alternating 

single (long) and double (short) bonds. The polymer is said to be dimerised. 

H H H H 
--'JX Peierls ' ' 

^ ^ ^ Distortion ? ? ? 
H H H H H H 

Figure 2-13 Peierls transition of PA 

Dimerised PA has two ground states, differentiated by the direction of the bond 

alternation. These ground states are degenerate in energy. It exhibits a band gap and 

is a semiconductor. 

Conjugated polymers behave like wide gap semiconductors due to the Peierls 

distortion. Pi-bonding orbitals (n), which, due to their occupation, are designated 

highest occupied molecular orbitals (HOMOs), can interact to produce the lower 

energy band. This lower energy band is called the valence band as in inorganic 

systems. The pi-antibonding orbitals (7t*), known as lowest unoccupied molecular 

orbitals (LUMOs), can interact to form the higher energy conduction band. Due to the 

molecular orbital origin of the valence and conduction bands, a transition across the 
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band gap can be referred to as a n-n transition. The top of the valence band and the 

bottom of the conduction band correspond to the HOMO and LUMO level respectively. 

The band gap can then be referred to as the HOMO-LUMO gap. 

A more rigorous treatment of the electronic structure of conjugated polymers 

can be provided by Su, Schrieffer and Heeger (SSH) theory [4] and by various models 

which treat electron-electron interaction m the polymer systems as non-trivial (i.e. not 

as a perturbation to the system). 
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SU, S C H R I E F F E R AND H E E G E R (SSH) T H E O R Y 

Su, Schrieffer and Heeger (SSH) theory [4-7] provides a theoretical framework 

for some conjugated polymers. It explores the origin of the band gap and of electrically 

neutral pseudo particles with spin Vi (solitons) which have been found in 

poly(acetylene) in electron spin resonance experiments. 

The theory assumes dimerisation of the poly(acetylene) chain and relatively weak inter-

chain coupling (i.e. a one-dimensional system). The a electrons in the system are 

considered to be tightly bound and hence move adiabatically with the CH groups (i.e. 

the Born-Oppenheimer approximation is utilised to separate the motion (wavefunction) 

of the heavy CH groups and the lighter TC electrons). 

The sigma bonds in poly(acetylene) are treated as springs, forming a semi-rigid 

"lattice" such that the energy of the a bonds (Ea) is given by Equation 2-1. A' is the 

effective o-bond spring constant and un is a configuration co-ordinate for displacement 

of the nlh CH group along the molecular symmetry axis. 

n 

Equation 2-1 

The 7t electron interaction is treated in the tight-binding or Huckel-type 

approximation such that the o bonds are assumed to be fixed and the energy of the TC 

electrons (orbitals) is calculated separately. In this case the energy of the n orbitals 

(electrons) can be written as 

E n ~ ~^j*n,n+\ ( C n + l , . ! C n s + CnsCn+\.s ) ' 
n 

Equation 2-2 

where „ is the hopping integral and is given, expanded to the first order, by 

Equation 2-3 

to is the hopping integral for the undimerised chain, a is the electron-lattice 

displacement (phonon) coupling constant and c f

n s and cns create and destroy n 

electrons, of spin s, respectively on the n t h CH group. 

The kinetic energy of the nuclear motion is given by 
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Equation 2-4 

where M is the mass of the CH group. The SSH Hamiltonian (HSSH) is produced by the 

addition of Equation 2-1, Equation 2-2 and Equation 2-4 to give Equation 2-5. 

HSSH =+^K(uH+l-un)2 - X u f d u ^ + ^ W ) ^ ^ 2 

^ n ns — n 

Equation 2-5 

It is important to note that the Coulomb interactions between n electrons are 

ignored in this Hamiltonian, and it has been observed that " i f the n-n Coulomb 

interactions are very strong, our approach is invalid and one should start from the large-

U limit for the n electrons" [6], where "large-U" refers to the size of the on site 

Hubbard potential. This is one of the failings of SSH theory, although a modification 

to SSH theory was produced in an effort to address this (see for example reference [8] 

page 778). Polymers are different from conventional semiconductors. In inorganic 

semiconductors, it is plausible to treat electron-electron interaction as a perturbation, 

but a polymeric system is usually strongly correlated with a moderate to large on site 

Hubbard repulsion. The lack of treatment of the electron-electron interaction in SSH 

theory, produces some incorrect results [9, 10]. 

Continuing from the SSH Hamiltonian, we can determine the effect of bond 

alternation on the ground state energy. If we constrain the lattice displacements to be 

u„ = (- 0" M , 

Equation 2-6 

then we can write the SSH Hamiltonian for a fixed chain of /V monomer units in a ring 

geometry of length L (=Na) as 

Hd (u) = - X [f0 + (-1)" 2au]x (duc„ + c l c „ + 1 , ) + 2NKir . 
ns 

Equation 2-7 

Using the reduced zone scheme, the valence and conduction band operators are 

defined by 

r v 1 V* j i k a n , -
Cks ~ [77 ZJ e Cns 

•V i V „ 

Equations 2-8 
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Inverting the transformations in Equations 2-8 and substituting in Equation 2-7 gives a 

Hamiltonian in k space such that 

Hd = £[lt0 c o s ( t o X c ^ -c*c'b) + Aausin(teX<£c* + <£c<)] + INKu2 

ks 

Hd = £ [ * t (c£c< - C c ; ) + A, (c^c; + c£c<)] + 2 A ^ , 2 

i s 

Equations 2-9 

The lowermost of Equations 2-9 arises when we define £i as the unperturbed band 

energy in the reduced zone and Ak as the gap parameter as shown in Equations 2-10. 

ek - 2t0 cos(ka) 

Ak = 4ausin(ka) 

Equations 2-10 

We can then define new operators in order to diagonalise 

Equations 2-11 

Substituting for CkS in the lowermost of Equations 2-9, and requiring H4 be diagonal in 

the a operators, produces 

fa-

Equation 2-12 

where 

E k = { e l + A \ f . 

Equation 2-13 

Equation 2-12 can be further simplified by defining the occupation number operator 

n=afa to give Equation 2-14. 

H" =JLEk(nl-nl)+2NKu2 

ks 

Equation 2-14 

The ground state energy of the system, as a function of configuration co

ordinate u, can then be calculated for one n orbital per atom (on average) in the reduced 

zone scheme, where the occupation number operators are given as 
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Equations 2-15 

and the ground state energy is given by 

E^u) = -lYjEk +2NKuz. 

k 

Equation 2-16 

Changing the sum to an integral over the first Brillouin zone (-7i/2a < k < n/2a) 

produces 

£„(«) = - — J [(2f 0costo)"+(4cmsin/ta) 2] dk + 2NKu2. 

Equation 2-17 

We can define 

tl 2au 

and using L-Na and cos2(ka)=l-sin2(ka) we can rewrite Equation 2-17 as 

E0(u) = } [ l - ( l - z 2 )s in 2 kaf'adk + 2NKu2 

l + -
71 2cr 

Equation 2-18 

where E(l-z2) is the elliptical integral and for small z can be expanded as shown in 

Equation 2-19. 

' I n 4 O 

Equation 2-19 

The energy per CH group is then given as 

E0(u) - 4 f 0 

2 

N n 
1 f In 4 

1 + - i i + 
2 I \z\ V 

KtU2 

2a2 

Equation 2-20 

This energy per CH group as a function of the configuration co-ordinate, u, is shown in 

Figure 2-14. 
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~ r 1~ 
0 
u 

Figure 2-14 Ground state energy Eo(u) per CH unit as a function of configuration co

ordinate u 

The energy of the Undimerised system (where u=0) is higher than the two 

stable dimerised phases, denoted A(uo) and B(-u0), in accordance with a Peierls 

transition. The two dimerised phases describe two phases of the same energy, differing 

only in the direction of the bond alternation, a degenerate ground state. The 

configurations of these phases are shown below. 

(a) 

(b) 

(c) 

Figure 2-15 Phases of PA, undimerised (a), phase A (b) and phase B (c) 

The energy as a function of wavevector can also be calculated. The single 

particle eigenstates can be calculated using the transformation coefficients 

a. 1 + 

1 + -

-k 

1 t J 
, "N 
•Jc_ 

< J k ) 

1/2 

sgn k 

Equation 2-21 

and recalling Equations 2-8, to give 
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1 
1/2 

1 f -
1 

1 + -isgn k 
1 f 

— — 1 + -isgn k — 1 -
2 V _ 

-isgn k 
2 V ^ ; _ 

1 r O 1/2 

-isgn k 
1 

— 1 + xl -isgn k — 1 - K 

2 I 
-isgn k 

2 V Ek) 

Equation 2-22 

These eigenfunctions have eigenvalues as shown below. 

Ek = —Ek, Ek = +Ek. 

Equations 2-23 

If we consider the undimerised (u=0) case then Ak {-4ccu sin ka) —>0, Ek—>£k, and the 

energy of the "bands" is given by Equations 2-24. 

EQ

k = -ek - -2t0 cos ka 

Ek

c - Ek = 2t0 cos ka 

Equations 2-24 

The E-k diagram is shown for the undimerised case in Figure 2-16. 

2t o 

0 L U 

2t 
Extended Zone Scheme 
Reduced Zone Scheme 

I j , 1 •' I 1 ~ -

-7t/a -7t/2a 0 7t/2a Ti/a 

k 

Figure 2-16 Energy as a function of wavevector for an undimerised polyacetylene 

chain 

In the dimerised case, Equation 2-13 holds, so that the energy of the conduction and 

valence bands, given by the eigenvalues in Equations 2-23, is as shown in Equation 

2-25. 
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El = Ek = [4t2 cos2 ka + [6a2u2 sin 2 ka) 

Ec

k = -Ek = -(4?0

2 cos2 ka + \6a2u~ sin 2 ka 

Equation 2-25 

The E-k diagram for the dimerised case is shown in Figure 2-17. 

2t 

2" 0 
LU 

2t 0 Extended Zone Scheme 
Reduced Zone Scheme 

-re/a -7i/2a 0 rc/2a Ti/a 

k 

Figure 2-17 Energy as a function of wavevector (E-k) diagram for a perfectly 

dimerised polyacetylene chain 

As can be seen from Figure 2-17, the Peierls theorem holds for the dimerised 

poly(acetylene) chain. The Peierls distortion produces a band gap at k=±n/2a. Figure 

2-14 shows the ground state energy for PA is the dimerised form and that the formation 

of this lower energy ground state produces the band gap. The density of states 

distribution for the dimerised case can be calculated from Equation 2-26. 

L 

P o ~ 27^dEjdk\ 

Equation 2-26 

If we recall Equation 2-13, differentiate and use Equation 2-13 once again, we obtain 

Equation 2-27. 

a sin(ka) cos(ka) {AcaiY ~(2? 0) 

dk Ek 

Equation 2-27 

Using Equation 2-13 to the power 4, using Equations 2-10 and recalling that 
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sin 2 6 + cos2 6 = 1 

Equation 2-28 

gives Equation 2-29. 

El - (2t0 ) 4 cos2 (ka) + {Accu J sin 2 (ka) + sin 2 (ka) cos2 (faz)[2(2?0 4aw ) 2 - (2t0 f - {ACCU )2 

Equation 2-29 
Squaring the numerator of Equation 2-27 and taking the square root gives 

1/2 

s\x\2 (ka) cos1 (ka^AcaiY -2(2f 04au)~ +(2r 0 ) 4 j dEk 

dk Ek 

Equation 2-30 

Rearranging Equation 2-29 and substituting into Equation 2-30 produces 

(2r 0 ) 4 cos2 (to) + {Acaif sin2(faz) - E 
I ' / 2 

dk Ek 

Equation 2-31 

Rearranging Equations 2-10 and Equation 2-13, substituting into Equation 2-31, 

recalling Equation 2-28 and factorising gives 

dEk a [ ( 4 r 2 - £ 2 X g ; - ( 4 ^ ) 2 ) ] ' / 2 

dk Ek 

Equation 2-32 

If we consider the perfectly dimerised case, such that u=uo then we can define 

A=4auo=2ti and E=Ek, using Equation 2-26 and remembering L=Na, we can obtain 

the density of states for the dimerised chain, shown as Equation 2-33. 

N 
pQ(E) = — x 

2* [ K ' - S ' X s ' - A ' f 
Equation 2-33 

The density of states as a function of energy can be seen in Figure 2-18. 
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1X1 

Figure 2-18 Density of states of a perfectly dimerised polyacetylene chain 

The density of states for the conduction (C) and valence (V) bands, shown in 

Figure 2-18, has a singularity at the band edges. 

EXTENSIONS TO SSH T H E O R Y 

Electron-electron Interactions 

Su, writing in the Handbook of Conducting Polymers [11], gives an account of 

electron-electron interactions and their effect on SSH theory. This is a brief summary 

of that section. 

Kivelson [12] and Subbaswamy [13] have proposed an additional term, in 

addition to the SSH Hamiltonian, to take on site electron-electron repulsion into 

account. The addition involves the on-site Hubbard repulsion term, U. 

n V — 

Equation 2-34 

( . n 
n-l n-l n-l n-l O 

J v z / 

This becomes [11] 

h[ = iy£(-i) nKiC n l -t/£(- i r ^ X T + us2 

n n 

( c t r C T - C t

i C i ) = 2 ( - l ) ^ 

Equation 2-35 

By analogy with the Peierls instability, the system is unstable with respect to formation 

of a spin density wave (for further information, see for example references [13-15]). In 
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the presence of both a bond dimerisation, u, and spin density wave, S, the electronic 

energy gap is given by Eg. 

U2S2 

Es = 2A = 41 A
 n 1 

4a~u~ +• 
V 4 

Equation 2-36 

The total energy per site is 

E0(u,S) = —(U2S2 + Atl Y 2 E(l - z 2 ) + 2Ku2 + US2 

71 
, _ (US)2 +I6a2u2 

Z = (USf+4t2 

Equation 2-37 

Hence there is a new contribution to the band gap and the ground state energy, 

caused by the electron-electron interactions in the system. The size of the effect of 

these interactions depends upon the size of the on-site Hubbard potential, U. In this 

simple case, the band gap is widened by electron-electron interactions, but the situation 

can be far more complex, and the effect of electron-electron interaction is a matter for 

lively debate (see for example reference [16]). 

Non-deeenerate Ground State Polymers 

SSH theory can be extended to allow for non-degenerate ground state polymers, 

such as m-polyacetylene (ds-PA). The two phases, A and B, of cis-PA are shown 

below. Phase A has a lower ground state energy than phase B. 

T y p C l \ U 2 n U 2 n + 1 
C ^ C c ^ c 

/ \ / \ Phase A 
= c c c = 

U2n-1 U2n+2 

Type IL C — C C — C 
V/ \ // \ Phase B 

—c c—c c— 
Figure 2-19 Two non-degenerate phases of cis-polyacetylene 

An extension to allow for the lack of degeneracy can be considered in a 

continuum [17] or in a discrete case [18]. Following reference [18], the effects of the 

loss of degeneracy can be considered. Figure 2-19 illustrates the two phases of cis-PA 

and the two types of bond present. A type I bond has an overlap integral t\ and phonon 
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coupling constant aj, and correspondingly a type I I bond has an overlap integral t2 and 

phonon coupling constant C6- It is assumed that tf>t2 and ai>a2. The Hamiltonian of 

the system is 

H = - £ [ r , + ax(u2n - w 2 n + l)](c; ! + 1C 2„ + H.c) + [t2 + a2(u2n+l - u2n+2)](C2n+2C2n^ + H.c) 

Equation 2-38 

The static system energy is considered (=>ii, —>0), using the Born-Oppenheimer 

approximation and the energy per CH group is given by 

^• = -^(t0+Aau)E{\-z2) + 2Ku-

71 
(t0 - &aii] 

( 

W -
V 

In 
s(t0 + Aoai) 1 4a0u + At 

2\ ( 

W -
V 

In 
4a0u + At ~ 2 2(t0 + Aau) 

J 
+ 2 for 

where 

tx+t, 

Equations 2-39 

4a0u + At 

2{t0 + Aau) 

ax + a2 

At = tY -12, a0 - ,Aa = a, - or, 

Equations 2-40 

The energy per CH unit as a function of configuration co-ordinate is shown in 

Figure 2-20. 

o 
LU 

Undimenzed 

Phase A 
Phase B 

0.0 
u 

Figure 2-20 Ground state energy versus configuration co-ordinate for cis-PA 
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The one electron energy spectrum is given by 

£(k) = ±£ = ± 
Aa V 

V r + T c 7 a ^ \ + (A0+AJ 
Equation 2-41 

and the energy gap, Ao, satisfies the equation 

2«o(AO+AJ a0Aa(A0+Aef 

A0 = nkt*Q 

x In i 
W* 

Ank(tl)-

{ w * = 4 C ' o ='o+AGA0/4a0} 

Equation 2-42 

• + 
a0Aa 

A0+AI rtk 

This is a condition where the band gap is partially due to the intrinsic Peierls 

gap, stabilised by the Tt-electrons (Ao), but there is also an external contribution from 

the semi-rigid a lattice (Ae). I f the values of At (Ae) and Aa are chosen carefully, this 

system can produce a state with degenerate energy, but this is not the same as trans-? A 

due to the different energy spectra of the two resulting configurations. 

Poly(p-phenylene vinylene) (PPV) and poly(pyridine-2,5-diyl) (PPY) are 

polymers with a non-degenerate ground state. 

Interchain Coupling 

Lu in reference [19] gives a summary of the contribution to the interchain 

interaction descriptions in polyacetylene and gives a brief account of the effect of the 

interchain interaction in a framework by Baeriswyl and Maki [20] and also cites other 

work in this area. In this framework, two polyacetylene chains are considered to 

interact, and are denoted by a chain index, 7=1,2. There is an additional term in the 

SSH Hamiltonian which governs the interchain interactions, with a transverse hopping 

integral (t±) and each chain is described by an SSH Hamiltonian. Generally, tj_ is 

smaller than t0. In PA, f^O. leV [21] and r0=2.5eV [4]. In PPV t^.lSto [22]. 

H i = - J i S ( c i f A +H.c.) 

Equation 2-43 
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Equation 2-44 

The overall Hamiltonian of the system is described by the sum of the individual 

Hamiltonians. 

H = Hl+H2 +H± 

Equation 2-45 

The bond alternation of the two chains can produce two types of ordering. I f the two 

chains are in phase then the energy spectrum is shifted by ±tj_. This produces the in 

phase 'ferromagnetic' ordering. If the two chains are out of phase then the energy of 

the system is modified to 

Ek = Ek = [E2

k±4t0tlCos(ka)+tlf 

Equation 2-46 

and the ground state energy (in the weak coupling limit, Ao«2to) is reduced by AE. 

Nt: 

m0 

Equation 2-47 

Thus, energetically, the antiphase 'antiferromagnetic' ordering is favoured in trans-

poly acetylene. 

E L E C T R O N - E L E C T R O N COULOMB INTERACTIONS 

Although there is an extension, described above, to SSH theory which takes into 

account electron-electron interactions, this extension only takes into account the on-site 

Coulomb interactions and not the longer range off-site Coulomb interaction. There is a 

large number of papers attempting to deal with both on and off-site Coulomb 

interactions in polymeric systems. Lu on page 66 of reference [19] gives a 

considerable list of references and an insight into the range of techniques employed in 

this field. Many different calculation schemes are used to provide mostly numerical 

data for various polymer systems. Hartree-Fock [14, 23, 24], extended Hubbard [25], 

Pariser-Parr-Pople (PPP) [26-31] and modified SSH Hamiltonian [10, 32] models have 

successfully been applied to polymeric systems. Screened Coulomb interactions in 

these systems have also been studied [16, 33], 
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In essence, these models provide a method to model the interaction of the n-

electrons to a certain degree. For example the PPP and extended Hubbard models 

have a similar form for the electron-electron interactions. 

The on-site Coulomb interaction, U, is similar in both cases, but the off-site Coulomb 

interaction, V, is different. In the extended Hubbard model only nearest neighbour 

interactions are taken into account whereas in the PPP model, a form of long range 

potential is used, for example an Ohno or Mataga-Nishimoto potential. The inclusion 

of electron-electron interactions increases the complexity of the system and hence a 

simple qualitative description of the evolution of the band gap and the charge transport 

in conjugated polymers is achieved by consideration of the SSH model. The increase 

in complexity from the single electron SSH model also means that shorter oligomeric 

systems have to be considered in PPP-like models, to reduce computation time, rather 

than the almost infinite system considered in the case of the SSH framework. 

However, due to the relatively short conjugation lengths found in most conjugated 

polymers, these models can provide a suitable framework for investigation of the 

electronic states of specific polymers. This leads to improved understanding of the 

physical nature of the system which often provides valuable insight. 

1 
+ n. t n 

Equation 2-48 
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CONDUCTION IN CONJUGATED POLYMERS 

One of the main reasons behind the formulation of SSH theory was the effort to 

explain the existence of chargeless particles with spin \h discovered in electron-spin 

resonance experiments. SSH theory extends beyond the explanation given above, to 

mathematically describe the presence of pseudo particles with properties like those 

described. In degenerate ground state polymers it is has been shown that conduction 

occurs due to (charged) solitons. In non-degenerate ground state polymers, it is 

impossible for these solitons to be energetically stable and the corresponding species in 

these polymers is a polaron. 

PSEUDO P A R T I C L E S 

Solitons 

Solitons are mid-gap states only found in degenerate ground state polymers. They form 

the boundary between the two degenerate phases of a polymer, for example trans-

polyacetylene. When forming the boundary between the two phases of a polymer, 

without any associated charge, it is known as a neutral soliton, S°. An example of a 

neutral soliton in frans-polyacetylene is shown in Figure 2-21. 

Soliton 

> < 
Phase A Phase B 

Figure 2-21 Neutral Soliton in polyacetylene 

Charges can also be found in association with these lattice distortions, forming 

charged solitons. These species are responsible for conduction in degenerate ground 

state polymers. 

S+ Positive Soliton 

S- Negative Soliton •• 
Figure 2-22 Charged Solitons 
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Solitons are mid-gap states, and a schematic representation of their energy 

levels can be seen in Figure 2-23. 

s° s+ S' 
I ' 

H Conduction Band 

4^ 
J Valence Band 

Figure 2-23 Energy picture of neutral and charged solitons 

Polarons 

In non-degenerate ground state polymers, the energy difference between the two 

phases of the ground state means that a soliton would be energetically unfavourable, 

i.e. there would be a tremendous increase in energy due to the switch to the alternate 

(higher energy) phase. Solitons can exist in these systems, but would be accompanied 

by an anti-soliton, allowing only a limited amount of the higher energy phase. This 

bound soliton anti-soliton pair is called a polaron. Polarons are not mid gap states, but 

form two energy levels near the conduction and valence bands. Polarons form due to 

the presence of excess charge on the chain and hence neutral polarons do not form. 

Further addition of charge to the chain will result in the formation of bipolarons which 

have a lower energy than the creation of multiple polarons. Bipolarons form two 

energy levels, closer to the centre of the band gap than the polaron states. 

G.J. Ashwell in Molecular Electronics [34] gives an account of polaron and 

bipolaron formation as follows. 

"For oxidation, an electron is removed from the % system of the polymer, 

producing a free radical (2 electrons per n bond). The radical and cation are coupled to 

each other via local bond rearrangement. This rearrangement will be of a higher energy 

than the remainder of the chain hence separation of these defects would require a 

considerable amount of energy, thereby limiting the extent of bond rearrangement. If a 

further electron is removed then two positive charges are coupled by the bond 

rearrangement. This is a spinless bipolaron. The formation of a bipolaron produces a 

larger decrease in ionisation energy compared to two polarons and so is 

thermodynamically more favourable than two polaron states. Further oxidation can 
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result in production of partially filled bipolaron bands which can display metal-like 

conductivity. This is at the expense of states at the band edges and the band gap 

widens." 

Polarons are stable in degenerate ground state polymers, but further charge 

added to the chain will result in the formation of solitons which are free to move along 

the chain. G.J. Ashwell [34] describes this as follows. 

"Degenerate systems can also sustain polaron states, but because of the 

degeneracy, further doping results in the formation of charged solitons which are not 

bound to each other (as bond defects have no energy cost in degenerate systems) and so 

bipolaron states are not formed." 

The schematic of a positive polaron and bipolaron in poly(p-phenylene) (PPP) 

is shown below. 

V \ 
+ p + 

V \ + + BP++ \ 

Figure 2-24 Positive polaron and bipolaron in PPP 

The corresponding schematic for a negative polaron and bipolaron in PPP is 

shown in Figure 2-25. 

K 
9 \ V \ 

BP 

Figure 2-25 Negative polaron and bipolaron in PPP 

The corresponding energy pictures for polarons and bipolarons are shown in Figure 

2-26 and Figure 2-27. 
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Neutral P+ BP+ 

HPwilB CB 

-e 

VB 
Figure 2-26 Oxidation of polymer to form positive polaron(P+) and bipolaron (BP++) 

Neutral BP-
m"w^\ CB 

+e" +e~ 

3 VB 
Figure 2-27 Reduction of polymer to form negative polaron (P~) and bipolaron (BP") 

A summary of notation for polarons and solitons can be seen in Table 2-1. 

Symbol Description 
Su Neutral Soliton 
S' Negative solution 
s + Positive Soliton 
p Negative Polaron 

BP" Negative Bipolaron 
P+ Positive Polaron 

BP + + Positive Bipolaron 

Table 2-1 Summary of soliton and polaron notation 

Polarons and bipolarons are essential in the description of polymer light-

emitting diode (LED) operation. As mentioned previously, polarons are responsible for 

charge conduction in non-degenerate ground state polymers. Most luminescent 

polymers presently studied have a non-degenerate ground state and hence the study of 

polarons is very important. In addition, there is some suggestion that charge injection 

in polymer light-emitting diodes, occurs not into the HOMO and LUMO of the 

polymer, but into polaron levels [35] or that polaron levels can play a significant role in 
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charge injection [36]. The emitting species in polymer LEDs is thought to be the 

polaron exciton [37, 38], formed by the combination of oppositely charged polarons. 

Solitons, polarons and bipolarons created in a system can be detected and 

differentiated by the number and energy of sub-gap optical transitions. For example, a 

neutral soliton will have two possible transitions at energies below the band gap, 

whereas a charged soliton will have only one. Similarly for polarons, a polaron will 

have four possible optical transitions whereas a bipolaron will have two possible 

transitions at different energies. Further details can be found in, for example, reference 

[39], 
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ABSORPTION AND LUMINESCENCE SPECTROSCOPY 

Optical measurements can provide valuable insight into the conformation, 

structure and emission processes of conjugated polymers. This information, in addition 

to helping to understand the fundamental processes involved, can be used to ascertain 

and hence improve the performance of the polymers and polymer structures used in 

light-emitting diodes. 

ABSORPTION SPECTROSCOPY 

Optical absorption spectroscopy is a probe of the electronic structure of a 

system. It can also reveal information regarding the physical arrangement and 

chemical structure of conjugated polymer solutions and films. For example, absorption 

spectroscopy is a good measure of the extent of conjugation (hence conversion) of 

precursor PPV. The ratio of the strengths of the absorption of the two main absorption 

peaks can provide insight into the extent and reproducibility of the conversion process. 

An absorption spectrum, as its name suggests, is a measure of the amount of 

light absorbed at a given wavelength, over a range of wavelengths. The relative 

amount of absorption at each wavelength is governed by the relative strength 

(probability) of the optical transition, which is proportional to the overlap between the 

wavefunctions of the ground and excited states at the corresponding energy. The 

strength of optical transitions is governed by the Beer-Lambert law. 

Equation 2-49 The Beer-Lambert Law 

Io is the incident intensity, // is the intensity that emerges from a sample of length /, a 

is the frequency dependent absorption coefficient, and C is the concentration of the 

absorbing species. The absorbance, or optical density, of the sample can be defined as 

A = OD = log 1 0 ( /„/ / , )=£CZ, 

Equation 2-50 

where f i s the molar absorption coefficient (or the extinction coefficient) and is equal to 

the absorption coefficient divided by ln(10). The total intensity of the transition is the 

integral of the absorption coefficient over the entire range of frequencies it spans. 
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A = J adv = cj adv 

Equation 2-51 

A is related to the transition dipole moment by 

A = (pvJI/3£0hc)[\\ifi\2, 

Equation 2-52 

where jufi is the transition dipole moment. Equation 2-52 shows that the intensity of the 

absorption is proportional to the square of the transition dipole moment. The 

dimensionless oscillator strength can also be defined by 

f = (4mec€Q/Le2)A 

Equation 2-53 

where intense, allowed transitions have /=1 and forbidden transitions have much 

smaller /values. The transition dipole is related to the overlap of the wavefunctions of 

the initial and final states, as described in Equation 2-54. 

=* (eV\\x\ev) = ^ , J y / , ( R y v ( R > / T „ = n £.,S v V 

Equation 2-54 

5 vv is the overlap integral of the initial and final vibrational states. This means that the 

strength of an optical transition depends on the overlap of the wavefunctions of the two 

vibrational energy levels, the ground state vibrational level and the excited state 

vibrational level. 

Transitions take place following the Franck-Condon principle, which means 

that the nuclear conformation readjusts after the electronic transition, and not during it. 

This is represented by a vertical transition on an energy-nuclear co-ordinate (R) 

diagram (see Figure 2-28). Excitation takes place from the v=0 vibrational level of the 

ground state, and is most likely to occur from the most probable conformation of the 

molecule. This point is at the equilibrium nuclear co-ordinate position, Re, in Figure 

2-28. The vertical transitions take place to the excited state vibrational levels with the 

relative strength of the transition depending upon the overlap of the vibrational 

wavefunctions. 
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Figure 2-28 Schematic of optical absorption from reference [40] 

LUMINESCENCE 

Luminescence is defined as "the phenomenon of light emission in excess of 

thermal radiation" [41]. The method of excitation determines the nomenclature used. 

For example, photoluminescence and electroluminescence arise due to excitation due to 

photons and an applied voltage respectively. 

Photoluminescence 

Photoluminescence is the radiative decay of an excitation caused by absorption 

of a photon. Absorption and photoluminescence spectra, in the simplest case, are very 

similar, but not identical. In this simplest case, the photoluminescence spectrum is the 

red shifted, mirror image of the absorption spectrum. The reason for this relationship is 

shown below. 
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Figure 2-29 Schematic of the mirror image relationship of absorption and 

luminescence from reference [42] 

Absorption occurs from the populated v"=0 level of the So electronic ground 

state to the various vibrational levels of the Si excited state. The excited state can then 

undergo radiationless vibrational relaxation, leading to population of the v'=0 level of 

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

vibrational levels of the ground state. The origin of the mirror image relationship, that 

can occur in simple systems, with symmetric vibrational levels, is also illustrated. The 

relative strengths of the specific transitions in absorption and luminescence will be very 

similar and hence the spectra should have similar shapes. The vibrational relaxation 

that occurs, however, will produce a red shift of the emission spectrum compared to the 

absorption spectrum. In Figure 2-29, the largest shift illustrated is the 0-3 (So v"=0-> 

Si v'=3) absorption and corresponding 0-3 (Si v'=0 -> So v"=3) luminescence 
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transitions. The shift between the 0-0 transitions should be the smallest and indeed this 

is the case. These transitions do not completely overlap, however, and there is a shift 

between the 0-0 absorption and luminescence peaks. This is called the Stokes shift. 

Thus absorption spectroscopy can provide information about the vibrational states of 

the excited state and luminescence spectroscopy can provide information about the 

vibrational states of the ground state. 

In organic systems, the emission due to fluorescence and phosphorescence 

occurs due to radiative decay from a singlet and triplet excited state respectively. The 

difference between these two processes is illustrated as Figures 2-30. Due to the 

definition of luminescence, fluorescence and phosphorescence are considered to be 

luminescent processes. 

Figures 2-30 a, b Schematic of (a) fluorescence and (b) phosphorescence from 

reference [40] 

Absorption and photoluminescence in polymeric systems is more complicated 

than the situation in simple polyatomic molecules. In a polymer sample, there will be 

an amount of disorder along a polymer chain. This will produce a distribution of the 

extent of electron delocalisation along the polymer chain, resulting in a number of 

chain segments with various conjugation lengths. Shorter conjugation lengths produce 

a larger band gap and longer conjugation lengths produce a smaller band gap. The 

lowering of the band gap with increasing conjugation length arises due to the linear 

combination (overlap) of neighbouring n orbitals, producing a decreasing n-n* energy 
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difference. During absorption, light of sufficient energy will excite all conjugation 

lengths, resulting in a broadening of the absorption spectrum. Absorption produces 

mobile excitations on polymer chains, which can then migrate to a chain segment with 

a longer conjugation length and decay radiatively, producing emission at a lower 

energy, red-shifting the photoluminescence and contributing to a seemingly larger 

Stokes shift. Evidence for this excitation migration is found by time resolved studies of 

polymer systems (see for example reference [43]). 

The energy gap behaviour is essentially linear with 1/n where n is the number of 

repeat (monomer) units making up the conjugation length. For an infinite conjugation 

length, there remains an intrinsic band gap, as shown in Figure 2-31. 

~ Conjugation length (n) 

10 5 4 3 2 

> 
Experiment 
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a • Polyenes 

^ o o Diphenylpolyenes 

i i i i i i i i i 

0.0 0.2 0.4 0.6 0.8 1.0 

- — 1/n - — -

Figure 2-31 Relationship of the band gap of conjugated polymers with increasing 

conjugation length from reference [44]. Results are presented for experimental and 

theoretical (valence effective Hamiltonian, VEH) studies 

Aggregates and Excimers 

In concentrated polymer systems, it is possible to form states between different 

polymer chains. These interchain structures can considerably affect the absorption and 

emission properties of polymer systems. 

Aggregates can be considered as physical dimers, arrangements of two identical 

molecules spatially close enough to allow overlap of their wavefunctions. The ground 
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and excited state wavefunctions of the aggregate system are a mixture of the separate 

molecular wavefunctions. The formation of an aggregate state results in the change of 

the absorption and luminescence spectra. These changes are material and concentration 

dependent, but in general, changes can be observed with increasing concentration. 

New absorption peaks can appear, the maxima of the absorption peaks are red-shifted 

and broadened, and the most intense transition is the 0-1 rather than the 0-0 transition. 

The luminescence from aggregate states tends to be broad and featureless, and it can be 

shifted or split into two shifted peaks, depending on the geometrical arrangement of the 

dimer. The energy level arrangement of the dimer which produces this effect is shown 

in Figure 2-32. A more extensive treatment of dimers can be found in reference [42]. 
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Figure 2-32 Effect of physical dimer formation on possible optical transitions (after 

reference [42]) 

Excimers are dimers which only exist in the excited state. The ground state of 

the excimer is dissociative, leading to wavefunction overlap only in the excited state. 

This means that there is no direct optical excitation of the excimer from the ground 

state and hence there is no change in the absorption spectrum like that found in the case 

of aggregates. The emission of the excimer is red shifted, broad and featureless, a 

consequence of the lack of vibronic states in the repulsive ground state. An example of 

an excimer transition from a stable excited state to a repulsive ground state is shown in 

Figure 2-33. 
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Figure 2-33 An excimer transition from a stable excited state to an unstable ground 

state (from reference [42]) 

Band Picture of Optical Transitions 

In contrast to the molecular picture described above, an alternative method of 

illustrating the optical transitions in conjugated systems is to use the valence and 

conduction band picture used in inorganic semiconductors. In this framework, the 

scheme for photoluminescence is shown below. 

Photoexcitation Singlet Exciton 

hv 

felalllll 

- f -

J h v ' 

•3 

^ Figure 2-34 Scheme of photoluminescence in a band picture framework (after 

reference [45]) 

Absorption of a photon promotes an electron from the valence band to the 

conduction band, leaving a hole in the valence band (forming a negative and positive 

polaron). The system can then produce a coulombically bound electron-hole pair, an 

exciton (or more correctly in this system, a polaron-exciton). In photoluminescence, 

this exciton should be singlet, the electron excited from the valence band will leave a 

hole with the same spin. Thus the exciton level will be populated with two electrons 
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with opposite spin and hence will be singlet. These singlet excitons can radiatively 

decay, whereas the radiative decay of triplet excitons to the ground state is not a dipole 

allowed transition [37]. 

Photoluminescence Quantum Yield 

Photoluminescence quantum yield (PLQY) is a quantitative measure of the 

radiative decay processes following an optical excitation. PLQY (OPL) is defined as 

the ratio of the number of photons emitted by the material to the number of photons 

absorbed by the material. The PLQY value is usually quoted as a fraction or as a 

percentage. 

f f y ^emiued 
PL ~ 

absorbed 

Equation 2-55 

The PLQY of solutions can be measured by comparing the integrated emission 

spectrum of the solution with that of a standard solution of known PLQY, measured 

under identical optical conditions. The measurement of the PLQY of films is 

complicated by the complex angular light distribution. Although f i lm PLQY can be 

obtained in the manner described above, more accurate results can be obtained through 

the use of an integrating sphere. An integrating sphere is a hollow sphere with an 

internal coating of a diffuse, reflecting material. A measurement proportional to the 

total amount of light generated by excitation of the sample inside the sphere is made 

through an aperture in the sphere. This method produces an accurate measurement of 

the PLQY of a f i lm sample. A rigorous account of the procedure and corrections 

needed for these measurements can be found in reference [46]. 

Accurate measurement of the PLQY of films is important as it is one of the 

major factors affecting the operating efficiency of light-emitting diodes, and the PLQY 

provides a theoretical upper limit for the efficiency of electroluminescence. Values of 

PLQY in solution and film are, in the majority of cases, dissimilar (see for example, 

references [43, 47-49]), hence the necessity of integrating sphere measurements. 

Electroluminescence 

Electroluminescence occurs following the injection of charge carriers into a 

material, the migration of the charges under an applied electric field and subsequent 

radiative recombination. The first step in this process is charge injection. In the 
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simplest view, electrons are injected into the conduction band (LUMO band), and holes 

are injected into the valence band (HOMO band). Hole injection can also be 

considered as electron removal from the valence band. The next step is charge 

migration. In organic systems with a non-degenerate ground state, charge is 

transported in the form of negative or positive polarons in the case of electrons and 

holes respectively. Polarons tend to be more mobile than bipolarons, and hence 

transport is predominantly due to polarons. The polarons migrate under the effect of 

the applied field and can meet up with an oppositely charged polaron to form a polaron-

exciton. Unlike photoluminescence, however, there is no spin correlation to ensure the 

sole production of singlet excitons. The injection of charges with random signs will 

statistically produce both singlet and triplet excitons. Triplet excitons are more likely 

to form as there are 3 triplet exciton states and only one singlet exciton state. These 

states are shown below. 

The emitting species is often the same for photoluminescence and 

electroluminescence, and the relationship between the two processes, in a simple 

system, is shown in Figure 2-35. 

Due to this relationship, and the preferential generation of triplet excitons, the 

theoretical maximum quantum efficiency of polymer light-emitting diodes is thought to 

be a quarter of the photoluminescence quantum yield of the polymer. In some systems, 

the electroluminescence and photoluminescence spectra differ and it is uncertain 

whether this relationship still holds. High fields are often required for charge injection 

in polymer LEDs, and this may affect the emitting species. The emitting species may 

also change completely, producing radically different emission spectra, although the 

nature of any new species has not been investigated in this study. 

singlet = - L [(U)-(LT)] 

triplet = r r ) 

i [(U) + ( i t)] 
4 i 

= (U) 
Equation 2-56 
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Figure 2-35 Relationship between photoluminescence and electroluminescence. The 

formation of triplet polaron-excitons is not shown. 

SUMMARY 

Optical characterisation of the polymers in this study is useful for several 

reasons. Absorption and photoluminescence spectroscopy can provide information 

about the electronic states of the polymers, in both concentrated and dilute systems. 

They can help to determine the nature of the ground and excited states (and hence the 

absorbing and emitting species), probe the extent and reproducibility of the thermal 

conversion of precursor route polymers and examine differences in related polymers. 

Photoluminescence spectroscopy is an almost essential tool in the investigation 

of polymer electroluminescence. In the simple device model, the two processes differ 

only by the method of excitation, the emitting species is thought to be the same. This 

strong link means that quantitative measurements of the amount of luminescence from 

a polymer, the photoluminescence quantum yield, can put a theoretical upper limit on 

the efficiency of the electroluminescence (1/4 that of the PLQY). The maximum 

theoretical efficiency will only be achieved if hole and electron injection and transport 

are perfectly balanced, and no other factors are present. Hence the knowledge of 

spectral and efficiency data for photoluminescence can probe the validity of the simple 

model and provide insight into the possible limits to efficiency in polymer LEDs. 
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Figure 2-36 Scheme of polymer light-emitting diode operation 
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There are several discrete steps in the evolution of light from polymer light-

emitting diodes (LEDs), which are summarised in Figure 2-36. The first step is the 

injection of charges into the polymer. The efficiency of injection is affected by the 

material used and the interaction of the material with the polymer. The injected 

charges are transported through the device, under the effect of the applied electric field. 

Some of the charges will meet up with opposite charges to form excitons, whereas 

some will merely migrate through the device, adding to heating effects and reducing 

the efficiency. A figure of merit can be defined for this process. A fraction of the total 

number of charges transported through the device will form excitons. This fraction can 

be represented by a capture quantum efficiency, <E>CAPTURE- Only a quarter of the 

excitons that are formed will be spin singlet and three quarters will be triplet. The 

fraction of singlet excitons is reflected by an exciton spin quantum efficiency, OSPIN-

Triplet excitons decay non-radiatively, and hence limit the efficiency of operation. 

Once the singlet excitons are created, they can migrate through the polymer. Migration 

to lower energy (longer conjugation length) chain segments is possible, but migration 

to quenching sites and other forms of non-radiative decay are also possible. The 

fraction of singlet excitons which decay radiatively is given by <E>RAD- The light 

generated by the radiative decay of the singlet excitons can then escape, but some can 

be lost, for example in self absorption. The fraction of light which escapes the LED is 

given by <J>ESCAPE- The overall external quantum efficiency, in terms of a ratio of the 

number of charges injected to the number of photons emitted, is given by Equation 

2-57. 

~T, — $ CAPTURE^ SPIN $ RAD ESCAPE 

Equation 2-57 

I C H A R G E INJECTION 

The most commonly held view of charge injection into polymeric systems is 

that injection occurs from the electrodes directly into the valence and conduction bands 

of the polymer (see for example references [45, 50]). Conwell and Wu [35] have 

suggested that tunnelling takes place into polaron levels and not into broad HOMO and 

LUMO levels and that transport occurs due to hopping among these levels. They cite 

the primary reason for this injection is the relatively short conjugation lengths 

producing no broad bands to tunnel into. They state that this decreases injection by a 
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couple of orders of magnitude, and the short conjugation lengths mean that the mobility 

is highly field dependent and conclude that Fowler-Nordheim theory is not a good 

model for polymer light-emitting diodes. This work highlights the complex nature of 

polymer light-emitting diode operation and is an illustration of the amount of work still 

to be done to fully understand polymer LEDs. 

There are barriers to electron and hole injection into the HOMO and LUMO of 

the polymer. These arise primarily due to the difference in work functions of the 

materials used for contacts and the electron affinity and ionisation potential of the 

polymer, although interface formation does play a role. In a simple view, ignoring the 

work by Conwell [35], low workfiinction metals can be used to inject electrons into the 

LUMO efficiently, whilst higher workfunction materials are used to inject holes into 

(withdraw electrons from) the HOMO. Obviously, for light emission, one of the 

electrodes must be semi-transparent (although a planar arrangement of electrodes has 

been used to overcome this [51, 52]). The simple injection scheme is shown as Figure 

2-37. 
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Figure 2-37 Charge injection into polymer light-emitting diodes 

It can be seen from Figure 2-37 that improved efficiency and a reduced 

operating voltage should be facilitated by reducing the barriers to charge injection 

(symbolised by the darker shades in the injection materials in Figure 2-37). XPS, UPS, 

theoretical and experimental studies of the cathode [53-72] and anode [73-80] have 

shown the wide range of behaviour that is witnessed in these systems. 
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Electron Injection 

Electron injection is usually achieved in polymer LEDs through the use of non-

transparent metal electrodes. Electron injection can usually be improved through the 

use of metals with a low workfunction [81, 82]. This would bring the Fermi level of 

the metal closer to the LUMO level of the polymer hence reducing the barrier to 

electron injection. There are complications, however. Firstly, low workfunction metals 

tend to be highly reactive with moisture and air, making operation on vacuum or 

encapsulation essential. Secondly, different metals interact very differently with 

polymer surfaces, forming a range of interfaces and affecting polymer films to various 

degrees. 

Aluminium Electrodes 

Birgerson et al [59] have investigated the interfacial region which is created 

upon aluminium deposition onto polymer surfaces. Aluminium deposited onto most 

polymer surfaces, by evaporation, produces covalent bonding of the aluminium with 

the carbon (or nitrogen etc) atoms along the polymer chain. This produces a region of 

reduced conjugation of approximately 20-30A, reducing the mobility of the charges in 

this region. This means, for example in PPV, that there is a large barrier to electron 

injection due to the difference in workfunction of the materials and a region of low 

charge mobility near this interface, resulting in devices with reduced efficiency, 

compared to devices with calcium electrodes. 

Calcium Electrodes 

There is considerable difference in the performance of calcium contacts in 

polymer LEDs [81, 82], depending upon the surface to be deposited on and the pressure 

at which the evaporation is carried out [59]. 

In very high vacuum metal deposition systems, i.e. better than 10"7 mbar, with 

clean polymer surfaces, "clean" calcium contacts arise. In this regime, there is 

considerable diffusion of calcium 2+ ions, formed by charge transfer from the calcium 

to the polymer, into the polymer. These ions interact with the polymer backbone, 

causing doping [59] and some modifications to the carbon-carbon bond length 

alternation pattern [57] to a depth of about 20-30A [59]. The doping results in the 

formation of bipolaron (bands) [56] through the polymer, increasing the conductivity of 

the doped region. Application of an electric field, enables calcium ions to diffuse 
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further into the polymer under the effect of the field, leading to short circuits and 

device breakdown. The increased conductivity results in charges passing through the 

polymer without combining with corresponding charges and forming excitons, thus 

reducing the efficiency of the device [59]. 

"Dirty" calcium electrodes arise due to the deposition of calcium at pressures of 

10"6 mbar and above. XPS/UPS studies have shown the formation of oxides of 

calcium at the metal/polymer interface [58]. These oxides prevent the doping which 

occurs in better vacuums, and the resulting devices have improved efficiency and 

lifetime when compared to their "clean" calcium counterparts. A further complication 

arises when this calcium oxide layer has been formed and a layer of "clean" calcium is 

deposited at higher vacuum. Upon application of a field in this case, the clean calcium 

is thought to diffuse through the oxide layer, doping the polymer and producing 

reduced efficiency and lifetime as before. 

The highest performance LEDs are produced when deposition is carried out at a 

pressure of 1CT6 mbar, fortuitously the pressure at which most standard laboratory 

evaporators operate. This deposition forms an oxide layer, protecting the LED from 

calcium ion diffusion, doping and device failure. A summary schematic of this 

information can be seen in Figure 2-38. 
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Figure 2-38 Summary of calcium electrode formation in an ITO/PPV/Ca diode, in a) 

an ideal case, b) a "clean" calcium case and c) a "dirty" calcium case. The shaded 

areas indicate regions with a non-zero density of states (from reference [59]) 
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Ma2nesium Electrodes 

In contrast to the results for calcium, the production of an oxide layer in LEDs 

with magnesium electrodes seems to have a detrimental effect on LED performance. 

The turn-on field for device operation increases with the thickness of the oxide layer, 

suggesting that the oxide layer reduces the efficiency of charge injection and hence the 

efficiency of the device [59]. 

Group I Metals 

Deposition of sodium, rubidium and potassium results in the uniform doping of 

the polymer, following charge transfer from the metal to the 7i-system. Bipolarons are 

formed and performance would be expected to be similar to that of "clean" calcium 

[59]. 

Hole Injection 

Hole injection is usually achieved in forward bias through the use of a high 

workfunction material, for example gold or indium tin oxide (ITO). The hole injecting 

contact tends to be the (semi) transparent electrode, hence the use of these materials. 

Polyaniline (PANi) [36, 50, 75, 76, 83-91] and poly(ethylenedioxythiophene) (PEDT or 

PEDOT) [76, 77] have been used, although the necessity for transparent electrodes 

limits the thickness and hence the conductivity of the polymer, and therefore ITO is 

often used in conjunction with the polymer layers. Insulating (emeraldine base) forms 

of PANi have successfully been used with ITO [36, 75, 86, 89-91], suggesting the 

conductivity of the polymer is not as important as preventing damage [74, 92] and 

doping (leading to an essentially ohmic polymer/ITO contact) [93-95] of the emitting 

polymer caused by ITO. Poly(methyl methacrylate) has also been used as an insulating 

layer, between the ITO and the polymer layer, improving performance of polymer 

LEDs [96, 97]. The treatment of the ITO before device manufacture seems to have a 

substantial effect on the operation of LEDs [73, 78, 80, 98]. Due to the variation in the 

behaviour of ITO, current-voltage measurements for the purpose of modelling the 

behaviour of polymer LEDs, should usually be carried out on device structures utilising 

metal or polymer contacts rather than standard ITO anodes. 
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II C H A R G E TRANSPORT 

Paasch [99], and Redecker [100] have shown experimentally and Mizes and 

Conwell [101] have shown theoretically that charge transport in polymer light-emitting 

diodes is carried out by polarons and not by electrons and holes. Paasch [99], from 

theoretical and experimental data, has described a system where immobile bipolarons 

form a ground state from which mobile polarons can be thermally excited to transport 

charge via a hopping process. Mizes [101] has concluded, from a theoretical treatment, 

that chain endings and conjugation breaks stabilise the polarons and hence conduction 

due to this species is expected. It is also concluded that i f these defects were eliminated 

then conduction would be due to the movement of free charge carriers (i.e. electrons 

and holes) rather than negatively and positively charged polarons. 

Charge Mobility 

The hole (positive polaron) mobility in polymers has been shown to be highly 

field dependent [102, 103]. The mobility of the positive charge carrier is important as 

most organic materials are very good positive charge carriers and hence the majority 

charge carrier in organic LEDs tends to be the positive charge carrier (see for example 

reference [37]). The mobility, jup(E), is proportional to the exponential of the root of 

the applied electric field (£) and the behaviour can be described by the following 

equations [103]. 

M P ( ° ) = M o e x P 

Equations 2-58 

jup(0) is the mobility at zero field, A is the activation energy, jUo is a prefactor, / is a 

material dependent coefficient and the other symbols have their usual meaning. 

I l l POLARON COMBINATION 

Charge carriers, in the form of polarons, migrate through the device and meet 

with their oppositely charged counterparts. The position at which this occurs is 

governed, to a large degree, by the relative mobilities of the two charges in the 

material(s) which forms the device [104]. In PPV (and most organic) LEDs, the low 

electron (negative polaron) mobility means that the region where most combination 

kT 
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takes place is close to the electron injecting contact [37, 104]. When the polarons meet, 

a polaron-exciton is formed [37, 38], and will be singlet or triplet as described by 

Equation 2-56. 

IV E X C I T O N MIGRATION 

Once the polaron-exciton is formed, it can migrate from short conjugation 

length chain segments to longer conjugation, lower energy chain segments. Time 

resolved luminescence measurements (see for example [43, 105-109]) have shown a 

red-shifting, narrowing of the luminescence spectrum with time, consistent with 

exciton migration to lower energy chain segments. The migration becomes slower with 

time, as there are fewer energetically available sites to which the exciton can migrate. 

During this migration, the exciton can also migrate to quenching sites, reducing the 

emission efficiency of the polymer [105]. The migration occurs on a sub picosecond 

timescale [107], and the migration of the charge-neutral exciton is not assisted by the 

field. This implies that the migration will move the exciton only a short distance away 

from the position where it was first formed. 

V RADIATIVE D E C A Y 

The electron and hole in the singlet exciton can then recombine and emit light. 

The presence of a metal/polymer interface can have a substantial effect on the emission 

of polymer films, however [104, 110-112]. Light emission is suppressed near the 

metal/polymer interface, and the presence of the interface seems to have an effect up to 

60nm into the polymer f i lm [104, 110]. As a consequence, the displacement of the 

emissive region away from the interface and into the bulk should have a positive effect 

on the radiative efficiency of the polymer. 

Not all of the light generated in the polymer fi lm is able to escape, some is 

waveguided and reabsorbed by the fi lm. The amount of light that actually escapes in 

the forward direction is believed to be a factor 2n2 lower (where n is the refractive 

index of the polymer) than the amount of light generated inside the fi lm (reference 

[113] and Chapter 3). 

M O D E L L I N G OF D E V I C E OPERATION 

The theoretical modelling of polymer light-emitting diode operation is a 

growing but complicated field of study. As illustrated previously in this section, the 

formation of interfaces between polymers and electrodes is complicated and no device 
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model has yet managed to take interactions beyond the simple misalignment of energy 

levels into account in a two carrier model. The situation is further complicated by the 

different behaviour of the various materials in use, and the differences caused by 

variations in fabrication methods. There have been attempts to produce a novel device 

model, for example references [114-118], but most device models are based on one of 

three inorganic based approaches. These approaches are Fowler-Nordheim tunnelling 

[50, 119-123], Schottky diode [54, 64, 71, 95, 124-131] and space charge limited 

current [35, 103, 132-134] systems. Comparisons of these systems with experimental 

data have been carried out, but often very different conclusions have been drawn (see 

for example references [120, 133, 135, 136]). Modifications to these systems (see for 

example references [95, 121, 133]) have produced more agreement with experimental 

data in organic systems, although the application of such models to the complex 

situations in organic LEDs has yet to be fully justified. 

Schottkv Barrier Diodes 

A Schottky barrier [124] is formed between a metal and a semiconductor when 

the two are brought into contact. The number of charge carriers in a region close to the 

metal/semiconductor junction is severely reduced. This is known as the depletion 

layer. The Fermi levels of the metal and the semiconductor are brought into alignment, 

and charged donor (n-type semiconductor) or acceptor (p-type semiconductor) ions 

remain. A schematic of Schottky barriers in n-type and p-type semiconductors is 

shown in Figure 2-39. 

In Figure 2-39, the conduction and valence bands are labelled Ec and Ey, the 

band gap is Eg, the donor and acceptor levels are labelled Ed and EA, the Schottky 

barrier height is <fo, the barrier to electron injection is <j)e, the width of the depletion 

region is w, the built-in voltage (the contact potential difference between the metal and 

the semiconductor) is V$o and the electron affinity of the polymer (semiconductor) is 

labelled X-
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Figure 2-39 Schottky barrier formation in n- and p-type semiconductors 

The formation of a Schottky barrier produces current density-voltage 

characteristics governed by 

J = JC 

fqV^ - 1 exp 
fqV^ - 1 exp ̂  nkT j 

Equation 2-59 

The behaviour of Jo depends whether the current is limited by thermionic 

emission (Equations 2-60i) or by diffusion (Equations 2-60ii) of charge carriers across 

the barrier. 

0V0 = A*r 2exp 
kT 

(ii)J0 = qNvnEmm exp 
kT 

Equations 2-60 

J is the current density which flows at an applied voltage, V, n is the ideality 

factor, Jo the reverse saturation current density (given for thermionic and diffusion 

limited conduction in a p-type semiconductor), A* the modified Richardson constant, <pb 

is the difference between the Fermi energy of the metal and the edge of the majority 

carrier transport band, AV is the effective density of states in the valence band and Elnax 

is the maximum field strength in the space charge layer. Al l of the other symbols have 

their usual meaning. 
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The capacitance of the junction varies with applied voltage, V, and built-in 

voltage, Vso, number of acceptors (p-type), NA, and the relative permittivity, e, within 

the Mott-Schottky relation. 

c:l = ( v - v ) 
qee0NK 

Equation 2-61 

The width of the depletion region is given by Equation 2-62. 

\2££0{Vso-V) 
w = v qNA 

Equation 2-62 

(Equation 2-59 to Equation 2-62 after reference [127]). 

Fowler-Nordheim Tunnelling 

At high fields, with large barriers to charge injection, Fowler-Nordheim type 

tunnelling [119] may be a more applicable theory. A model within the Fowler-

Nordheim framework i.e. tunnelling through triangular barriers has been described by 

Parker [123]. He suggests there is a rigid band structure, with very little band bending 

(unlike in the case of Schottky barriers) due to the low carrier concentration and 

immediate depletion of devices made with poly(2-methoxy, 5-(2'ethyl-hexyloxy)-/?-

phenylene vinylene) (MEH-PPV). The application of a large electric field tilts the 

polymer bands, presenting a reduced barrier thickness through which the charges can 

tunnel. This is illustrated below for an ITO/Polymer/calcium or aluminium device 

under high forward bias. 

I T O , 

Polymer 

Figure 2-40 Scheme of Fowler-Nordheim tunnelling (after reference [123]) 
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This model produces a field (F) dependence of the current (/) governed by the 

equation 

( -
I <x F exp 

I F , 
Equation 2-63 

where, for tunnelling through triangular barriers, 

K 
3qh 

Equation 2-64 

and m* is the effective mass of the injected charge and <p is the barrier height. Fowler-

Nordheim plots of ln^/F 2) versus 1/F are expected to produce a straight line i f the 

theory holds. 

Space Charge Limited Current 

Within space charge limited current (SCLC) theory, the initial characteristics of 

the current density (7)-voltage (V) behaviour should be ohmic, i.e. dependent on the 

carrier density, n, the carrier mobility, ju, and the thickness of the device, d, (Equation 

2-65) at low bias. 

J = qnjuV I d 

Equation 2-65 

This is due to the fact that the field from the injected charges is negligible 

compared to the applied bias. As the density of injected charge carriers increases, 

however, the ohmic conduction breaks down and the current is limited by the space 

charge effect of the injected carriers, which has an effect comparable to that of the 

applied bias. The transition from ohmic to SCLC occurs at the space charge limit. The 

current density is governed by Child's law after this limit. 

/ = 
9eeoiuV2 

Sd3 

Equation 2-66 

{e and So are the permittivity of the polymer and a vacuum). It is possible that 

the ohmic behaviour is not witnessed due to the high current densities in polymer 

LEDs, even at low bias [133]. Modifications to SCLC theory to include charge carrier 

traps have been applied to polymer systems (see for example references [133, 137]). 

54 



Summary 

The application of inorganic semiconductor models to polymer systems 

provides numerical results, which should be treated with caution. However, the lack of 

a coherent model for polymer LED operation makes the use of these models almost 

essential. Schottky, Fowler-Nordheim and SCLC models can provide insight into the 

barrier heights and charge mobility of polymers and hence insight into device operation 

itself. Although results from these models do require cautious treatment, they do 

provide a relatively simple means of comparison between different groups and 

materials, which can prove to be invaluable. 
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SAMPLE PREPARATION 

POLYMER STRUCTURES AND CONVERSION 

The polymers most frequently used in this study are poly(/?-phenylene vinylene) 

(PPV), poly(2-methoxy, 5-(2'ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV) and 

poly(2,5-pyridinediyl) (PPY). The chemical structure of these polymers is shown in 

Figure 3-1. 

PPV precursor solution in methanol was supplied by Cambridge Display 

Technology (CDT) (their non-proprietary PPV), solid MEH-PPV was supplied by 

Hoechst Chemicals, PPY is synthesised in Durham and precursor MEH-PPV solution 

in THF was supplied by Graham Webster and P.L. Burn of the Dyson Perrins 

Laboratory, Oxford. PPV is insoluble in common organic solvents, hence the use of a 

precursor route. There are some advantages to using precursor polymers, hence the 

study of a precursor of the readily soluble polymer, MEH-PPV. The PPV studied is the 

tetrahydrothiophenium (THT) leaving group precursor with chloride counterion. 

Conversion to PPV is carried out in a vacuum of 10"5mbar or better, at 250°C for 10 

hours for complete conversion. MEH-PPV precursor conversion is similar, but the 

conversion temperature is 160°C, and the leaving group is a chloride ion. The use of a 

precursor MEH-PPV is not essential as soluble MEH-PPV also exists. The use of the 

precursor route does allow the investigation and direct comparison of the properties of 

precursor and solution processed polymers and the effects of thermal conversion, 

however. In both precursor systems, complete conversion of every monomer unit of 

the polymer chain would not be expected. 

OMe 

tP-4 C o V \ 

n 
n O n PPY PPV MEH-PPV 

Figure 3-1 Chemical structure of PPY, PPV and MEH-PPV 
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Figure 3-2 Thermal conversion of PPV precursor to PPV 
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Figure 3-3 Thermal conversion of MEH-PPV precursor to MEH-PPV 

Polypyridine was prepared by Dr E. Rebourt and Dr L.E. Horsburgh by 

dehalogenation polycondensation of 2,5-dibromopyridine with a 

tetrakakis(triphenylphosphine) nickel(O) catalyst following a modified Yamamoto route 

[1]. The reaction scheme is shown in Figure 3-4. 

NiCl2 + Z n — • Ni(0) + ZnCl2 :P(C6Hs)3 = PPI13 Solvent = DMF 

Br Br 
Ni(0)PPh3 + Br—(v Br 0 x i d f v \ P P h r < + PPa,Ni. 

\v N / Addition ^ ^(Py)iBr ^ ^(Py)jBr 

PPh3NiBr2 + 
Reductive 
Elimination 

PPh3Ni + Br(Py)i+jBr 

( P P h ^ 
(Py)iBr 

(Py)jBr 

Disproportionation 

Acid 
Oxidative Addition 

N 

Figure 3-4 Reaction scheme of the preparation of poly(p-pyridine) 
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SAMPLE PREPARATION 

Polymer solution samples were filtered, i f required, through a 0.45 u,m filter 

before spin-coating or optical measurements were performed. 

Optical Absorption and Photoluminescence Samples 

Samples for absorption and photoluminescence experiments were prepared 

from polymer solutions. Solution samples of the soluble polymers were prepared by 

dissolving polymer powders in chlorobenzene and formic acid for MEH-PPV and PPY 

respectively. Measurements of solution absorption and luminescence were carried out 

on solutions contained in quartz cuvettes. Film samples were prepared by spin-coating 

from solutions of MEH-PPV and PPY, and from precursor solutions of PPV and MEH-

PPV in methanol and THF respectively, followed by thermal conversion as required, as 

described above. The films were formed on quartz or glass substrates. 

Electroluminescence Samples 

Light-emitting diodes were fabricated by spin-coating the polymer films onto 

indium tin oxide (LTO) coated glass substrates. Multiple polymer layer device 

structures were prepared by spin-coating from the various polymer solutions directly 

onto the previous polymer layers. Thermal conversion was carried out as required, 

before the addition of any further layers. The diode structure was completed by 

evaporation of metal electrodes. 

Metal Evaporation 

Metal electrodes were evaporated onto the polymer layers, usually to a 

thickness of approximately lOOnm, forming the cathode in forward bias. The 

deposition rate was held at roughly lA/s to minimise the effect the evaporation would 

have on the polymer layer. Calcium electrodes were partially protected from the 

effects of oxidation by subsequent evaporation of an aluminium capping layer. The 

arrangement of the metal electrodes is governed by the action of a shadow mask, of my 

design, which dictates where the metal contacts are formed. The action of the mask 

defines an active device area of 2 mm . 
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ITO Preparation 

ITO is almost exclusively used as the semi transparent electrode, due to its high 

surface conductivity and high optical transmission (higher than 80% transmission 

across most of the visible region of the spectrum), shown in Figure 3-5. The ITO used 

in this study has a sheet resistivity of 20 Q/square and is obtained in the form of 

60x60cm sheets from Balzers. ITO with a sheet resistivity of 30 Q/square has also 

been used, and no significant changes were observed. 

100r 

0) 
u c «j 
c 
S v> c 
(0 

400 500 600 700 
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Figure 3-5 Transmission versus wavelength for Balzers indium tin oxide coated glass 

(from Balzers Optical Coatings catalogue) 

It is patterned through the use of a positive photoresist, which is applied to a 

large area of ITO sheet. The ITO sheet is cut into 12mm wide strips using a tungsten 

cutting wheel and guide. The exterior sections of photoresist, 3mm each side, are 

defined and removed using a scalpel and stencil, producing a central 6mm section of 

photoresist with well defined edges. The ITO is removed by placing 12x12mm squares 

(prepared using the cutting wheel) into an acid etch at a temperature between 45°C and 

55°C for two minutes. The acid etch is a mixture of water, hydrochloric and nitric 

acids in a ratio of 12.5:12.5:1, as recommended by Balzers. The substrate is then 

placed briefly into deionised water before the photoresist is removed using acetone, 

before the substrate is repeatedly washed in acetone and propan-2-ol (EPA) in an 

ultrasound bath. This patterning process is summarised in Figure 3-6. The patterning 
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produces substrates with well defined edges, and a resistance in excess of lOMQ/cm in 

the etched (ITO-less) regions. The remaining ITO has a resistance similar to that of 

pristine ITO. 

ITO 

1 
ITO 

Photoresist 
Application 

Mechanical 
Patterning 

2 x Acteone Wash 
2 x I PA wash 
(Sonication) 

Acid Etch 
50°C 
12.5 HCI 
12.5 H 20 
1 HNQ3 

Figure 3-6 Patterning of ITO coated substrates 

The evaporated metal contacts are positioned to allow electrical connection to 

be made in the etched region, preventing a short-circuit of the diode. The device 

structure is shown in Figure 3-7. 

Metal Contact 

Polymer 
Layer(s) 

Glass Substrate 

Patterned ITO 
Figure 3-7 Polymer diode structure 

Electrical connections are made through the use of a matrix of sprung gold pins, 

in a 3 r d generation device holder of my own design and manufacture. The individual 

diodes are addressed using a self-made switching box to address the individual 

cathodes (forward bias) and a common ITO anode is used. Light emission occurs 

through the semitransparent ITO and glass substrate as shown in Figure 3-8. 
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Figure 3-8 Electrical connections to a polymer LED under forward bias 

Thickness Measurements 

Measurements of film thickness were performed using a Tencor Alpha-Step 

thickness profiler. A small section of polymer film was removed using a scalpel blade 

and the stylus of the profiler was drawn across the removed section, producing a 

measure of the thickness of the sample. For multilayer samples, the thickness of both 

layers was measured before the upper layer was removed, using a suitable solvent, and 

a measurement of the lower film thickness was performed. A typical trace resulting 

from an Alpha-Step measurement is shown below. 
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Figure 3-9 Typical trace from an Alpha-Step thickness measurement 

The trace shows a flat area from around 0|iim to 250u.m on the x-axis. There is 

then a large peak of about +170nm before the trace shows a wide depression with a 
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depth of 171.5nm (as measured). The depression is caused by the action of a scalpel 

scratch down the surface and the peak is a result of material from this scratch piling up 

on the side of the scratch. 
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OPTICAL ABSORPTION AND PHOTOL UMINESCENCE 

CHARA CTERISA TION 

The absorption spectra of the film and solution samples were measured using a 

commercial Perkin-Elmer Lambda 19 absorption spectrometer, which is also capable of 

measuring the reflectivity and transmission of the various samples. 

Photoluminescence experiments were carried out using either a commercial 

fluorimeter, a laser and diode array or a laser/mercury arc lamp and charge coupled 

device (CCD) and spectrograph system. Most photoluminescence spectra were 

measured using the mercury arc lamp and a monochromator as the excitation source, 

and the CCD and spectrograph as the detector (shown schematically in Figure 3-10), in 

a set-up assembled by myself The emitted light is collected by optics connected, via a 

fibre optic cable, to the spectrograph and CCD. An argon ion laser has also been used 

as an excitation source with this set-up. 

Excitation Light 

PL 
: 

>CCD 

Mercury Monochromator Sample 
Arc Lamp 

Figure 3-10 Experimental set-up for photoluminescence experiments 

Two collection geometries were used for photoluminescence experiments. In 

some measurements, the emitted light was collected on the opposite side to the 

excitation light, i.e. in transmission. In other measurements the emitted light was 

collected on the same side of the sample as the excitation, i.e. in reflection. The 

geometries of the measurements are illustrated in Figure 3-11. 
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Collection optics 
(via fibre) to CCD 

Sample 

Excitation 
Light 

Monochromator 
Figure 3-11 Schematic representation of a) reflection and b) transmission geometries 

for PL spectra acquisition 

In both transmission and reflection geometries, the sample was offset from 90° 

to the monochromator and the collection optics were offset from the plane of the 

excitation light, in order to reduce the collection of excitation and second order light. 

Collection geometries were chosen and adjusted depending on the nature of the 

substrate (or sample holder) and the strength of the sample absorption and emission. 

Photoluminescence quantum yield measurements of solution and film samples 

were carried out by M . Halim, using an integrating sphere, as described in Chapter 2 

and reference [2]. 
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ELECTROL UMINESCENCE CHARA CTERISA TION 

E X P E R I M E N T A L SET-UP 

The electroluminescence from the polymer light emitting diode is characterised 

separately for intensity and spectral output. The intensity measurements are carried out 

simultaneously with the electrical (current-voltage) characterisation. Intensity is 

measured by a Keithley 2000 Multimeter, as a voltage from a large area (100mm2) 

silicon photodiode (standard RS photodiode) in a transimpedance amplifier circuit 

(Figure 3-15). The current-voltage behaviour is measured using a Keithley 2400 

Source-Measure unit. Both meters are controlled, via IEEE, by a computer running a 

self-written program, logging current, voltage and intensity information in a comma 

delimited ASCII form. The program is capable of multiple runs, at various voltage step 

delays, and also performing studies of LEDs over time. 

The spectral output is measured using a spectrograph attached to either a diode 

array or CCD, while the diode is held at a constant voltage or current. Most 

measurements were performed using a CCD. The measurements are made in vacuum 

to negate any effect oxidation may have on the diodes. The vacuum chamber is self 

designed and is capable of being transferred directly from a nitrogen glovebox to a 

vacuum condition. 

LED 
Detector 

Spectral Measurement CCD or 
Diode Array 

4 Intensity 
/ K A r-\ f~, i rr n Measurement 

voltmeter 

1 Source Measure Unit Vacuum 
Chamber • 

o o 

Electrical e-o o o Connections 

Figure 3-12 Experimental set-up for electroluminescence characterisation 

The spectral output of the polymer diodes tends to be relatively broad and any 

conversion from a measured voltage from the large area photodiode to absolute units 

(watts, candela etc.) must take this spectrum into account. 
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PRINCIPLES OF CCD IMAGING 

The following is a brief introduction to the process of spectral measurement 

using a charge coupled device (CCD). The information is mostly taken from reference 

[3]. 

The charge coupled device or CCD is essentially a large area silicon detector, 

divided into an array of pixels, defined by a matrix of metal electrodes. The essential 

feature of the CCD is its ability to store information in the form of electrical charge 

packets in potential wells created in the semiconductor by the influence of overlying 

electrodes separated from the semiconductor by a thin insulating layer (metal-insulator-

semiconductor, or MOS structure). Under the control of external voltages applied to 

the electrodes, the potential wells, and hence the charge packets, can be shifted through 

the semiconductor. By introducing the charge packets at one point and detecting them 

at another, one can create a shift register or delay line. The delay line is not, however, 

merely a digital structure: the potential wells are capable of storing variable amounts of 

charge and so the CCD is capable of providing an analogue signal delay. Furthermore, 

charges may be introduced into the potential wells by optical means: light incident on 

the semiconductor generates charge carriers which can be collected in the potential 

wells and subsequently clocked out of the structure thereby enabling the CCD to act as 

an image sensor [3]. 

The basic structure is illustrated schematically in Figure 3-13 for an n-channel 

array. For spectral measurement, the emitted light from a source is spatially split into 

its constituent wavelengths using a diffraction grating. The light falls onto the front 

face of the CCD, represented by a light spot in Figure 3-13. Photons entering the 

silicon substrate, either through or between the electrodes (depending upon the 

electrode material), generate electron-hole pairs by virtue of the photoelectric effect. 

The minority carriers (i.e. electrons), generated within the depletion regions or within a 

minority carrier diffusion length of the depletion regions, are collected under each 

electrode. The number of electrons collected under a given electrode within a given 

period of time (the integration period) is proportional to the local light intensity. Thus 

the pattern of charge that collects under the electrodes is an analogue replica of the light 

intensity across the original image. At the end of the integration period the charge 

pattern is read out by clocking the array [3]. At the end of the readout period the device 

is again switched to the integration mode and the cycle is repeated if necessary. 
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Figure 3-13 Scheme of CCD detector operation (after reference [3]) 

The light emitted by the source is collected using a fibre optic, or collection 

optics and then focussed onto a grating. As explained above, the grating is used to 

spatially separate the spectrum emitted by the source. The spectrum can then be 

measured by a rectangular CCD array (see Figure 3-14). 

Entrance 1 Collection 
Slit Optics / 

r 7 
Fibre-optic 

CCD 
Peltier 
Cooler - j - p 

Figure 3-14 Schematic of CCD/spectrograph set-up 

An entrance slit can be used to vary the overall amount of incident light. 

Widening the slit produces more incident light but reduces the spectral resolution of the 

instrument. The collected light is spectrally split by the moveable diffraction grating. 

The angle of the grating defines the spectral region to be measured. The spectrally 

resolved light is then incident on the cooled CCD chip. A Peltier cooler reduces the 

temperature of the CCD chip, reducing the thermal generation of carriers (and hence 

the noise level), increasing the sensitivity of the instrument. 
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Thermal Generation 

Thermal generation, or dark current, arises from the transition of electrons or 

holes after they absorb thermal energy from a phonon. This provides an undesired 

source of charge carriers which cannot be distinguished from the photogenerated 

carriers. It is this process which can limit the sensitivity of CCD detectors. The 

probability of thermal generation can be approximated to [3] 

Equation 3-1 

where A and B are constants. As would be expected, the probability of thermal 

generation increases as the temperature of the detector increases. Cooling the CCD 

detector reduces the dark current and permits an increase in the integration time or 

enables the detector to be used for detecting smaller optical signals [3]. A four stage 

Peltier effect cooling device (for more information see reference [4]) is used with an air 

heat exchanger in our system. The CCD chip is held in vacuum, and this arrangement 

leads to a typical operating temperature of the CCD chip of 243K (-30°C). 

As stated above, the angle of the grating defines the wavelength range to be 

measured. In the CCD spectrograph controlling software, the wavelength range is 

defined by a single parameter, the wavelength at the centre of the wavelength range. 

The fibre optic, the gratings (300 and 150 lines per mm) and CCD each have a 

wavelength-dependent response. The 300 lines per mm grating produces a superior 

wavelength resolution, but has a narrower wavelength range than the 150 lines per mm 

grating. The complete system, using the fibre optic, was supplied calibrated by 

Instruments SA, using a standard source at several centre wavelengths. Changing 

system configurations and changing to unsupported centre wavelengths requires new 

calibration data files. These were calculated as required by measuring a tungsten lamp 

spectrum in various configurations and using the previous calibration files to produce 

new calibration data. 

NORMALISATION OF E L E C T R O L U M I N E S C E N C E SPECTRA 

The spectrum measured on the CCD or diode array has intensity proportional to 

the number of photons in a given wavelength interval, but there can be no quantitative 

information about the amount of light generated by the LED unless the measurement 

takes place under identical optical conditions. A large area photodiode is instead used 
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to measure the total amount of light emitted in a known solid angle by the polymer 

LED, then this quantitative information is added to the qualitative data from the CCD 

to calculate efficiency etc. This intensity measurement is in terms of a voltage, VD, 

from the transimpedance amplifier circuit shown in Figure 3-15. This voltage is 

proportional to the current generated by light from the light-emitting diode incident on 

the large area photodiode. 

Figure 3-15 Transimpedance amplifier circuit for the photodiode detector 

In this circuit, the operational amplifier is used as a current to voltage converter. 

The current, ID, is linearly related to the incident light level. The measured voltage, VD, 

is equal to the product of current and the value of the reference resistor, RF, as shown in 

Equation 3-2. 

Once the intensity measurement is performed, a normalised spectrum can be 

calculated. The electroluminescence spectrum of the sample, T(A), is measured with its 

intensity proportional to the number of photons emitted by the device, but the spectrum 

contains no information about the total number of photons emitted. A normalised 

spectrum, S(A), can be calculated from the intensity measurement and the 

electroluminescence spectrum. The integral of S(A) is equal to the total number of 

photons measured by the detector. A number of steps are involved in the calculation of 

S(A). The first of the steps is the correction for the wavelength response of the silicon 

photodiode. It corrects the measurement for the response of the silicon to photons of 

different energies. 

T5 
R 

I D 

V D 

GND 

+5V 

-5V 

VD = - I D * R F =>\ID 

V D 
R 

Equation 3-2 
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Wavelength Response of a Silicon Photodiode 

The responsivity (RD(A) amps per watt) of a standard silicon photodiode is 

known and is shown as Figure 3-16 (data taken from RS data sheets F 232-3894). 
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Figure 3-16 Wavelength response of a silicon photodiode 

The wavelength response of the photodiode can be approximated, in the visible 

region of the spectrum, by a second order polynomial which is used in efficiency and 

absolute intensity calculations in the majority of cases (i.e. when the emission spectrum 

lies within a range of 440nm to 900nm). If a spectrum lies outside this range then a 

seventh order polynomial can be used. A seventh order polynomial is used as it is the 

lowest order polynomial to produce a reasonable fi t to the response over the entire 

range of the response. The approximations to the data can be seen as Figure 3-17 (a) 

and (b). 
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Figure 3-17 (a) 2nd order polynomial and (b)7th order polynomial approximations to 

silicon photodiode response 

The equations used for these approximations are shown as Equations 3-3. 

y 2 = -9.17965el0x2 +7.80834e5x-0.119066 

y 7 = 5.0861 le43x 7 -9.81884e37x6 -1.38876e32x5 +5.51266e26x4 

-6.17115e20x3 + 3.27231el4x2 -8.27777e7x + 7.99188 

Equations 3-3 

Spectra Normalisation 

To calculate a spectrum with intensity proportional to amps, A(,l), the measured 

spectrum, T{X) must be multiplied by the energy of a photon of a certain wavelength 

and also by the response of the photodiode as shown in Figure 3-16. 
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A(A) = T(A)xRD(A)xE(A) 

Equation 3-4 

E(A) is the photon energy and is defined in Equation 3-5. 

he 
E ( X ) = hv = — 

A 

Equation 3-5 

A numerical factor, 5, can then be used to normalise the spectrum with respect to the 

measured current (Equation 3-6). B is calculated from the rearrangement of Equation 

3-6. 

ID = B\ A(A)dA 

Equation 3-6 

To calculate a normalised spectrum in terms of measured number of photons, S(A), it is 

necessary to convert from intensity in amps to intensity in number of photons (Equation 

3-7). 

BxA(A) 
S i }~ RD(A)xE(A) 

Equation 3-7 

Rearranging Equation 3-6 and using Equation 3-4 and Equation 3-5, Equation 3-7 

becomes 

Equation 3-8 

and hence the total number of photons measured by the photodiode per second, L, is 

given by Equation 3-9. 

L = J S(A)dA 

Equation 3-9 

The calculation of S(X) allows simpler calculation of other values (see for 

example Equation 3-16 and Equation 3-39). 

E F F I C I E N C Y CALCULATIONS 

To calculate the quantum efficiency of the diodes it is necessary to make a 

correction for the light output in the forward direction. This correction arises because 
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the light output is measured in only a small cone of the total emission volume, in the 

forward direction. The emission from the diode is assumed to be Lambertian. 

Experimental evidence for Lambertian emission can be found in reference [5]. A 

Lambertian source has a flux (in terms of number of photons per unit area per second), 

measured normal to the diode, of Fo and a flux at an angle 6 to the normal of Focos(6) 

(Figure 3-18). 

0 

CD 

L L 

0 
90 0 90 

Angle (degrees) 

Figure 3-18 Flux as a function of angle for a Lambertian source 

To correct for this, the following treatment is used (following Greenham et al 

[5]). 
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Figure 3-19 Schematic of the Lambertian point source under consideration 
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Consider a source. P, at the centre of a sphere radius r. The surface element dA 

is described by the rotation of the arc length rdO around the polar co-ordinate </>, 

through 2n. The area dA is calculated for small dd as the product of the arc length 

multiplied by the circumference of the circle, illustrated by the top view in Figure 3-19. 

dA = 2n(rsm8)rd6 = 2m2 sm{9)d6 

Equation 3-10 

At 8=0 radians, the flux is Fo. 

Assuming Lambertian emission implies that at an angle 6>to the normal, the flux 

F(6) = Fo cos(0). To calculate the total number of photons in forward direction per 

second, FT, the emission at an angle 6 can be integrated over the forward hemisphere, 

using the surface element dA such that 
nil 

FT=\ F{6)dA = Fom2 J 2 cos(0) sin(6>)d6. 
A 0 

Equation 3-11 

Using 2sin(6)cos(6) = sin(26) 

nil 

FT = F0m-2 { sin(20)d# = F07Tr2 

o 

=> FT = FQm-2 

Equation 3-12 
The experimental arrangement for measuring the light output is shown in Figure 

3-20. 

--cos(20) 
2 

Source, 
Detector, 
Area A D 

Figure 3-20 Large distance approximation for LED measurement 

Assuming r is much lager than the area of the detector, L (number of photons 

incident on the detector, area AD per second) is measured by the photodiode, but Fo (the 

number of photons per unit area per second) is required for efficiency calculations. 
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So the flux Fn = 
° AD 

Equation 3-13 

AD 
where Q = —pis the solid angle of collection, 

r" 

External Quantum Efficiency 

The external quantum efficiency is defined as the ratio of the number of photons 

emitted in the forward direction to the number of injected charges. 

E = Photons e m i l t e d 

Charges^,,, 

Equation 3-14 

The number of injected charges is given by 

Equation 3-15 

where e is the magnitude of the electronic charge on the electron (in coulombs) and Ip 

is the current injected into light emitting diode. So using Equation 3-14, 

and Equation 3-15, we can show 

F em2[s{X)dX 
E = —— -

N I A 

Equation 3-16 

and 

™VD 7 , J7T(X)RD(A) X 1 

" RPl,Qhc[ V q ^ J 

Equation 3-17 

Due to the ratio Vr/Ip which appears in Equation 3-17, plots of measured 

intensity versus current produce a slope proportional to the efficiency of the device. 

This means that for identical spectral outputs, the ratios of the slopes of the current-

intensity graphs are a measure of the ratios of the external quantum efficiencies of the 

devices. The higher the gradient of these curves, the higher the quantum efficiency, as 

illustrated in Figure 3-21. 
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Figure 3-21 Current-intensity curve illustrating efficiency relationship 

The calculation of external quantum efficiency is carried out using a Sigmaplot 

(Jandel Scientific graph plotting program) transform, Eext.xfm, shown in Appendix 1. 

Internal Quantum Efficiency 

Internal quantum efficiency is defined as the ratio of the number of photons 

created in the device to the number of charges injected into the device. 

E = P h 0 t 0 n S c r e „ W 

charges,.^ 

Equation 3-18 

The relationship between the internal and external efficiencies is shown in 

Equation 3-19. 

Sin. = 2« 2 x Eext 

Equation 3-19 

This relationship arises due to the following considerations (following 

Greenham et al [5]). Firstly the emission inside the polymer fi lm is assumed to be 

isotropic. 
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Figure 3-22 Scheme of light emission inside a polymer film 

Using Snell's law, 

nx sin cp = n2 sin 6 , 

Equation 3-20 Snell 's Law 

assuming the refractive index of the ambient medium (ni) is 1, setting «/=n and 

differentiating gives Equation 3-21. 

ncoscpdqt = cos 6d6 
d<p cos0 
d0 ncosp 

Equation 3-21 

Taking Snell's law, squaring both sides and using the identity sin2(p=l-cos2<p we can 

obtain Equation 3-22. 

rc2(l-cos2 (p) = sin 2 6 

ncos^? = (n 2 - sin2 6)2 

Equation 3-22 

Combining Equation 3-21 and Equation 3-22 gives Equation 3-23. 

d<p cos 6 

dO Vn 2 - sin2 0 

Equation 3-23 

86 



Considering the 3-dimensional system and using the equation relating a solid angle to a 

plane angle (in spherical polar co-ordinates, using dy rather than d0 as a co-ordinate) 

gives 

dQy = s,\n(pd(pd(f) 
dQ.2 - sm6d6d(j)' 

Equation 3-24 

and using Snell's law again gives Equation 3-25. 

dQ.{ d(pd$ 
dQ2 nd6d<t> 

cos 9 

n4n~ — sin2 6 

Equation 3-25 

We measure light only in the forward direction such that 9=0°, which simplifies 

Equation 3-25. 

d£ll 1 

dQ.2 n2 

=> d£l2 = n2 xd£2, 

Equation 3-26 

The metal contact is assumed to be 100% reflecting such that any light at 9=0° or 

#=180° is detected at the detector, hence a factor Vz is used in Equation 3-27. I f the 

light detected per steradian is equal to UQ (where L is the number of photons incident 

on the detector per second) then the number of photons emitted in total over 4TT 

steradians of isotropic emission inside the polymer layer, F int is found to be 

4n 

Equation 3-27 

Finally, we make the correction for the modification of the size of the solid angle 

caused by refraction at the polymer/ambient interface. This refraction causes the flux 

per solid angle measured outside the polymer to be smaller than inside as the solid 

angle is a factor n2 larger (Equation 3-26). If we set dQ2=Q and use Equation 3-26 and 

Equation 3-27, we get Equation 3-28. 

2nL 2m2L , nL 
F , = = = 2n2 x — 

,nt dQx dQ2 a 
Equation 3-28 
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Comparing Equation 3-13 and Equation 3-28 the relationship between internal and 

external measurements can be seen. 

F,n, =2n2xFT 

Eint = 2n2 x Eext 

Equation 3-29 

The relationship between internal quantum efficiency and the measurements performed 

is shown in Equation 3-30. 

F p ^ n C 0 ^0 A ) 

Equation 3-30 

Both internal and external efficiencies are expressed as a ratio or as a percentage. 

Power Efficiency 

The power efficiency is commonly expressed as intensity (Lumens) of light emitted per 

watt of electrical power used by the light emitting diode as shown in Equation 3-31. 

Int(lm) 
E = L - z 

pow I y 
1 PV P 

Equation 3-31 

Vp is the voltage across light emitting diode and bit is the light intensity in lumens. 

R A D I O M E T R I C AND P H O T O M E T R I C UNITS 

Conversion of Measured Voltage to Watts 

It is possible to convert the normalised emission spectrum, S(^), to a spectrum with 

intensity in watts, P(k) as shown in Equation 3-32. Hence the total number of watts 

detected by the photodiode, P, is the integral of P(X). 

P(A) = S(A)xE(A) 

Equation 3-32 

P = "jp(A)eU = ]s(A)E(A)dA 
0 0 

Equation 3-33 
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Combining Equation 3-5,Equation 3-8, Equation 3-32 and Equation 3-33 produces 

Equation 3-34. 

\ - 1 

'-dX 
Rv i A i A l f o Vo 

Equation 3-34 

For emission at one wavelength, the conversion is much simpler. 

In V 
P(watts) = — 

R D R F R D 

Equation 3-35 

Conversion of Watts to Candela 

The equation given by the National Institute for Science and Technology for the 

candela [6, 7] is given in Equation 3-36. 

Int = KjC(A)L(A)dA, 

o 

Equation 3-36 

where Km is the CIE defined "maximum spectral luminous efficacy of radiation for 

photopic vision" and has a value of 683.002 lumens per watt. L(X) is the emission 

spectrum of the source with intensity measured in Watts per (metre cubed steradian) 

(W m"3 sr"1). 

C(k) is the photopic relative luminous efficiency function and it gives the ratio of the 

radiant flux at wavelength Am to that at wavelength A, so that the two fluxes produce the 

same photopic luminous sensations under specified photometric conditions. The data 

were obtained from reference [8]. A,n is chosen so that the maximum value of this ratio 

is unity. The variation of this function with wavelength is shown in Figure 3-23 as the 

solid line. The fit to this data is shown as the shaded triangles and can be approximated 

using two Gaussian functions with different parameters for wavelengths less than or 

greater than 555nm. The equation used is shown as Equation 3-37 and the parameters 

are shown in Table 3-1. 
[fA-b^2' 

C(A) = a x exp 
iy c ) 

Equation 3-37 
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Parameters X < 555 nm X > 555 rim 
a 1.00 1.00 
b 5.5163xl0"7 5.5880xlO~7 

c 3.5761xl0"8 4.3678x10 s 

Table 3-1 Parameters used in Equation 3-37 lo produce approximation to CIE data 
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Figure 3-23 CIE Photopic Response Curve 

The correction needed to convert from an emission spectrum with intensity 

measured in watts, P(A.), to a number of candela per square metre is shown in Equation 

3-38. Ap is the area of the light emitting diode. 

Int = f P(A)C(A)dA 
APaJ

0 

Equation 3-38 

Using Equation 3-5,Equation 3-8, Equation 3-32 and Equation 3-38 gives Equation 

3-39 and Equation 3-40 which show how the intensity in candela per square metre can 

be calculated from the measured data. 

Int -
APQ0 

js(A)E(A)C(A)dA 

Equation 3-39 

KmVD 7T(A)C(A) 
Int = m ° f 

RFAPQ{ A 

}T(A)RD(A) 
J" 

V o 
A 

•dA dA 
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Equation 3-40 

The calculation of brightness and power efficiency is carried out by a Sigmaplot 

transform, candela.xfm, shown in Appendix 2. 

Conversion of Candela to Lumens 

D. A. Roberts, in The Photonics Design and Applications Handbook [9] 

describes the difference between the candela and the lumen. "The nuisance factor is n, 

which comes about because a Lambertian source with a luminance of led/cm2 has a 

luminous emittance of n lm/cm 2." Hence for conversion from candela per square metre 

to lumens, a factor TtAp must be used as shown in Equation 3-41. 

Int(lm) = Int(cd I m2)x Ap xn 

Equation 3-41 

CALIBRATION AND C R O S S - C H E C K 

The photodiode and amplifier were calibrated and checked for linearity. The 

514nm line from an argon ion laser was used in conjunction with a number of neutral 

density filters to vary the amount of light incident on the photodiode. A calibrated 

photodiode was used in an identical experimental set-up in order to calibrate the large 

area photodiode at a range of incident intensities. A ful l account of the calibration and 

linearity check can be found in Appendix 3. A calibration equation was obtained from 

this experiment and was used in each calculation, both for brightness and efficiency 

calculations. 

A further cross-check was provided by a Minolta LSI00 luminance meter. 

Several inorganic LEDs with a range of spectral outputs were used to cross-check the 

calculated brightness values (using the large area photodiode measurements in 

conjunction with spectral measurements of the LEDs) to those measured by the Minolta 

LS100. Several organic LEDs were also compared. The results are summarised for the 

inorganic LEDs and a ITO/PPV/Ca device in Figure 3-24. A detailed treatment of this 

cross-check can be found in Appendix 4. 
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Figure 3-24 Brightness of some LEDs measured by a luminance meter and calculated 

from intensity measurements by a photodiode. The line is a linear regression with 

coefficients shown. 

C H R O M A T I C I T Y CO-ORDINATES 

Three main definitions are required to understand the theory of colour co

ordinates. Color Science by Wyszecki and Stiles [8] contains definitions for colour, 

tristimulous values and chromaticity co-ordinates. "Color is that characteristic of a 

visible radiant energy by which an observer may distinguish differences between two 

structure-free fields of the same size and shape, such as may be caused by differences 

in the spectral composition of the radiant energy concerned in observation". Colour in 

this sense is psychophysical colour and is specified by the tristimulous values of the 

radiant energy entering the eye. "Tristimulous values of a color (or light) are the 

amounts of the three reference lights (matching stimuli, primary colors) required to 

give by additive mixture a match with the color (or light) considered". "The 

chromaticity co-ordinates of a color are the ratios of each tristimulous value of the 

color to their sum"[8j. 

Colour co-ordinates are useful as they allow a simple but accurate visual 

comparison of colours. Once the co-ordinates of a source are known, it is then possible 

to state accurately and compare its colour and calculate the co-ordinates of other 

coloured sources needed to produce various colours. 
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X, Y , Z Co-ordinates 

A commonly used system of chromaticity co-ordinates is the 1931 CEE-(X,Y,Z) 

system of colour specification. This system uses three colour matching functions, 

xx ,yx and zx shown in Figure 3-25. The data were obtained from reference [8]. 
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Figure 3-25 CIE colour matching Junctions for x,y,z colour 

This scheme produces a 3-dimensional x,y,z colour space which is shown as 

Figure 3-26. 

y 

Figure 3-26 3-dimensional x,y,z colour space (modifiedfrom reference [10]) 
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This 3-dimensional space can be mapped onto 2-dimensions without any loss of 

information through the relation x+y+z=J. This 2-dimensional scheme can be seen in 

Figure 3-27. It illustrates the relation between the co-ordinates and the colour they 

represent. 
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Figure 3-27 2-dimensional representation of x,y colour space (from reference [10]) 

The x,y,z values for a particular source can be calculated as follows. Firstly, the 

X,Y,Z primaries of the source can be calculated from Equations 3-42. T'(X) is the 

measured spectrum divided by lambda to produce intensity proportional to energy 

rather than number of photons, k is a constant and can be any value, although it is 
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commonly chosen so that the Y value will equal 100. If the measurement of T'(A)AA is 

absolute in watts then k can be set equal to K„„ and the value of Y gives the luminous 

flux of the source, measured in lumens [8]. 

X = kY,T\A)xAAA « k\T(X)xxdX 
>• x 

Y = kY,T\X)yM = k\T{X)yxdX 
x 

Z = kYjT{X)zM = k\T{X)zxdX 
<<• x 

Equations 3-42 

The x,y,z values can then be calculated using Equations 3-43. They are 

expressed as (x,y,z), but the z value is often omitted and hence the values are quoted as 

(x,y). 

X Y Z 
X = TZ—z—zT'y = vz—z—^7>z = (X + Y + Z ) ' (X + Y + Z) (X + Y + Z) 

Equations 3-43 

The calculation of x,y,z colour co-ordinates is performed by a Sigmaplot transform, 

xyz.xfm, listed in Appendix 5. 

R, G, B Co-ordinates 

It is possible to define a colour in several colour schemes. Another of the major 

schemes is the 1931 CEE-(R,G,B) system. This scheme produces 3 perpendicular 

colour axes, the tristimulous values of each describe the amount of red, green and blue 

in a colour as illustrated in Figure 3-28 (note that the view angle is different in the two 

diagrams). 
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Figure 3-28 CIE-(R,G,B) system (modifiedfrom reference [10]) 

This system uses equations very similar to those shown for the CIE-(X,Y,Z), 

but the colour matching functions are different and are denoted r . , ^ a n d bx. The 

corresponding chromaticity co-ordinates are (r,g,b), although due to the relation 

r + g + b = 1, the b value is often omitted. 

Conversion between Co-ordinate Systems 

It is possible to convert between the colour systems using the projective 

transformations, shown as Equations 3-44 and Equations 3-45. This is useful as 

although the CIE (X,Y,Z) colour systems is widely used, RGB and other systems are 

also frequently used. The ability to convert between different colour systems is 

therefore useful not just for comparison, but also it is often easier to visualise colour 

changes from co-ordinate values in the RGB rather than the XYZ system. 

2.3646Is - 0.89654J - 0.46807z 
r ~ 1.85464x + 0.51546^ + 0.629892 ' 

- 0.5151 Ix + 1.42641y + Q08876z 
8 ~ 1.85464X +0.51546v + 0.62989z ' 

0.00520s- 0.0144 ly + 1.00920z 
" 1.85464s + 0.51546y + 0.62989z 

Equations 3-44 
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0.49000r + 0.3 lOOOg + 0.200006 
X ~ 0.66697r + 1.13240g + 1.200636 ' 

0.17697r + 0.81240g + 0.010636 
y ~ 0.66697r + 1.13240g + 1.200636 ' 

O.OOOOOr + 0.01 OOOg + 0.990006 
Z ~ 0.66697r + 1.13240g +1.200636 

Equations 3-45 (from reference [8]) 

It is possible to construct these equations from transformation data of the 

primaries of the system. For example if transforming to a new set of primaries (J, K, 

L ) from (R, G, B), it is usually possible to find a matrix transformation as shown in 

Equation 3-46. I f we call A the transformation matrix (an, a J 2 etc) then the 

corresponding transform for (R, G, B) from (J, K, L ) wil l use the inverse of matrix A, 

which shall be denoted B, such that A '=B. It is then possible to construct a transform 

equation to calculate chromaticity co-ordinates as shown in Equations 3-47. 

a\2 al3 

K --= a2 1 a22 
a23 G 

a 32 «33y 

Equation 3-46 

. anr + a.{1g + a^b 
( a u +a2l +a3l)r + (al2 +a22 + a 3 2 ) g + (a 1 3 +a 2 3 + a 3 3 ) 6 ' 

k = a 2 |r + a 2 2 g + a2 36 
(au +a21 +a 3 1 ) r + (a 1 2 +a22 + an)g + (a 1 3 + a 2 3 + a 3 3)6 ' 

l = a3lr + ang + a33b 
(an +a 2 1 +a 3 1 ) r + (a 1 2 + a22 +a32)g + (al3 +a23 + a33)b 

Equations 3-47 

To produce the conversion from (j, k, 1) to (r, g, b) requires the substitution of to 6.̂  

where bxy is a matrix element in the inverse matrix B. 

CAPACITANCE V O L T A G E MEASUREMENTS 

Capacitance-voltage measurements were carried out using a Keithley 595 Quasi 

Static CV meter. The device is held in a matrix of sprung gold pins, making electrical 

connections in the same manner as in the case of electroluminescence, above. The 

sample and holder are held inside a self-made, electrically shielded metal switching 
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box. The meter is controlled via IEEE, using a self-written computer program. This 

produces capacitance-voltage data in ASCII, comma delimited format. These 

measurements assume Schottky barrier formation and can provide valuable insight into 

the barrier depletion width and carrier concentration in polymer LEDs. 

The capacitance per unit area, Q, is related to the applied voltage, V, by the 

Mott-Schottky relation. 

2 X 
C'2 = 

qeeQNA j 

(Vso-V) 

Equation 3-48 

NA is the acceptor density, 8 is the permittivity of the polymer and Vso is the 

contact potential difference between the metal and the semiconductor. Hence the 

doping density of the device can be obtained by producing Mott-Schottky plots of Q"2 

versus applied voltage. The contact potential difference, Vso, is obtained from the 

intercept of the tangent to the data with the abscissa. The acceptor density is then 

obtained from the Mott-Schottky relation (Equation 3-48), and the width of the 

depletion layer is calculated using Equation 3-49. 

w • 
I26£0{VSO-V) 

V qNA 

Equation 3-49 

A graphical representation of these terms can be seen in Figure 2-39. 
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INTRODUCTION 

This chapter presents results of optical measurements of the polymers used in 

polymer light-emitting diodes in subsequent chapters. Chapter 2 describes the link 

between photoluminescence and electroluminescence in conjugated polymer systems 

and hence these measurements are very important to the study of polymer light-

emitting diodes. 

In this chapter, the absorption and emission processes of polypyridine are 

investigated, and the differences in the optical spectra of PPY solution, f i lm and 

powder samples are explored. The possibility of batch-to-batch variation of 

polypyridine is also investigated using optical, molecular weight, electron-spin 

resonance and chemical analysis. The effect of changing the chemical structure of 

polypyridine by the addition of side groups, the formation of copolymers and changing 

the bond configuration are also explored. 

The conversion process of precursor route poly(p-phenylene vinylene) and 

poly(2-methoxy, 5-(2'ethyl-hexyloxy)-p-phenylene vinylene) is examined by optical 

spectroscopy. The conversion of these polymers on quartz substrates is compared to 

the conversion on indium tin oxide covered substrates, which is an essential part of 

light-emitting diode fabrication. 

Measurement of photoluminescence spectra using a mercury arc lamp as the 

excitation source facilitated the excitation of the majority of samples in this study at the 

peak of their absorption. In addition to the standard photoluminescence spectrum, in 

the majority of cases, the excitation wavelength was varied over a considerable range 

of the absorption of the sample whilst a real time measurement of the spectrum was 

performed. This means that any spectral variation caused by absorption of different 

species should be identified. 
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POL YP YRIDINE 

Polypyridine is more correctly referred to as poly(2,5-pyridinediyl). It is para 

linked, with the polymer linking through the 2 and 5 position on the ring. It can 

therefore be distinguished from the polymer linking through the 2 and 6 positions in the 

meta position or poly(2,6-pyridinediyl). In this work, the para linked polymer is 

referred to as polypyridine, PPY or PpPY. The meta linked polymer is referred to as 

poly(m-pyridine) or PmPY. The chemical structures of these polymers are shown in 

Figure 4-1. 

Figure 4-1 Chemical structure of a) poly(p-pyridine) and b) poly(m-pyridine) 

Polypyridine (PPY) is a yellow powder readily soluble in formic acid and 

soluble to a lesser degree in hydrochloric and dichloroacetic acids. The solvent has an 

effect on the properties of the film, for example the photoluminescence of a fi lm spun 

from a solution of dichloroacetic acid has a 4nm blue shift compared to the films cast 

from formic and hydrochloric acids (Figure 4-2). Films of polypyridine were mostly 

prepared from formic acid solution due to the superior f i lm formation. Additionally, 

the solubility of PPY is considerably higher in formic acid than in hydrochloric acid. 
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Figure 4-2 Photoluminescence spectrum ofpolypyridine films cast from solutions of 

hydrochloric (dotted line), dichloroacetic (broken line) and formic (solid line) acids 

ABSORPTION AND EMISSION OF POLYPYRIDINE 

Solution 

The absorption and photoluminescence (PL) spectra of polypyridine (batch 

ER196) in formic acid solution are shown in Figure 4-3. 
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Figure 4-3 Absorption and photoluminescence of polypyridine solution in formic acid 

(on a wavelength scale) 
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The peak of absorption is at 374nm with a full width at half maximum (FWHM) 

of 55nm. The peak of photoluminescence in solution is 434nm, and the 

photoluminescence is quite broad, around 90nm FWHM. This emission is in the blue 

region of the spectrum. The mirror image relationship expected from absorption and 

luminescence spectra can be more readily identified using an energy scale. Above 5eV, 

the absorption of the formic acid masks the absorption of the polypyridine. 

CD 

1 

0 

Energy (eV) 

Figure 4-4 Photoluminescence and absorption spectra of polypyridine in formic acid 

solution (on an energy scale) 

On an energy scale, the absorption and photoluminescence spectra look very 

similar, as expected. The peak of the absorption is at 3.32eV and the peak of the 

emission is at 2.86eV. There is an apparent Stokes shift, measured as the difference 

between the peak of the absorption and the peak of the luminescence, of 0.46eV 

(60nm). The FWHM of the peaks on the (linear) energy scale are similar, 0.58eV for 

absorption and 0.65eV for photoluminescence. 

Film 

The absorption and photoluminescence spectra of polypyridine f i lm are shown 

in Figure 4-5. 
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Figure 4-5 Absorption and photoluminescence of polypyridine film (on a wavelength 

scale ) 

The peak of absorption is at 384nm with a full width at half maximum of 

102nm. The peak of the fi lm photoluminescence is 527nm, and the emission is quite 

broad, around 135nm FWHM. This emission is in the green/yellow region of the 

spectrum. The mirror image relationship expected from absorption and luminescence 

spectra can again be observed more readily on an energy scale. 
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Figure 4-6 Absorption and photoluminescence of polypyridine film (on an energy 

scale) 

The absorption and photoluminescence spectra again look very similar. The 

peak of the (lower energy) absorption is 3.23eV and the peak of the emission is 2.35eV. 

The apparent Stokes shift, is found to be 0.88eV (143nm). The FWHM of the 
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absorption is actually larger than that of the emission, 0.92eV FWHM for absorption 

and 0.58eV FWHM for emission. There is also evidence of vibronic structure on the 

absorption and emission curves. The absorption and PL of PPY batch 196 in solution 

and f i lm is shown in Figure 4-7. 
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Figure 4-7 Absorption and emission spectrum of PPY solution (solid line) and film 

(broken line) 

The 0.5eV difference in the energy of the emission in solution (2.86eV) and 

f i lm (2.35eV) produces a large difference in the colour of the photoluminescence. This 

can be illustrated on a CEE-(x,y) colour co-ordinate diagram (Figure 4-8). The co

ordinates of the emission are (x,y,z) (0.19, 0.17, 0.63) for solution and (0.31, 0.46, 

0.23) for fi lm. The colour difference can be more readily identified using rgb co

ordinates. In the RGB system, the co-ordinates are (0.00, 0.24, 0.76) for solution and 

(0.24, 0.53, 0.24) for fi lm. So it is clear from these values that there is a considerable 

drop in the relative blue content of the emission (0.76 to 0.24) and an increase in the 

relative green content (0.24 to 0.53). 
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Figure 4-8 Colour co-ordinate diagram for polypyridine photoluminescence in 

solution and film 

Gebler et al in reference [1] measure the peak of emission in PPY film as 

2.35eV, identical to that measured above. The peak of the f i lm absorption in their work 

is at 3.35eV, similar to the 3.23eV found in the present work. Blatchford et al [2] find 

the absorption and emission peaks of dilute solution arise at 3.35eV and 2.95eV, 

marginally higher than the 3.32eV and 2.86eV found in this work. Yamamoto et al [3] 

find a photoluminescence peak at 2.82eV in dilute solution, similar to the 2.86eV found 

in this work. The peak of the fi lm emission is found to be 550nm (2.25eV) in a 

solution cast fi lm, O.leV shifted from the fi lm emission measured in this work. 

Concentration Effects in PPY solution 

The photoluminescence of PPY solution varies with solution concentration as 

shown in Figure 4-9. The spectra were measured in a transmission geometry. 
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Figure 4-9 Photoluminescence o/PPY in formic acid solution as a function of solution 

concentration 

The concentration of the solution was varied from 5 molar to 0.0001 molar 

(moles of repeat units per litre). The highest concentration solution has a peak 

emission at 506nm (2.45eV). There is a red shift of emission with decreasing 

concentration, and the most dilute solution studied (lxlO"4 M) has an emission peak at 

438nm (2.83eV). The peak and FWHM of the emission as a function of concentration 

are shown in Figure 4-10. 
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Figure 4-10 Change in the peak of emission (circles and line) and FWHM (squares) as 

a function of solution concentration for PPY in formic acid 
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The peak of emission shifts by 0.37eV in the concentration range 5M to 0.1M, 

then remains constant at approximately 2.83eV upon further dilution over 3 orders of 

magnitude. The FWHM of the emission generally increases with decreasing solution 

concentration. The absorption spectra of the higher concentration solutions is difficult 

to measure due to the high absorption and the very low concentration solutions have 

very little absorption. The absorption and luminescence spectra of the solutions are 

shown in Figure 4-11. 
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Figure 4-11 Absorption andphotoluminescence spectra with various concentrations of 

PPY solutions. The PL spectra are normalised so that the intensity equals 1 at 600nm 

The absorption spectrum changes with solution concentration. The magnitude 

of the absorption at various wavelengths is reduced, however, as the solution becomes 

less concentrated. The absorption spectrum data can be normalised to the concentration 

of the solution to investigate this phenomenon. 

Figure 4-12 illustrates the similarity of the rescaled absorption spectra of the 

5M to 0.25M solutions, suggesting that the differences in shape of the absorption 

spectra is the same across the concentration range in Figure 4-11. 
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Figure 4-12 Rescaled absorption spectra of PPY solutions of different concentrations 

The change in the photoluminescence spectra of the solutions appears to be 

due to self absorption. The increase in FWHM of emission with decreasing solution 

concentration, shown in Figure 4-10, would be found if the change in emission was due 

to self absorption. As the self absorption decreases, the emission from the high energy 

side would no longer be absorbed and hence the FWHM of the emission would 

increase. The geometry of the measurement of the photoluminescence spectrum aids 

the process of self absorption as the sample is excited on the opposite side to where the 

emitted light is collected (i.e. in transmission). 

Yamamoto et al [3] show a similar change of PL spectrum with a more 

concentrated solution. There is a similar red-shift observed in that work, although there 

appears to be less self-absorption at the high energy side of the emission, and no 

absorption spectrum is shown in this work. The reduced self-absorption could be due 

to the geometry of the experiment. The data presented in reference [3] may be taken in 

reflection. 

The photoluminescence of polypyridine in powder form can also be studied. A 

powder sample of PPY was prepared by compression of PPY with KBr to form a solid 

disc. The photoluminescence of the PPY powder disc was measured in the usual 

manner. The PL of the powder is compared to that of PPY in formic acid solution and 

a standard PPY film prepared by spin-coating from formic acid solution in Figure 4-13. 

Powder 
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Figure 4-13 Photoluminescence spectra of polypyridine film (dotted line), solution 

(solid line) and powder (broken line) samples 

The powder sample exhibits photoluminescence which is very similar to that of 

the f i l m sample and dissimilar to that of solution. The peak of luminescence is at 

545nm, a lOnm red shift f rom the peak of the f i l m luminescence and lOOnm from the 

peak of the solution luminescence at 435nm. The feature at approximately 630nm in 

the powder sample is due to the excitation source. 

The difference between solution and f i l m emission could be produced in a 

variety of ways. However, excimer emission can be discounted. Emission from an 

excimer is relatively broad and featureless. The photoluminescence spectrum f rom the 

f i l m is relatively narrow (certainly narrower than the absorption) and exhibits some 

vibronic structure. 

Changes in the photoluminescence spectrum of PPY solutions with different 

concentrations seem to arise due to self-absorption of the emission at short wavelengths 

and not f rom a change of emission species, for example interchain aggregate emission. 

Figure 4-11 illustrates that any differences in the solution PL spectra appear only at 

shorter wavelengths, the longer wavelength emission is identical for each 

concentration. The changes in the absorption spectra seem to arise purely f rom the 

magnitude of absorption and no real change in shape seems to arise with increasing 

Discussion 
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concentration. This suggests that the emission in concentrated systems (i.e. film and 

highly concentrated solution) is not due to aggregate formation. 

PPY films are found to be highly crystalline, as demonstrated by x-ray analysis 

of PPY film samples in references [4, 5]. This suggests a large degree of order within 

the polymer film. We suggest the changes in the optical properties between film and 

solution arise due to a change in conformation of the chain. In solution the chain is free 

to rotate, and some monomer units rotate out of the plane of the chain, limiting the 

conjugation length to the number of repeat units which lie between two consecutive 

ring twists. Theoretical studies have shown that isolated polypyridine chains will have 

monomer units out of the plane of the polymer [6-8]. The angle to which they rotate 

has been calculated as being between 20° [6] and 30° [8]. The reduced conjugation 

length will produce blue-shifted emission and absorption compared to those of the film. 

These twist are illustrated in Figure 4-14, where two ring twists produce a conjugation 

length limited to four repeat units. 

Figure 4-14 Twists in PPY monomers in a PPY chain in solution 

In film, the pyridine chains are highly ordered which prevents the ring twisting 

out of plane. This will lead to an increase in the conjugation length and a red-shift of 

the emission and absorption. The red-shift will occur in chains where there is no other 

limit on the extent of conjugation along the chain i.e. there will be no change in chains 

which have defect sites limiting the extent of conjugation. Figure 4-15 illustrates the 

film conformation of a PPY chain. The lack of monomers twisted out of the plane of 

the chain produces a longer conjugation length than for chains in solution. 
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Figure 4-15 Film conformation of a PPY chain 

This implies that a difference in the absorption spectrum between solution and 

film is expected: a large proportion of the absorption is caused by chain segments of the 

same conjugation length as in solution, but there will be a contribution to the absorption 

by longer conjugation length segments. 

The similarity between the photoluminescence of the film and powder samples 

is in contrast to work published elsewhere [2]. This work suggested that emission in 

PPY arises due to the formation of aggregate states. The material under study is 

obviously different to our own in more than one respect. The PLQY of their polymer 

was found to be between 1% and 8%, considerably lower than the polymer in this 

study. The PL spectrum of their powder sample, prepared in a similar manner to our 

own (utilising KBr), more closely resembles that of the solution PL rather than 

resembling that of the film sample as found in this work. Also in reference [2], a 

strong dependence of the photoluminescence of film samples is found when the solvent 

is varied. Figure 4-2 illustrates that although a slight change in spectrum is observed 

with different solvents, the overall shape and approximate position of the emission is 

not significantly altered. 

BLENDING OF POLYPYRIDINE 

The effect of dilution of polypyridine in solid film can be investigated by the 

blending of PPY with another polymer. A suitable polymer for this task is poly(methyl 

methacrylate) (PMMA). PMMA is a readily available non-luminescent polymer, better 

known as Perspex, and it has been used in other blending work (see for example 

reference [9]). PMMA was obtained from Aldrich Chemicals and was used without 

further purification The chemical structure of PMMA is shown in Figure 4-16. 
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Figure 4-16 Chemical structure ofpoly(methyl methacrylate) 

Solutions o f a blend o f P M M A and PPY were made by dissolving a known 

weight o f each polymer in a common solvent (formic acid). The PPY:PMMA weight 

ratio o f the mixture was varied between 1:0 (all polypyridine) to 1:100. Thin films o f 

the blend were prepared by spin coating onto quartz substrates. As the solid state 

dilution o f the polypyridine became larger (i.e. the PPY:PMMA ratio became smaller), 

fewer and fewer chromophores absorb the incident radiation, reducing the intensity o f 

the absorption. The change in absorption with increasing dilution is shown in Figure 

4-17. 
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Figure 4-17 Absorption spectra (absolute absorption) of PPY: PMMA blendfilms 

The effect o f blending on the shape o f the absorption is more obvious when the 

absorption spectra are normalised and offset (Figure 4-18). An increase in the 

scattering background can be observed. 
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Figure 4-18 Normalised and offset absorption spectra for PPY:PMMA blendfilms 

The change in the photoluminescence spectra with increasing blending is shown 

in Figure 4-19. 
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Figure 4-19 Photoluminescence spectra of PPY: PMMA blend films 
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The effect on the absorption spectrum of dilution in the solid state is to reduce 

the relative strength of the low energy absorption and increase the relative strength of 

the high energy absorption. There also appears to be evolution of a new absorption 

peak, splitting the absorption peak that appears at around 200nm, into two peaks at 

wavelengths higher and lower than 200nm. There is also an increase in the relative 

amount of absorption at wavelengths lower than 375nm and higher than 230nm. 

In concentrated PPY films (low P M M A concentration), the photoluminescence 

spectrum is as expected and exhibits a single peak at around 530nm. As the 

concentration of PPY decreases (the concentration of P M M A increases), a second 

photoluminescence peak slowly evolves with subsequent dilutions, until finally in the 

1:100 PPY:PMMA f i l m , the peak at approximately 430nm is the more intense peak. 

The peak of the PPY solution photoluminescence is coincident at around 430nm. The 

excitation wavelength for each sample was 350nm (3.54eV) and no significant change 

in spectrum was observed with different excitation energies. 

The colour change resulting f rom these spectral changes can be illustrated on a 

CEE (X,Y,Z) co-ordinate diagram (Figure 4-20). 
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Figure 4-20 CIE (X, Y,Z) colour co-ordinate diagram for PPY.PMMA blends 
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The blending of PPY with increasing amounts of P M M A produces an increase 

in the amount of higher energy, solution like emission. Figure 4-20 illustrates the 

colour change of the photoluminescence as the relative concentration of the PPY is 

reduced. The emission of the unblended f i l m in the CIE (X,Y,Z) system is described 

by the co-ordinates (0.35, 0.52) in Figure 4-20. The colour of the emission in this 

system is tuned through a considerable range towards the colour of the solution 

emission (0.19, 0.17). The co-ordinates of the most dilute blend studied are (0.24, 

0.29). Hence through the use of blending, the colour of the emission can be tuned 

through a reasonable colour range. This is perhaps best illustrated in the CIE (R,G,B) 

colour system. The colour can be tuned f rom r,g,b co-ordinates of (0.31, 0.58, 0.12) 

for the undiluted PPY f i l m , to (0.11, 0.37, 0.52) for the 1:100 PPY:PMMA blend f i l m . 

Further blending is feasible and it is conceivable that this could give the solution 

emission colour of (0.00, 0.24, 0.76). 

Discussion 

The results obtained for the blending of PPY are consistent with the ring twist 

argument presented above. As in solution, the separation of the PPY chains reduces the 

amount of order present in the system. The reduction in order may reduce the packing 

of the chains, allowing the monomer units to twist out of the plane of the polymer 

chain. This w i l l reduce the conjugation length as for the solution case. The decrease in 

the low energy absorption and emission would imply that there is a reduction in the 

amount of longer conjugation length segments capable of absorbing and emitting. 

Conversely, there is an increase of the relative strength of the higher energy absorption 

and photoluminescence as the blending of the PPY increases. This could be due to the 

increase in the number of shorter conjugation length segments as the number of ring 

twists increases. 

A common problem with blends of polymers is phase segregation. Regions 

consisting of predominantly one polymer can form as the fi lms dry. Noticeable 

segregation only occurs with PMMA/PPY when thick fi lms are prepared on large 

substrates. 

The blending of PPY illustrates one of the advantages of polymer luminescence. 

The colour of the emission can be tuned through a considerable range, f rom green to 

blue/green emission, by simple addition of a host polymer into a common solvent. The 
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chemistry o f the systems has not been altered, yet considerable colour tuning and 

emission tailoring has been demonstrated. 

BATCHES OF POLYPYRIDINE 

Several different batches o f polypyridine have been produced by Dr E. Rebourt 

and Dr L.E. Horsburgh. These batches have similar, though not identical 

characteristics. Batches manufactured by E. Rebourt have the prefix "ER" and those 

manufactured by L.E. Horsburgh have the prefix " L " . 

Absorption of Polypyridine Batches 

The absorption o f the solutions o f some o f the batches o f polypyridine studied 

are shown below. The spectra are normalised to 1 and offset for clarity. 
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Figure 4-21 Normalised and offset absorption spectra of some batches of PPY in 

formic acid solution 

Figure 4-21 illustrates the large degree o f uniformity in the absorption spectra 

o f solutions o f various batches o f polypyridine. A l l o f the absorption spectra look very 
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similar and their absorption maxima are at around 3 .3eV. A l l o f the maxima lie in the 

range 3.3 l e V to 3.41eV. The absorption maxima of each o f the batches in solution is 

summarised in Table 4-1. 

The absorption spectra o f films o f the same batches o f polypyridine on quartz 

substrates are shown below For clarity, the absorption is normalised to 1 and the 

spectra o f the batches are offset relative to one another. 
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Figure 4-22 Normalised and offset absorption spectra of some polypyridine batches in 

solidfilm on quartz substrates 

There is also a great deal o f similarity between the various batches in the film 

absorption. The absorption maxima lie between 3.19eV and 3.39eV, and the spectra 

exhibit similar shapes. The absorption maxima o f films o f the batches o f PPY are 

summarised in Table 4-2. A l l batches exhibit what appears to be a vibronic feature at 

around 3eV and display a higher energy absorption at around 6.5eV, which is similar in 

shape and position for each o f the batches. This higher energy peak is not seen in 

solution absorption spectra due to the absorption o f the formic acid. There is some 

variation, between the batches, in the relative intensity o f the feature at 3eV. The 

feature only appears in the absorption spectrum o f film samples and could be due to the 

absorption o f longer conjugation length segments which arise due to the high ordering 



of the polymer film. The variation of the relative intensity of the feature would 

therefore be due to a variation in the relative amount of longer conjugation length 

segments and hence a variation in the amount of ordering in the film. The larger 

variation of the position of the maximum of the absorption of the film samples 

compared to the samples in solution may also be a consequence of variation in film 

formation. 

Photoluminescence of Polypyridine Batches 

The photoluminescence of the various batches of polypyridine shows similar 

behaviour to that of the absorption. There is considerable similarity in both the position 

and shape of the luminescence, with only minor variations in each. The offset and 

normalised (to one) photoluminescence spectra of the batches of polypyridine in 

formic acid solution are shown below. The feature at approximately 3.7eV is excitation 

light. 
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Figure 4-23 Photoluminescence spectra of the batches ofpolypyridine in formic acid 

solution 

Figure 4-23 illustrates the similar photoluminescence spectra of solutions of the 

batches of polypyridine. The spectra have similar shape and all have a peak of 
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emission at an energy in the range 2.82eV to 2.86eV. There is a large low energy tail 

o f emission and F W H M o f between 0.55eV and 0.70eV. The apparent Stokes shift 

(measured as the difference in energy between the peak o f absorption and 

luminescence) is between 0.46eV and 0.57eV. 

The photoluminescence spectra o f films o f the batches o f PPY are similar to one 

another, with similar peak positions and vibronic structure. The spectra are shown in 

Figure 4-24. 
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Figure 4-24 Photoluminescence spectra of film samples of the batches of polypyridine 

The peak position o f the photoluminescence varies between 2.29eV and 2.35eV 

for the batches. Most batches exhibit a feature at around 2.5eV. There are some 

differences in the relative intensity o f the feature which may be a consequence o f 

variations in the ordering o f the films. The films were prepared using identical spin 

speed and time, although there was some variation in the concentration o f the solutions 

from which the samples were prepared. 

The data collected for the batches is summarised below. The excitation wavelength for 

all film and solution samples was 336nm (3.69eV). 
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Summary of Optical Measurements of PPY Solutions 

The absorption and emission maxima were measured f rom the 

photoluminescence and absorption spectra of formic solutions of the batches of PPY. 

The fu l l width at half maximum (FWHM) of the emission was measured f rom the 

photoluminescence spectra. The stokes shift was measured as the difference between 

the peak of the absorption and emission. 

Batch Name Absorption Emission F W H M Stokes Shift 
Maximum Maximum Emission (eV) 

(eV) (eV) (eV) 
ER180 3.37 2.86 0.65 0.51 
ER186 3.36 2.85 0.65 0.51 
ER196 3.32 2.86 0.55 0.46 
ER198 3.34 2.83 0.69 0.51 
ER203 3.41 2.86 0.57 0.55 
ER204 3.36 2.86 0.56 0.50 
ER205 3.33 2.85 0.58 0.48 

L02 3.36 2.86 0.69 0.50 
L04 3.41 2.84 0.66 0.57 
L05 3.38 2.82 0.70 0.55 
L08 3.40 2.84 0.66 0.56 

Table 4-1 Summary of data from optical measurements of PPY batches in formic acid 

solution 

The similarity of the optical behaviour of the various PPY batches in formic 

acid solution is illustrated in Table 4-1. The absorption maxima of each of the batches 

of PPY are very similar, lying within 0.05eV of the mean of the absorption maxima of 

3.37eV. This distribution can solely be accounted for by the error in the measurement 

on the absorption spectrometer. Similarly, the emission maxima of the batches lie 

within 0.03eV of the mean of the emission maxima of 2.85eV, the approximate 

resolution of the measurement. The F W H M values lie within 0.08eV of the mean 

value of 0.63eV, suggesting no real physical significance. The deviation f rom the 

mean for the Stokes shift is also similar, all values lying within 0.06eV of the mean 

value of 0.52eV. 
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Summary of Optical Measurements of PPY Films 

The absorption and emission maxima were measured f rom the 

photoluminescence and absorption spectra of PPY films. The f u l l width at half 

maximum ( F W H M ) of the emission was measured f rom the photoluminescence 

spectra. The Stokes shift was measured as the difference between the peak of the 

absorption and emission. The photoluminescence quantum yield (PLQY) of the films 

was measured in an integrating sphere by M . Halim. 

Batch Name Absorption Emission F W H M Stokes Shift PLQY 
Maximum Maximum Emission (eV) (±2 %) 

(eV) (eV) (eV) 
ER180 3.25 2.32 0.51 0.93 N / A 
ER186 3.21 2.32 0.56 0.89 N / A 
ER196 3.23 2.35 0.58 0.88 30 
ER198 3.21 2.32 0.54 0.89 N/A 
ER203 3.39 2.34 0.56 1.05 30 
ER204 3.33 2.33 0.54 1.00 30 
ER205 3.21 2.31 0.55 0.90 30 

L02 3.20 2.32 0.48 0.88 7 
L04 3.28 2.32 0.47 0.96 N/A 
L05 3.20 2.31 0.50 0.89 30 
L08 3.26 2.29 0.44 0.97 N/A 

Table 4-2 Summary of data from optical measurements of solid films of PPY batches 

The absorption maxima for films of batches of PPY have a greater variation 

than the corresponding data for solution. The absorption maxima lie within 0.14eV of 

the mean absorption maximum, the greater variation perhaps accounted for by a slight 

variation in f i l m quality. The emission maxima lie within 0.03eV of the mean value. 

The F W H M of the samples lie within 0.08eV of the mean of 0.52eV, and Stokes shifts 

lie within 0.12 eV of the mean value of 0.93eV. Batch L02, which has a very low PL 

quantum yield compared to the other batches, exhibits no significant difference in its 

remaining optical properties. 

123 



Summary of Other Measurements made on PPY batches 

Several other measurements were made on each of the PPY batches. 

Molecular Weight 

The molecular weight of the polymer batches was measured using a gel 

permeation chromatography column by Dr L.E. Horsburgh and Dr P.N. Adams. The 

time taken for a solution of PPY to pass through the column was measured and 

compared to standard samples of a known molecular weight. Comparison of these 

results allows calculation of the molecular weight of the PPY batch under test. The 

results are presented as the weight (atomic units) per chain. The weighted average 

molecular weight is shown in Table 4-3. The polydispersity of the molecular weight is 

also shown. This is a measure of the distribution of the molecular weights in the 

sample. The larger the polydispersity, the greater the spread of molecular weights in 

the sample. The results were confirmed by dynamic light scattering measurements. 

Electron-Spin Resonance 

Electron-spin resonance (ESR) measurements were taken by P. Devasagayam. 

The results presented are the integrals of the measured ESR spectra. The numbers 

represent the number of species with spin Vi in the powder samples. The higher the 

number, the higher the impurity (with spin Vi) level. 

Chemical Analysis 

The batches were sent for chemical analysis. The results presented are the 

percentage composition (by weight) of carbon (C), nitrogen (N), hydrogen (H) and 

remainder (R). 
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Batch 
Name 

Molecular 
Weight 

Poly-
dispersity 

ESR 
Analysis 

C 

C 

^hemica 
(% com 

H 

Analysi 
Dosition) 

N 

s 

R 
ER180 5600 1.77 1.621 73.67 3.88 16.7 5.74 
ER186 5670 1.67 0.725 75.14 3.91 16.96 3.99 
ER196 5960 1.73 2.684 N / A N / A N/A N/A 
ER198 6610 1.68 2.160 75.27 3.91 17.00 3.81 
ER203 4340 1.64 N/A N/A N / A N / A N/A 
ER204 5720 1.67 N/A 76.32 3.99 17.21 2.48 
ER205 6566 1.73 N/A 75.65 3.93 16.88 3.54 

L02 6220 1.64 N/A 76.23 3.89 17.07 2.81 
L04 5390 1.72 N/A N / A N / A N / A N/A 
L05 6720 1.74 N/A N / A N / A N/A N/A 
L08 4970 1.70 N/A N / A N / A N / A N / A 

Table 4-3 Molecular weight, electron-spin resonance and chemical analysis of the 

PPY batches 

The PPY batches show a considerable range of molecular weights. The 

standard deviation of the molecular weight is approximately 13% of the mean value of 

5796. The polydispersity of each batch is quite low, however, the batches having mean 

dispersity of 1.7. This illustrates that although there is a wide range of molecular 

weights between the batches, the range of molecular weights within the batches is 

limited. The chemical analysis of the batches shows limited differences, but there 

seems to be no correlation between the ESR analysis and the R value f rom the chemical 

analysis. A high value of the ESR data does not correspond to a relatively high value 

of R, nor does a low ESR value correspond to a low R value. This of course could be 

due to a number of impurities having paired electron spins. 

Discussion 

The reduction in the size of the average F H W M of the photoluminescence 

spectrum of f i l m samples compared to that of solution samples can be understood in 

terms of excitation migration. In solution, the emission arises f rom a larger distribution 

of conjugation lengths as the emission occurs f rom the chain segment on which the 

excitation was created. In f i l m , migration of the excitation to longer conjugation length 

segments is possible, which would produce a smaller distribution of emission energy. 

Table 4-1 to Table 4-3 illustrate the limited effect that the molecular weight, 

polydispersity and impurity levels have on the spectral properties of the PPY batches. 
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Although it would be expected that these factors would have an effect on the emission 

of PPY, the value of the molecular weight means that an average chain has around 75 

repeat units, far larger than the expected conjugation length. Hence a small impurity 

level and variation in the number of repeat units would not be expected to have a 

visible effect on the bulk optical properties of this material. Although optical 

spectroscopy is a powerful tool, it and the other tests summarised above, have proved 

to be of limited value in differentiating the various batches of PPY, and on the evidence 

presented above, the various batches of PPY should prove to be interchangeable. 
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DERIVATIVES OF POLYPYRIDINE 

P O L Y ( M - P Y R I D I N E ) 

The polymer discussed above, polypyridine, is more correctly known as poly(/?-

pyridine) (PpPY). The linkage through the polymer chain is in the para rather than the 

meta position. Poly(/w-pyridine) (P/wPY) can be synthesised in a similar way to poly(p-

pyridine) (PpPY), but starting with 2,6-dibromopyridine rather than 2,5-

dibromopyridine. The chemical structures of PpPY and P/wPY are shown in Figure 

4-1. 

The change in the chemical structure produces a change in the conjugation of 

the polymer. The meta linkage prevents overlap of the remaining p-orbitals, breaking 

the conjugation and limiting the conjugation length to two repeat units. This would be 

expected to produce blue shifted absorption and emission. 

Absorption and Emission of PmPY 

Figure 4-25 and Figure 4-26 show the absorption and photoluminescence 

respectively of P/»PY solution and film spectra compared to PpPY (batch L05) solution 

and film spectra. 
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Figure 4-25 Absorption of PmPY solution (brown line), PmPY film (yellow line), PpPY 

solution (dotted black line) and PpPY film (dotted red line) 

The absorption of P/wPY solution and film shows a substantial blue shift from 

the comparable para linked polymer. The peak of the absorption of the PmPY solution 
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is at 31 lnm (3 .99eV) and that of film at 224nm (5.54eV). The corresponding peaks for 

the para linked polymer are 367nm (3.38eV) for solution and 388nm (3.20eV) for film. 

The shapes of the absorption spectra also change dramatically. The solution absorption 

has several features between 390nm and 250nm, one of which seems to coincide with 

the peak of the PpPY solution absorption at 370nm, and another which appears to 

coincide with a strong feature of the P/wPY film absorption spectrum at around 310nm. 

The four clearly resolved peaks are at 3.41eV, 4.01eV, 4.38eV and 4.98eV. The 

absorption spectrum of various P/wPY solutions was measured several times by L . E 

Horsburgh, but the shape of the spectrum remained constant. The P/wPY film 

absorption has two well resolved peaks at 304nm (4.08eV) and 225nm (5.5 leV). There 

is also another peak at around 390nm (3.20eV), which appears to correspond with the 

PpPY film absorption maximum. 
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Figure 4-26 Photoluminescence of PmPY solution (brown line), PmPYfilm (yellow 

line), PpPY solution (dotted black line) and PpPY film (dotted red line) 

P/wPY solution exhibits a photoluminescence peak at 404nm (3.07eV) and the 

film has a peak at 463nm (2.68eV). The corresponding values for the para linked 

polymer are 439nm (2.82eV) for solution and 537nm (2.3 leV). There is evidence for 

weak vibronic structure on the P/wPY film spectrum, but none apparent on the solution 

spectrum. The para linked polymer exhibits structure on both the film and solution 

spectra. 
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Discussion 

In Photoluminescence, the 0.39eV shift between f i lm and solution PL probably 

arises through the same mechanism as the shift seen in PpPY, i.e. ring rotations which 

reduce the conjugation length of the polymer are prevented to some degree by the 

ordering of the film. A similar magnitude of shift is observed (0.5leV) in the case of 

The poly(m-pyridine) has an apparent Stokes shift of 0.61eV in solution and 

0.88eV in film. This is comparable to similar values of 0.55eV and 0.89eV for PpPY 

in solution and fi lm respectively. 

A useful tool in investigating the luminescence of poly(m-pyridine) and poly(p-

pyridine) is the synthesis of random copolymers of para and meta linked polypyridine. 

Copolymers were made by mixing known amounts of the starting material 

dibromopyridine. The amount of each of the para and meta linked polymer units was 

governed by adding different amounts of 2,5- and 2,6-dibromopyridine respectively. 

Several different compositions were made, starting the reaction with 3%, 18%, 25%, 

35%, 42% and 50% 2,6-dibromopyridine. If the polymerisation occurred completely at 

random, this would produce para linked chain segments, between meta linked rings, 

with an average para length of 32.3, 4.6, 3.0, 1.86, 1.4 and 1 repeat units respectively. 

The chemical structure of a random copolymer of meta and para linked pyridine is 

shown below. The name of the copolymer is Poly(2,6-pyridine-co-2,5-pyridine) 

(PmPY-co-PpPY). 

Figure 4-27 Chemical structure of a random copolymer of meta and para linked 

polypyridine 

The purpose of this is two-fold. In addition to the colour tuning that can arise 

from these copolymers due to the change in conjugation length, the conjugation length 

PpPY. 

Copolymers of Poly(m-pyridine) and Polyfo-pyridine) 
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\ 

N 
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responsible for emission in normal PpPY can be probed as the meta linkage will disrupt 

the conjugation along the chain and provide insight in this area. 

N N 3 { N N 
N N N 

Figure 4-28 Chemical structure of a section of PmPY-co-PpPY with a para length of 4 

repeat units 

Emission from a copolymer with 4 para repeat units would be expected to be 

different from a copolymer with 2 para repeat units i f the usual conjugation length of 

the emitting chain segment was longer than 2 repeat units. 

The absorption spectra of different compositions of copolymers are shown 

below. The results are contrasted with the absorption spectra of pure para and meta 

linked polypyridine. 
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Figure 4-29 Absorption spectra of copolymer films contrasted with absorption spectra 

ofpure meta and para linked polymer films 
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The absorption spectra show a gradual evolution of P/wPY like behaviour with 

increasing amounts of meta linkage. The spectra of copolymers up to 25% meta 

linkage have a similar shape to the 100% para-linked polymer, but have up to a 25nm 

blue shift. The 50% copolymer has the highest degree of P/wPY-like behaviour, with a 

shift in the low energy peak of the spectrum, and a substantial increase in the amount of 

high energy absorption (wavelengths lower than 300nm), although it does not exhibit 

purely 100% meta behaviour. 
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Figure 4-30 Photoluminescence spectra of copolymer films contrasted with 

photoluminescence spectra ofpure meta (100%meta) and para (100%para) linked 

polypyridine films 

The photoluminescence spectra of the copolymers shows no gradual evolution 

of 100% /weta-linked polymer like behaviour. The photoluminescence spectra of most 

of the copolymers show no significant spectral change. The spectral shape of the 

emission of the 18%, 25% and 35% copolymers is very similar to that of the pure para-

linked polymer, and the maximum of the emission is similar in these cases: 541nm for 

the 18%; 548nm for the 25% and 35% and 537nm for the pure para-linked polymer 

The 3% copolymer has a similar peak position, but there is slightly more emission at 

higher energy. The 42% and 50% meta-linked copolymers, however, show significant 
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meta-like character, although the spectrum is not identical to that of the pure meta-

linked polymer in either case. 

The photoluminescence and absorption spectra of the solutions of the 

copolymers are very similar to one another, but dissimilar to the spectra for P/wPY 

solution, as shown in Figure 4-31 and Figure 4-32 respectively. There is some 

similarity between the copolymer and PpPY solution absorption, however. 
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Figure 4-31 Photoluminescence spectra of PmPY-co-PpPY solutions contrasted to 

those of PmPY and PpPY solutions 
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Figure 4-32 Absorption spectra of PmPY-co-PpPY with varying meta content in 

formic acid solution 

The peak of the photoluminescence of solutions of the meta containing 

copolymers range from 498nm to 506nm (2.45 to 2.49eV), and exhibiting no 

significant shift. The shape of the luminescence is also very similar. The spectra are 

different in shape and position to the spectra of the pure meta and para linked 

polymers, which have peak positions at 404nm (3.07eV) and 439nm (2.82eV). The 

peak of the emission of the copolymers in solution is given in Table 4-4. 

The peak of the film absorption is very similar and appears to be almost 

independent of the meta content of the copolymer. There does appear to be a 

broadening of the absorption spectrum and an increase in the amount of absorption at 

higher energy, however. The peak of the solution absorption for each copolymer is 

given in Table 4-4. The peak of absorption for P/?PY in solution is around 367nm 

(3.38eV) and is similar in shape. P/raPY in solution peaks at 311nm (3.99eV) and, 

although it does have a peak at around 370nm, is essentially dissimilar in shape. 
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Copolymer 
meta content 

Absorption Max Emission Max Copolymer 
meta content nm eV nm eV 

3% 365 3.40 N/A N/A 
18% 367 3.38 506 2.45 
25% 364 3.41 504 2.46 
35% 361 3.43 498 2.49 
42% 357 3.47 498 2.49 
50% 360 3.44 504 2.46 

Table 4-4 Absorption and emission maxima for PmPY-co-PpPY copolymers, with 

various meta content, in formic acid solution 

Discussion of Copolymer Films 

The variation in the peak of the absorption and the average energy of the 

emission (calculated as the energy at which half of the area under the curve lies) with 

percentage meta content is shown below. The range over which the calculation was 

carried out was the same in each case. 
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Figure 4-33 Maximum absorption and average emission energy for polymers with 

varying meta-link composition 

In f i lm samples, the behaviour expected of the copolymers is obtained. The 

absorption spectra of the copolymers (Figure 4-29) show the gradual evolution of meta-

like absorption, to almost pure meta type absorption for the 42% and 50% meta linked 

polymer. There is also considerable meta-type character in the 35% copolymer, but 

considerable para-type character remains. The shape of the absorption spectra can be 
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understood by the action of the meta linkage in breaking the conjugation of the 

polymer. The PmPY absorption is due to absorption by short conjugation length 

segments, probably around 2 repeat units, possibly slightly longer due to the presence 

of para links as possible impurities. The copolymers will have a range of conjugation 

lengths due to the random nature of their formation, and the absorption spectrum will 

be the sum of the absorptions of the various conjugation length segments. 

There is essentially little difference in the spectra of the 3%, 18% and 25% 

copolymer, although there is an increase in the amount of higher energy absorption. 

The copolymers with higher meta content, however, have substantially different 

spectra, and the point at which the spectra change appears to be around the 35% 

copolymer. This idea is reinforced by the change in the peak of the absorption increase 

shown in Figure 4-33. The peak absorption changes by 0.4eV between the 35% and 

42% copolymer. This would suggest an average conjugation length of around 3 to 4 

repeat units in fi lm. This assumes a statistical distribution of the para linked units, 

producing an average para length of between 1.4 and 1.86 units (for the 35% and 42% 

copolymer), with the conjugation length increased by the presence of two meta-linked 

units at both sides of the para-linked section. 

Estimation of the conjugation length from the photoluminescence spectra is 

complicated by the migration of excitations to lower energy chain segments before 

emission. Only the 42% and 50% copolymer (and the 3% which will be discussed 

later) show significant meta-like character. This is not surprising as the excitations 

would be expected to migrate to longer conjugation length segments. The distribution 

of para and meta links in the copolymers is unlikely to be completely random, 

implying that there may be several longer para lengths than statistics may suggest, in 

even the copolymers with the highest meta-link concentration. This means that any 

excitation has a reasonable chance to migrate to a nearby longer conjugation length 

segment to emit, hence little change in the photoluminescence spectrum would be 

expected until the probability of several nearby longer conjugation length segments is 

reduced. This would red-shift the emission, disguising the effect that the addition of 

the meta links to the polymer chain produces. To investigate the effect of reduced 

conjugation length on the emission spectrum, the energy at which half the area under 

the PL spectrum lies was calculated. This is presented as a function of meta content in 

Figure 4-33. The largest change observed is 0.15eV between the 35% and 42% meta 

containing copolymer, i.e. at the same point as that found for the peak of the 
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absorption. This suggests an average conjugation length in pyridine films of between 3 

and 4 repeat units. 

There is, however, another complication in the copolymer film 

photoluminescence. The chemical synthesis of the copolymer seems to have a 

significant effect on the properties of the polymer. Three batches of the 35% meta-

linked copolymer were made and each displays different characteristics. The first batch 

was prepared at a temperature of 65°C whereas the second and third batches were 

prepared at 80°C. There may be a difference in the size of the kinetic barriers to 

polymerisation between the 2,5- and the 2,6-dibromopyridine and the change in 

temperature is an effort to reduce any effect that this may have. The 

photoluminescence spectrum from films of each of the batches are shown in Figure 

4-34. The difference between the spectra of the 2 n d and 3 r d batch thought to arise from 

stray light in the measurement set-up (polymers containing meta-links have PL spectra 

which are more difficult to measure due to the weak PL that they exhibit). 
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Figure 4-34 Photoluminescence spectra of film samples of 3 batches of a 35% 

copolymer of para and meta linked polypyridine 

The temperature increase seems to have a considerable effect as a 3% 

copolymer synthesised at 80°C has optical properties which are inconsistent with the 

behaviour expected. As shown in Figure 4-29 and Figure 4-30, the 3% copolymer has 

an increase in the higher energy emission and absorption that should be only seen from 

the higher meta content copolymers. The action of the higher temperature may be to 

polymerise several para and meta links together, hence producing more para and meta 

character than a truly random copolymer would produce. 
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The use of a higher temperature in the reaction should provide a copolymer with 

different properties than synthesis at a lower temperature, if there is a difference in the 

kinetics of polymerisation of the 2,5- and 2,6-dibromopyridines. Figure 4-34 suggests 

that this is the case as there is considerably increased meta-type luminescence in the 

polymers prepared at a higher temperature. This is particularly evident in Figure 4-29 

and Figure 4-30, where the 3% copolymer has more meta-type character than some of 

the higher meta content copolymers synthesised at a lower temperature. 

The data also shows the haphazard colour tuning produced by the meta-linked 

copolymers. This is illustrated by a CBE(X,Y) colour co-ordinate diagram of the 

copolymers, shown in Figure 4-35. 
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Figure 4-35 CIE(X, Y) colour diagram showing the colour co-ordinates of para and 

meta linked copolymers 

The low percentage copolymers synthesised at 65°C show little colour change 

from the 100% para-linked polymer. Only the 50% mefa-linked polymer shows a 

significant change in colour. The batches made at 80°C (35% (II and III) and 3%) 

show a considerable change in colour, but none approach the blue colour of the 100% 

mera-linked polymer. The 42% copolymer has the largest shift towards the 100% meta 

linked polymer. 
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Discussion of Copolymers in Solution 

The absorption spectra of solutions of copolymers (Figure 4-32) suggest that the 

formation of ring rotations in polypyridine solution limits the conjugation length to 

around 3 repeat units. There is no significant change from the spectrum of 100% para 

linked PPY, even when the meta content is 50% (3 repeat units). It is not until there is 

only meta links (PmPY) that there is a significant change in the absorption spectrum 

(Figure 4-25). Even then, there is significant absorption coincident with the peak of the 

PpPY absorption, and absorption at higher energies suggesting conjugation lengths of 3 

repeat units (an average para length of 1 unit and the conjugation length increased by 

the presence of two meta-linked units at both sides of the para-linked section) and 

smaller. 

The photoluminescence spectra of solutions of the various copolymers (Figure 

4-31) are also very similar, with each batch exhibiting a PL peak at between 2.45 and 

2.49eV. In contrast to the absorption spectra, however, the PL spectra are dissimilar in 

shape and position to both the 100% meta and 100% para linked polymers. There is a 

0.58eV and 0.33eV shift from the peak PL of PmPY and PpPY respectively. This may 

be a consequence of the change in the nature of the polymer chain. The pure para and 

meta linked polymers are rigid rod polymers, but the meta links in the copolymer allow 

the chain to be flexible and allow coiling of the chain. The coiling of PmPY-co-PpPY 

chains in solution is observed in light scattering measurements, performed by Hugh 

Burrows at Uppsala University, Sweden. Coiling of the polymer chain would facilitate 

the migration of excitations to longer conjugation length segments, resulting in a red 

shift of the photoluminescence spectrum. 

POLY(6-HEXYL PYRIDINE) 

A hexyl substituent on the pyridine ring can provide a polymer with improved 

solubility, i.e. a polymer soluble in a wide range of organic solvents. With a view to 

creating a more soluble derivative of PPY, a hexyl group was added to the monomer 

units before polymerisation took place. The hexyl group is in the 6 position on the 

ring, thus giving poly(6-hexyl pyridine) (PhexPY). Its chemical structure is shown 

below. 

138 



HnC6 

Figure 4-36 Chemical structure of poiy(6-hexyi pyridine) 

The absorption and photoluminescence of polyhexylpyridine in f i lm and formic 

acid solution was measured and is shown as Figure 4-37. 
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Figure 4-37 Absorption and luminescence spectra ofPhexPY solution (solid line) and 

film (dotted line) 

The absorption maxima of the solution and f i lm have a similar peak position at 

329nm (3.77eV) and 327nm (3.79eV) respectively. The peak of the luminescence is 

439nm (2.82eV) for solution and 515nm (2.41eV) for f i lm. The absorption of the 

PhexPY is blue shifted by 38nm (0.39eV) from that of PPY solution and by 61nm 

(0.59eV) from that of PPY film. The photoluminescence maximum in solution is 

coincident with that of PPY solution. The film PL of the PhexPY is blue shifted by 

22nm (O.leV). There is a secondary peak on the f i lm PL spectrum which is coincident 

with the peak of the solution PL. 

The range of solvents in which the polymer is soluble is increased. In addition 

to the acid solutions in which PPY is soluble, PhexPY is soluble in polar organic 

solvents such as THF, Acetone, DMF, chlorobenzene, chloroform and sparingly in 

toluene. 
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Discussion 

The addition of the large hexyl group on the ring would be expected to increase 

the amount of ring twists due to the steric effects of the group. This is manifested in 

the absorption spectra which show a 0.39eV and 0.59eV blue shift in solution and f i lm 

compared to unsubstituted PPY. Additional ring twists would be expected to limit the 

conjugation length, leading to a blue shifted absorption and emission. The 

photoluminescence in solution is similar to the unsubstituted PPY suggesting that in 

solution PPY has an already restricted conjugation length through normal rotation of 

the monomers out of plane. The f i lm photoluminescence exhibits a very small blue 

shift compared to PPY film, suggesting that the hexyl group can reduce the close 

ordering evident in PPY films, hence preventing some of the reduction of the ring 

twists, hence limiting the conjugation length. This is further suggested by the 

secondary peak in the luminescence spectrum at the same wavelength as the peak of the 

solution emission. The intensity of the secondary peak appears to be relatively large 

suggesting that a large proportion of the emission arises from shorter conjugation 

length segments which must form a proportion of the distribution of conjugation 

lengths. This higher energy emission occurs even though there should be a reduction in 

the amount of excitations on higher energy segments due to excitation migration to 

longer chains. The relative intensities of the emission suggest that there may be a 

reduction in the excitation mobility and/or there are a considerable number of short 

chain segments suggesting most rings are twisted. The secondary peak in the film 

emission produces a broad spectrum and X,Y,Z colour co-ordinates close to those of 

the point of equal energy (a white light source), as shown in Figure 4-40. The values of 

(0.257, 0.344) are quite close to the (0.333, 0.333) required for a point of equal energy 

and hence the f i lm emission looks relatively white. The solution photoluminescence 

produces X,Y,Z colour co-ordinates suggesting very blue emission (Figure 4-40). 

Copolymers with 6-hexyl pyridine 

A random copolymer of 6-hexyl pyridine and pyridine monomer units was also 

synthesised. 25% of the starting monomer was the hexyl substituted monomer, 75% 

was the standard 2,5-dibromopyridine monomer. This produces poly(6-hexyl pyridine-

co-/?-pyridine) (PhexPY-co-PPY). 
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H13C6 

Figure 4-38 Chemical structure of poly(6-hexyl pyridine-co-p-pyridine) 

The copolymer has different properties to the poly(6-hexyl pyridine), and is 

soluble in a smaller range of solvents, essentially the same range of solvents as 

unsubstituted polypyridine. The absorption and photoluminescence of the copolymer 

solution and f i lm is shown in Figure 4-39. 
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Figure 4-39 Absorption and photoluminescence of PhexPY-co-PPYpolymer solution 

(solid line) and film (dotted line) 

The peak of the absorption is at 363nm (3.42eV) in formic acid solution and 

357nm (3.47eV) for fi lm. The peak of the luminescence is at 519nm (2.39eV) in 

solution and 555nm (2.23eV) for film. The absorption is red-shifted from that of the 

PhexPY by 0.35eV for solution and 0.32eV for film. The photoluminescence is red-

shifted from that of the PhexPY by 0.43eV in solution and 0.18eV in fi lm. The 

absorption is blue-shifted from that of the PPY by 0.04eV (=0) for solution and 0.27eV 

for fi lm. The photoluminescence is red-shifted from that of PPY by 0.43eV in solution 

and 0.08eV (=0) in fi lm. 

The CT£(X,Y) colour diagram contrasting the colour change between the 

photoluminescence of PhexPY, the PhexPY-co-PPY and unsubstituted PPY is shown in 

Figure 4-40. 
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Figure 4-40 CIE(X, Y) colour diagram for solution (s) and film ( f ) photoluminescence 

of PhexPY, PhexPY-co-PPY and unsubstituted PPY 

Discussion 

The red-shifted absorption and emission of the copolymer from PhexPY in film 

and solution is expected as the unsubstituted pyridine rings will separate the hexyl 

substituted rings and limit the steric interaction of the hexyl groups. This would reduce 

the probability of steric induced ring twists found in PhexPY and hence increase the 

number of longer conjugation length segments, leading to a red-shift of the absorption 

and photoluminescence. 

The similar peak position of the absorption and photoluminescence in solution 

and film suggests that the hexyl groups prevent the close packing and high ordering of 

the polymer chains. This prevents the reduction of the ring twists and produces similar 

energy absorption and emission in solution and film. The colour co-ordinates of the 

copolymer solution and fi lm emission, shown in Figure 4-40, are far closer together 

than the corresponding co-ordinates of PPY or PhexPY. 

The blue-shifted absorption relative to PPY would be expected as there are 

additional ring twists introduced by the steric effects of the hexyl groups. The red-

shifted emission in solution may be a result of solvent interaction with the hexyl 

substituent. 
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R E G U L A R C O P O L Y M E R S WITH 4 - H E X Y L PYRIDINE 

Regular copolymers containing a hexyl derivative of pyridine have been 

prepared by Dr Chang-Sheng Wang in the Department of Chemistry, University of 

Durham. Regular copolymers have alternating monomer units rather than the statistical 

distribution of random copolymers. Two types of copolymer have been prepared, using 

4-hexyl-2,5-pyridinediyl as one monomer unit and p-phenylene or 2,5-dimethoxy-l,4-

phenylene as the other monomer unit. The copolymers are poly(4-hexyl-2,5-pyridine-

co-p-phenylene) (CSW-6) and poly(4-hexyl-2,5-pyridine-co-2,5-dimethoxy-l,4-

phenylene) (CSW-25). The chemical structure of these polymers is shown below. 

H13C6 

H 1 3 C 6 MeO 

OMe 

Figure 4-41 Chemical structures of CSW-6 and CSW-25 

The absorption and photoluminescence spectra of CSW-6 solution and film is 

shown in Figure 4-42. The peak of the absorption of CSW-6 solution and the low 

energy peak of the f i lm is at 332nm (3.73eV) and the peak of the emission is at 438nm 

(2.83eV) for solution and film. 

The absorption and photoluminescence spectra of CSW-25 solution and fi lm are 

shown in Figure 4-43. The peak of CSW-25 solution absorption is at 364nm (3.41eV) 

and the peak of the low energy absorption in the f i lm sample is at 348nm (3.56eV). 

The peak of the photoluminescence is at 429nm (2.89eV) in solution and 438nm 

(2.83eV) in fi lm. 

CSW-6 

CSW-25 
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Figure 4-42 Absorption and luminescence spectra ofCSW-6 in formic acid solution 

(solid line) and film (dotted line) 
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Figure 4-43 Absorption and photoluminescence of CSW-25 solution (solid line) and 

film (dotted line) 
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Further information of the effect that the methoxy substituted phenylene ring 

has on the optical properties of the polymer can be obtained from the comparison of the 

PL spectra of CSW-25 with CSW-29, a regular copolymer of 2,5-pyridinediyl and 2,5-

dimethoxy-l,4-phenylene. The chemical structure of CSW-29 is shown in Figure 4-44. 
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Figure 4-44 Chemical structure of CSW-29 

The PL spectra of CSW-25, CSW29 and unsubstituted PpPY are shown below. 
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Figure 4-45 Photoluminescence spectra of CSW-25, CSW-29 and PpPY films 

It can be seen from Figure 4-45, that the PL spectrum of CSW-29 closely 

resembles that of PpPY and not CSW-25. The peak of the luminescence is at 541nm 

(2.29eV), compared to the PL peak of 438nm in CSW-25 f i lm and 537nm (2.3 leV) for 

PPY. The colour co-ordinates of the films of the CSW polymers, compared to those of 

PPY, are shown below. 
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Figure 4-46 Colour co-ordinates ofCSW-6, CSW-25, CSW-29 and PPYfilm 

photoluminescence 

It can be seen from Figure 4-46 that the emission from CSW-6 and CSW-25 is 

in the blue region of the spectrum. The emission of CSW-29, however, is very similar 

in colour (green/yellow) to that of PPY. 

Discussion 

The regular copolymers with PhexPY monomers produce very blue emission, 

with a f i lm emission peak position similar to that of PhexPY in solution. There is little 

difference in the optical spectra of CSW-6 and CSW-25, suggesting that the addition of 

the methoxy side groups to the phenylene monomer has little effect on the electronic 

states of the polymer. The inclusion of the dimethoxy substituted phenylene ring in the 

CSW-29 copolymer appears to produce a photoluminescence spectrum very similar to 

that of PpPY (Figure 4-45). The peak position of poly(p-phenylene) f i lm emission is at 

3.09eV, similar in position to the peak of the emission of CSW-6, CSW-25 and 

PhexPY solution, hence little noticeable modification may be expected. The small 

change in the spectrum of the CSW-29 polymer suggests that the phenylene ring has 

very little effect on the PL of the polymer, which is almost identical to that of PpPY. 

The addition of a hexyl group to the pyridine ring, however, produces a very large 
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effect. This means that the shifts observed for CSW-25 and CSW-6 must be brought 

about by the change in packing of the polymer chains. 
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PPVAND DERIVATIVES 

POLY(P-PHENYLENE V I N Y L E N E ) 

Poly(p-phenylene vinylene) is a commonly used luminescent polymer with well 

characterised properties. The polymer provides robust, high quality films which can be 

used in photoluminescence and electroluminescence experiments. 

The absorption spectrum of a f i lm of the precursor polymer and the fully 

converted poly(phenylene vinylene) (PPV) f i lm is shown below. The f i lm was 

converted on a quartz substrate, in vacuum, at 250°C for 10 hours. 
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Figure 4-47 Absorption spectra of PPV precursor film (solid line) and converted 

precursor film (broken line) 

The converted film has a large absorption peak at around 400nm (3.10eV), 

whereas the precursor has a small absorption peak at 330nm (3.76eV). Both have a 

strong absorption at around 200nm (6.20eV), with two peaks resolved. The lower 

energy peak is reduced in intensity compared to the higher energy after conversion. 

The results are similar to those shown by Herold et al [10], with similar behaviour of 

the absorption spectrum with increasing conversion. In this reference, the evolution of 

the peak at 400nm is better illustrated as the absorption spectrum is shown for several 

different amounts of conversion, not just the two shown above. 

The absorption spectra of PPV converted on indium tin oxide (ITO) and on 

quartz are shown in Figure 4-48. 
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Figure 4-48 Absorption spectra of PPV converted on quartz (solid line) and ITO 

(broken line) 

The absorption spectra of PPV converted on different substrates show little 

difference. Both have absorption peaks at around 400nm (3.10eV), with very little 

difference in the shape of the absorption. Absorption details at wavelengths less than 

320nm are lost due to the absorption of the ITO in this region. 

The absorption and photoluminescence spectra of PPV converted on quartz are 

shown below. 
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Figure 4-49 Absorption and photoluminescence spectra of PPV converted on a quartz 

substrate 

The photoluminescence spectrum has a peak at 551nm (2.25eV). The are two 

strong vibronic shoulders at 518nm (2.39eV) and 590nm (2.10eV). The apparent 
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Stokes shift is 0.85eV. The FWHM of the emission is 0.18eV, though the vibronic 

peaks add to the width below the half-maximum point. The photoluminescence spectra 

of PPV converted on quartz and ITO substrates are shown in Figure 4-50. 
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Figure 4-50 Photoluminescence spectra of PPV converted on quartz (solid line) and 

ITO (dotted line) substrates 

The photoluminescence spectrum of PPV converted on ITO is changed slightly, 

with enhancement of the higher energy vibronic peak and slightly increased intensity 

from the low energy tail of emission. 

The emission of PPV peaks at around 551nm, very close to the peak of the eye 

response at 555nm. The CIE X,Y,Z colour co-ordinates of PPV are (0.392, 0.582) and 

the emission is green/yellow. 

Discussion 

The changes in the photoluminescence spectrum due to conversion on ITO 

substrates could be a consequence of doping of the PPV by some contaminant from the 

ITO. The increased relative intensity of the first vibronic peak is also found, more 

pronounced, in reference [10]. In this reference, emission from PPV converted on ITO 

has a high energy vibronic peak with a higher relative intensity than the peak at 

550nm. PPV converted on an ITO-less region (i.e. a region from which the ITO had 

been removed), however, shows a higher relative intensity from the peak at 550nm, 

compared to the high energy vibronic peak. This means that conversion of PPV on 

ITO has an effect on the polymer film which affects its optical properties. Another 

effect of conversion on ITO coated substrates is to significantly reduce the PLQY of 

150 

Film on Quartz 
Film on ITO 



the polymer [10, 11]. Doping of PPV converted on ITO has been reported [12-15], and 

it has been suggested that the change in spectrum is due to doping of the polymer by 

InCl 3, which reduces the PL efficiency of the polymer and contributes to the eventual 

failure of an electroluminescent device [11, 12, 14]. This doping does reduce the turn-

on voltage however (see for example references [11, 12]). In addition to the InCl3 

doping, oxygen on or in the ITO could play an important role. PPV is known to be 

particularly sensitive to oxygen, and the vinylene group is very vulnerable to oxidation, 

forming carbonyl groups and reducing the PLQY of the polymer [16, 17] and 

producing possible changes in the PL spectrum. 

MEH-PPV 

Poly(2-methoxy, 5-(2'ethyl-hexyloxy)-p-phenylene vinylene), or MEH-PPV, is 

a soluble derivative of PPV. The methoxy side chains improve the solubility of the 

polymer so that it is soluble in common organic solvents and also red-shift the emission 

from that of PPV. The polymer is available in powder form, which is soluble in 

chlorobenzene, chloroform, xylene and other organic solvents. It is also available in 

precursor form, as a precursor polymer requiring thermal treatment to produce the 

MEH-PPV via a chloride leaving group. 

Soluble MEH-PPV 

The results presented below are for solutions of MEH-PPV powder in 

chlorobenzene and films prepared by spin-coating from chlorobenzene solution. The 

absorption and photoluminescence spectra of MEH-PPV in chlorobenzene solution is 

shown in Figure 4-51. The peak of the solution absorption is 504nm (2.46eV) and that 

of f i lm is 489nm (2.54eV). The peak of luminescence in solution is at 569nm (2.18eV) 

and the peak of PL in f i lm is 628nm (1.97eV). 
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Figure 4-51 Absorption and photoluminescence spectra of MEH-PPV solution and 

film 

The shape of the absorption is quite similar in both solution and fi lm, although 

the photoluminescence spectra are different. This can be seen on an energy scale. 
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Figure 4-52 Absorption and photoluminescence spectra of MEH-PPV solution and 

film on an energy scale 
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Discussion 

The high energy vibronic feature on the solution spectrum, the most intense 

vibronic peak, is reduced in intensity in the fi lm spectrum, and the second highest 

vibronic peak is the most intense. This suggests a rearrangement of the molecule in 

film due to the packing of the polymer chains. 

Precursor MEH-PPV 

MEH-PPV films were prepared by spin-coating substrates with MEH-PPV 

precursor in THF solution. The polymer was made by thermal conversion at 160°C for 

10 hours. 
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Figure 4-53 Absorption spectra of MEH-PPV precursor before (solid line) and after 

thermal conversion (broken line) on a quartz substrate 

The absorption spectra of precursor and converted MEH-PPV shows the action 

of the conversion process. The large absorption peak at 490nm appears after thermal 

conversion has taken place and the absorption band at 300nm in the precursor 

disappears. The absorption spectra of the MEH-PPV prepared via the precursor route 

is different to that of the solution route MEH-PPV, as shown in Figure 4-54. 
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Figure 4-54 Absorption spectra of solution (solid line) and precursor route (broken 

line) MEH-PPVfilms 

The photoluminescence spectra of the solution and precursor MEH-PPV are 

also similar, but not identical. 
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Figure 4-55 Photoluminescence spectra of solution route (solid line) and precursor 

route (dotted line) MEH-PPV films 

The photoluminescence spectrum of the precursor route MEH-PPV shows a 

relatively larger intensity for the higher energy vibronic, and hence the two higher 

energy vibronic peaks show almost the same intensity. This is in contrast to the 

solution route MEH-PPV which has a higher relative intensity for the second vibronic 

peak rather than the first (highest energy peak). The change in the relative intensities 

changes the peak of the luminescence from 628nm (1.97eV) to 647nm (1.92eV). 
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There is a considerable difference in the absorption and photoluminescence of 

MEH-PPV precursor converted on different substrates. The PL spectra of the precursor 

MEH-PPV converted under identical conditions on a quartz and an ITO substrate are 

shown below. 
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Figure 4-56 Photoluminescence spectra of MEH-PPV precursor converted on quartz 

(solid line) and ITO (dotted line) substrates 

Figure 4-56 illustrates the large blue-shift and change in shape that is observed 

when MEH-PPV precursor is converted on ITO. The peak position is changed from 

647nm for MEH-PPV precursor converted on quartz to 552nm (2.25eV) and this 

changes the colour substantially. The change in the emission is accompanied by a 

change in the absorption spectrum, shown in Figure 4-57. 
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Figure 4-57 Absorption spectra of MEH-PPV converted on ITO (solid line) and quartz 

(broken line) 
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The peak of the absorption is shifted from 489nm (2.54eV) to 369nm (3.36eV). 

The ITO absorption masks any change at wavelengths shorter than 320nm. The shape 

of the absorption changes substantially when the precursor is converted on ITO, and a 

vibronic peak appears at around 425nm. There is very little absorption around 500nm. 

Discussion 

The change in the relative intensities of the vibronic peaks seen for MEH-PPV 

solution and f i lm in Figure 4-52 could be partially due to self absorption effects, though 

the similarity of the f i lm and solution absorption suggests that there is a difference in 

the molecular arrangement in solution and fi lm. A similar change is also observed 

between films of a precursor MEH-PPV film converted on quartz and a f i lm prepared 

by the solution route (Figure 4-55), which again, cannot be accounted for by self 

absorption due to the very similar absorption spectra (Figure 4-54). A change in the 

ordering of the polymer in the precursor prepared fi lm is not entirely surprising, this is 

one of the major reasons for using a precursor polymer. The heat during the 

conversion process may be expected to yield a f i lm with improved ordering. 

The difference in the absorption spectra of the precursor prepared polymer and 

the solution prepared (Figure 4-54) is understandable. The absorption peak at around 

500nm appears after conversion and is a product of the increased conjugation following 

the elimination of the chloride leaving group on the vinylene section of the polymer 

(Figure 4-53). The smaller relative intensity of the peak at 500nm compared to that at 

around 200nm in the precursor prepared polymer may be due to the reduced 

conjugation obtained via the precursor route. The solution route polymer is almost 

fully conjugated through the vinylene group when prepared, whereas the precursor 

must be converted and 100% conversion (i.e. 100% elimination of the chloride leaving 

group) would not be expected. The introduction of these conjugation defect sites (in 

this case accidentally through the use of a precursor polymer) can produce a polymer 

with a higher PLQY, by localising the excitation and preventing migration to 

quenching sites. 

C O L O U R OF EMISSION OF PPV D E R I V A T I V E S 

The CIE X, Y, Z colour co-ordinates of PPV and PPV derivatives are shown in 

Figure 4-58. 
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Figure 4-58 Colour co-ordinates of PPV and MEH-PPV solution, film (from 

chlorobenzene solution) and MEH-PPV precursor converted on quartz and ITO 

substrates 

The difference in colour between the precursor polymer converted on ITO and 

quartz is considerable, as shown in Figure 4-58. The emission is closer to that of PPV 

than MEH-PPV, suggesting significant changes in the polymer film. The (r,g) co

ordinates of the precursor converted on quartz are (0.847, 0.149), whereas the precursor 

converted on ITO has the red value reduced and the green value increased to (0.529, 

0.464), much closer to that of PPV (0.376, 0.604). Doping and/or chemical reaction of 

the f i lm with a species from the ITO (possibly InCl 3 as for the PPV case [12]) during 

conversion is the most likely reason. 
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Chapter 5 Electroluminescence from Single Polymer Layer 

Structures 
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PPYAND DERIVATIVES 

PPY 

PPY single layer devices were fabricated by spin-coating PPY from formic acid 

solution onto U O coated glass substrates. The device structure was completed by 

evaporation of metal electrodes. 

Energy Levels of a PPY Device 

The positions of the relevant energy levels in a PPY device are shown below. 

The positions assume the formation of a perfect device, with no doping or chemical 

interaction between the layers. 
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Figure 5-1 Energy levels of an ideal PPY light-emitting diode 

In this idealised case, under forward bias, the ITO would present a 1.5eV barrier 

to hole injection into the HOMO of the polymer. Using calcium as the cathode would 

produce an ohmic contact as the energy level of the calcium is higher than that of the 

LUMO of the polymer, thus presenting no barrier to electron injection. Magnesium, 

aluminium and gold electrodes would present a barrier to electron injection with a 

magnitude of 0.3eV, 0.8eV and 1.8eV respectively. The calcium, magnesium and 

aluminium workfunctions were obtained from reference [1], the gold workfunction 
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from reference [2] and the ITO workfunction from reference [3]. The positions of the 

PPY energy levels were obtained from reference [4]. 

PPY Diodes with Aluminium Contacts 

Single layer PPY devices with ITO and aluminium contacts have almost 

symmetric current-voltage (IV) characteristics in forward and reverse bias. 
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Figure 5-2 Current-voltage and electroluminescence intensity-voltage behaviour of a 

single layer PPY device with aluminium contacts 

The current-voltage curve shows a diode-type shape in both forward and reverse 

bias, although there is no rectification. Electroluminescence is observed only in 

forward bias. Work published by other groups also shows stable EL only in forward 

bias [5]. The turn-on voltage for light emission (measured from the intercept of the 

tangent to the curve in the 15V to 25V range) is 13V. The polymer layer thickness is 

52nm, hence the turn on field in this diode is 250MV/m. The approximately symmetric 

nature of the IV characteristics can be more readily observed when the magnitudes of 

the current and voltage are plotted (Figure 5-3). From Figure 5-3 it is possible to see 

that the IV characteristics of the diode are very similar in both forward and reverse 

bias, especially at lower voltages. At higher voltages, there is a higher current in 

reverse bias than in forward bias. 
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Figure 5-3 Magnitude of current and voltage of a PPY diode in forward and reverse 

bias 

The electroluminescence (EL) and photoluminescence (PL) spectra of PPY are 

shown as Figure 5-4. 
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Figure 5-4 Electroluminescence (solid line) and photoluminescence (dashed line) 

spectra of PPY 

There is a change in the peak position and shape of the electroluminescence 

spectrum compared to the photoluminescence spectrum. The peak of the EL is red-

shifted by 0.2eV (50nm) from the PL peak, lying at 2.12eV (584nm) compared to the 

peak of the PL at 2.32eV (534nm). The full width at half maximum (FWHM) of the 

EL, 0.55eV (159nm), is slightly larger than that of the PL, 0.48eV (113.5nm). The 

weak vibronic feature found on the high energy side of the PL is not duplicated in the 
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EL. Although there are differences in the shape of the spectra due to the slightly larger 

FWHM and the loss of vibronic detail on the EL, a similarity in the overall shape of the 

spectra remains. 

The quantum and power efficiencies of single layer PPY diodes can be 

calculated from the EL intensity and current-voltage information. The current density-

intensity plot of a PPY single layer device can be seen in Figure 5-5. 
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Figure 5-5 Current density versus intensity plot for a single layer PPY device. The 

circles are data points and the solid line is a line of linear regression 

The peak efficiency of single layer PPY devices is 3.2x10" %. The peak 

brightness recorded for the device shown is 1.3 cd m"2. The peak power efficiency is 

1.2xl0"3 lm/W (at 20.8V and 0.14mA). 

PPY Diodes with Other Metal Contacts 

To investigate the effect of changing the barrier to charge injection, the metal 

used for the top electrode was varied. Calcium (capped with aluminium), magnesium 

(capped with silver (Mg/Ag) and aluminium (Mg/Al)) and gold were used to vary the 

theoretical barrier to charge injection. The natural logarithm of the current density as a 

function of applied voltage is shown below for these metals. This allows the 

investigation of the characteristics in a Schottky framework. The circles represent data 

points and the solid lines are linear fits to the data. 
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Figure 5-6 Natural log of current density versus voltage curve (circles) and Schottky 

fit (lines) for an ITO/PPY/Al device in forward (filled circles) and reverse (open 

circles) bias 
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Figure 5-7 Natural log of current density versus voltage curve (circles) and Schottky 

fit (lines) for an ITO/PPY/Ca/Al device in forward (filled circles) and reverse (open 

circles) bias 
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Figure 5-8 Natural log of current density versus voltage curve (circles) and Schottky 

fit (lines) for an ITO/PPY/Au device in forward (filled circles) and reverse (open 

circles) bias 
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Figure 5-9 Natural log of current density versus voltage curve (circles) and Schottky 

fit (lines) for ITO/PPY/Mg/Ag device (filled circles) and ITO/PPY/Mg/Al (open circles) 

devices 

The thicknesses of the devices shown are 52nm, 200nm, 200nm, 170nm and 

154nm for the device with aluminium, calcium, gold, magnesium silver and 

magnesium aluminium electrodes respectively. With the thickness information, the 

current-field behaviour can be calculated. The current-field behaviour of the devices 

was calculated (not shown) and the field required to produce a certain current (in 

forward and reverse bias where applicable) was measured. This is shown as Figure 

5-10. 
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Figure 5-10 Field required for various current levels in PPY diodes with different 

metal contacts 

It can be seen from Figure 5-10 that the field required for injection of a given 

current is lowest for calcium contacts and the field increases for aluminium, gold and 

magnesium aluminium, reaching a maximum for magnesium silver contacts. The field 

required in reverse bias (denoted by 'rev' following the metal contact symbol in Figure 

5-10) is similar to the forward bias field for each metal contact. The field required is 

slightly higher at lower currents but is slightly lower for higher currents. Work 

elsewhere, using a PPY layer sandwiched between two insulating layers of the 

emeraldine base form of polyaniline, finds no significant difference in the IV 

characteristics of this device structure when metals with different work functions are 

used [5]. 

The height of the Schottky barrier, fa, and the diode ideality factor, n, can be 

calculated from the Schottky fits in Figure 5-6 to Figure 5-9. PPY is assumed to be a n-

type semiconductor. Recalling that the height of the Schottky barrier is related to the 

barrier to hole injection by the relationship <j)h = Eg -<j>b = Eg + %-0m, where Es and x 

are the band gap and electron affinity of the polymer, and <pm is the workfunction of the 

metal, the barrier to hole injection can be calculated. 

The results for each metal contact are summarised below. The external 

quantum efficiency of the devices in forward and reverse bias is also shown. 
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Metal <t>b 
(±0.01 eV) 

4>h 
(±0.01 eV) 

n Eext (%) 

Al (for) 0.66 2.24 15 3xl0 ' 3 

Al (rev) 0.67 2.23 17 0 
Ca (for) 0.61 2.29 18 5x10° 
Ca (rev) 0.62 2.28 15 6 x l 0 5 

Au (for) 0.71 2.19 111 lxlO" 4 

Au (rev) 0.71 2.19 137 lxlO" 4 

Mg/Ag 0.91 2.00 14 0 
Mg/Al 1.25 1.65 9.8 0 

Table 5-1 Schottky barrier height (fa), barrier to hole injection (</>h), diode ideality 

factor (n) and external quantum efficiency (Eext) for various metal electrodes in PPY 

devices in forward (for) and reverse (rev) bias 

The Schottky barrier height calculated for the devices lies between 0.61eV and 

1.25eV for the calcium and magnesium/aluminium electrodes respectively. The diode 

ideality factor varies from 9.8 to 137 for the magnesium/aluminium and gold (in 

reverse bias) electrodes respectively. The efficiency of the devices is highest using 

aluminium contacts, although there is little or no light output in reverse bias. The 

calcium devices have the lowest efficiency of the working devices, two orders of 

magnitude lower than the efficiency of the device utilising aluminium electrodes. The 

device with gold electrodes has an efficiency approximately one order of magnitude 

less than the device with aluminium electrodes. External quantum efficiencies of 0% 

indicate that no light was measured from the device. 

The IV data of the ITO/PPY/A1 device can be analysed in a Fowler-Nordheim 

(FN) and space charge limited current (SCLC) framework (see for example reference 

[6]). A FN plot of ln(l/F2) versus 1/F (where F is the applied field) should produce a 

straight line with a gradient proportional to ( $ n where (p is the (triangular) barrier 

height (see for example reference [2]). The FN plot is shown as Figure 5-11. 
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Figure 5-11 Fowler-Nordheim plot of an ITO/PPY/Al device. Inset: rescaled view of 

the circled area 

The gradient of the straight line is positive over most of the range of the graph, 

and is only negative in part of the very small range (at high fields) circled and 

expanded (inset) in Figure 5-11. The calculation of a positive barrier requires a 

negative gradient and hence the FN treatment of the ITO/PPY/Al device appears to be 

inappropriate. 

A SCLC fit to the data is shown in Figure 5-12. 
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Figure 5-12 Current density-voltage characteristics of an ITO/PPY/Al device (circles) 

and a SCLC fit to the data (solid line) 

The SCLC theory fit to the data shown in Figure 5-12 provides a method of 

measuring the charge mobility of PPY. The curve f i t parameter, a, is related to the 
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current density by the equation of pure SCLC (Child's law), shown below. For an 

explanation of terms, see Chapter 2. 

Sd3 

Equation 5-1 Child's law 

From the curve fit parameter and assuming a dielectric constant of £>=4 [5, 7], 

the charge mobility of the polymer can be calculated. It is more convenient to plot 

current density versus voltage squared, producing approximately linear plots, the 

gradients of which can be used to determine the charge mobility. 
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Figure 5-13 Current density versus voltage squared data (circles) and linear 

regressions (solid lines) for PPY single layer diodes with various metal contacts in 

forward and reverse bias 
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Figure 5-14 Current density versus voltage squared data (circles) and linear 

regressions (solid lines) for PPY single layer diodes with magnesium/aluminium and 

magnesium/silver contacts 

The values of charge mobility and the coefficient of determination of the data 

(the r~ value) can be calculated from lines of regression to the data in Figure 5-13 and 

Figure 5-14. The values are shown in Table 5-2. 

Metal u, (cm 2 V's" 1) r 2 

Al (for) (4 ± 2) xlO"8 0.97 
Al (rev) (4 ± 2) xlO"8 0.99 
Ca (for) (1 .0±0.2)x l0" 5 0.99 
Ca (rev) ( 1 . 4 ± 0 . 2 ) x l 0 5 0.96 
Au (for) (7 ± 1) xlO"8 0.96 
Au (rev) (1 .6±0 .3)x l0" 7 0.94 
Mg/Ag (1.0 ±0.2) xlO"8 0.75 
Mg/Al (2.6 ±0.5) xlO"8 0.80 

Table 5-2 Charge mobility (fj.) and r2 value of the linear regression line from the 

SCLC treatment of the current density-voltage data of the PPY devices 

The fits to the IV data in the SCLC framework for the devices with calcium, 

aluminium and gold electrodes are reasonable as suggested by the r values, all of 

which are 0.94 and above. The fits for the device with magnesium electrodes have 

much reduced r values suggesting a poorer linear fit. The fits shown in Figure 5-13 

and Figure 5-14 are much improved at higher voltages, where there are far more data 

points and where the SCLC would be expected to commence (at lower voltages in 
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SCLC theory, the current is ohmic, i.e. I°cV rather than the I<xV2 behaviour of SCLC). 

SCLC is considered to be the dominant theory in other work on PPY single layer 

devices [5]. The values of the charge mobility obtained for PPY with magnesium, 

aluminium and gold electrodes are all approximately 10'7 to 10"8 cm 2 V"1 s~'. This is an 

order of magnitude lower than values found for PPY (with a lower PLQY), assuming a 

similar value for er, elsewhere [5], but lie within the range of mobilities found for 

charges in PPV (see for example reference [8]). The mobilities for devices with 

calcium electrodes are approximately three orders of magnitude higher than the values 

calculated for the other metals. Mobility values in forward and reverse bias, calculated 

for each metal, are approximately consistent with one another. 

Discussion 

Aluminium Electrodes 

The symmetric nature of the IV characteristics of the ITO/PPY/A1 diode in 

forward and reverse bias would not be expected from simple analysis of the energy 

levels (Figure 5-1). Theoretically, in forward bias, there is a 0.8eV barrier to electron 

injection (thought to be the majority charge carrier in PPY) from the aluminium to the 

LUMO of the polymer, and a 1.5eV barrier to hole injection from the ITO to the 

HOMO of the polymer. In reverse bias, the theoretical barrier to electron injection 

presented by the ITO is 1.4eV, and the barrier to hole injection from the aluminium is 

2.1eV. This implies that in reverse bias there should be a reduced current flowing at a 

given voltage due to the increased barrier to electron injection. This is not the case 

however, except at very low currents (Figure 5-10) and hence very low fields. At 

higher fields, the reverse bias current is found to be higher than the forward bias 

current. 

A reason for this behaviour could be the formation of an interfacial region 

between the metal and the polymer. The aluminium-polymer interface could be 

affected by the covalent bonding that would be expected in the first few Angstroms of 

the deposited metal. This may have an effect on the charge injection at that electrode, 

preventing efficient charge injection. The higher current (at high fields, in reverse bias) 

suggests that charge tunnelling plays a minor role in the injection process. In reverse 

bias, the charges do not have to tunnel through an interfacial region to get into the 

polymer and hence, once the barrier to tunnelling has been reduced by the applied bias, 

tunnelling can occur more easily, leading to higher current densities. The Fowler-
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Nordheim treatment of the data suggests that tunnelling may play a minor role only at 

very high fields (Figure 5-11), although any effect it may have at low fields may be 

masked by the SCLC or Schottky type behaviour. 

The absence of electroluminescence in reverse bias may be an indication of the 

difficulty in minority charge earner injection (holes). The barrier to hole injection from 

the aluminium to the HOMO of the polymer is 0.6eV larger than the barrier of injection 

from ITO to the HOMO. There may be considerable current flow in reverse bias, but 

difficulty in injecting minority carriers (perhaps also due to an aluminium/polymer 

interfacial region) would prevent the formation and hence radiative decay of singlet 

excitons. 

Other Metal Electrodes 

PPY diodes provide a complex system for Schottky analysis. There is a 

significant probability that Schottky barriers are formed at the ITO/polymer and 

metal/polymer interfaces, making accurate Schottky analysis unlikely. This situation is 

not thought to arise in the case of PPV, for example, where the smaller difference in 

energy levels and doping of the polymer produce an ohmic-type contact at the 

ITO/polymer interface [9-11]. Further complications arise due to the probable 

formation of interfacial states between the electrodes and the polymer. The nature and 

effect of these regions has not yet been characterised. The possibility of doping of the 

polymer by either electrode would also add to the complexity. 

Indications of deviation from an ideal system are the very large diode ideality 

factors and the lack of correlation between the calculated barriers to charge injection 

and the field required for a given current. I f a Schottky barrier was formed only at the 

polymer/ITO interface then a constant barrier to charge injection would be expected (in 

the absence of doping caused by the metal electrode) when the metal workfunction was 

altered. This is not the case, and the calculated barriers to hole injection (Table 5-1) 

show an increase with decreasing workfunction of the metal used for the counter 

electrode. The results also show that the calculated barrier to hole injection increases 

as the field required for a given current (Figure 5-10) decreases. 

The differences produced in the properties of devices with magnesium 

electrodes using various capping layers imply there are processes affecting the device 

performance other than those considered in this simple treatment. For example, one 

consequence of the use of silver as a capping layer is the production of a large degree 
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of inhomogeneity in the thickness of the polymer fi lm, particularly in the region close 

to the metal contact. The field required for a given current and the barrier height data 

for the devices with magnesium electrodes do suggest that the capping layer has a 

considerable effect on the properties of the device. It also suggests that although low 

workfunction magnesium electrodes can be used to obtain a low barrier to charge 

injection, the efficiency of these devices is low, and less reactive metals with higher 

workfunctions can produce devices with higher efficiencies and lower fields required 

for a given current. 

The similarities in performance in forward and reverse bias, with calcium 

electrodes in particular, are surprising. The theoretical barriers to electron and hole 

injection in reverse bias for a calcium device are 1.4eV and 3.3eV respectively. These 

are considerably larger than the barriers found in forward bias (=0eV for electrons and 

1.5eV for holes), yet the IV characteristics are almost symmetric. This implies that 

although the barriers to electron and hole injection are important (as suggested by 

Figure 5-10), a barrier independent current limiting process, for example SCLC, is also 

present. The fit to the IV data in a Schottky framework is reasonable only in a small 

voltage range, as observed elsewhere (see for example reference [12]), and fits in the 

SCLC framework, whilst not perfect, are reasonable across a large voltage range for all 

metal electrodes. 

The calculated values of the charge mobility, similar for most of the metals 

studied, show a dramatic increase when calcium electrodes are used. This could be due 

to doping of the polymer, which would considerably affect the charge mobility. This 

doping would imply that there is a difference in the formation of calcium electrodes on 

PPY and PPV surfaces (see for example reference [13]) at relatively modest deposition 

vacuum pressures. Chemical interaction between the polymer or traces of residual 

acidf and reactive calcium and magnesium are conceivable. This may prevent the 

successful application of these metals as an electrode materials. 

Schottky treatment cannot explain the symmetric nature of the IV curves in 

forward and reverse bias, and SCLC cannot explain the field dependence of the diodes, 

but a combination of the two can conceivably explain the IV properties of single layer 

PPY diodes. 

f Although FTIR studies of solid PPY find no signature of residual formate to suggest 
any remainder of the volatile solvent, FTIR would be unlikely to detect very small 

amounts of residue, which could conceivably interact with reactive metals. 
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Quantum Efficiency 

The electroluminescence quantum efficiency of the LEDs varies with electrode 

material and bias direction, as shown in Table 5-1. The efficient operation of an LED 

requires the balanced injection of electrons and holes. When there is a mismatch in the 

charge injection then there is a reduction in the efficiency of the device. 

The data suggest that the device with aluminium electrodes has the most 

balanced electron and hole injection in forward bias. In reverse bias, even though a 

current flows (comparable in size to that in forward bias), there is no light observed. 

This may be due to the unfavourable injection of the minority charge carrier by the 

aluminium electrode. In the case of devices with gold electrodes, there is a comparable 

efficiency in forward and reverse bias, suggesting that hole injection from gold and 

ITO electrodes is of a similar efficiency. This would be expected from consideration of 

the similar positions of the energy levels of gold and ITO. 

The calcium device efficiency is more perplexing, however. The low efficiency 

in forward bias can be explained by the mismatch of electron and hole injection. The 

electron injection from the calcium electrode would be expected to be much more 

favourable than the hole injection from the ITO, leading to a higher current and, with a 

similar number of injected holes to the aluminium electrode case, a reduced quantum 

efficiency. The reverse bias case is hard to understand. Efficient hole injection from a 

calcium electrode is hard to envisage, as is efficient electron injection from the ITO 

electrode. The efficiency of the calcium device in reverse bias may be a consequence 

of a more balanced electron and hole current, the increased charge mobility, the 

presence of an interfacial region, or the mismatch in energy levels may be alleviated 

somewhat by a change to more SCLC-type behaviour. 

PPY:PMMA BLEND DIODES 

Significant changes in the colour of emission of PPY can be achieved by 

producing blends of PPY and PMMA. The change in the colour of the 

photoluminescence of the blended films as a function of the solid state dilution is 

shown in Chapter 4. I f blending produces a similar effect in electroluminescence then 

the application of blend films as the active layer in LEDs could provide a simple 
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method of producing a wide range of emission colours in a large number of discrete 

colour steps. 

The current-field and electroluminescence-intensity characteristics of an 

ITO/PPY:PMMA/Al device with a PPY:PMMA ratio of 1:50 is shown below. 
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Figure 5-15 Current-field (solid line) and EL intensity-field (circles) characteristics of 

an ITO/PPY.PMMA/Al blend device 

The efficiency of the device can be calculated by considering the EL intensity-

current characteristics and the spectral output of the device. The intensity-current 

behaviour is shown in Figure 5-16 and the EL and PL spectra are shown in Figure 5-17. 
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Figure 5-16 Current-EL intensity characteristics of an ITO/PPY:PMMA/Al blend 

device 
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Figure 5-17 Electroluminescence (solid line) and photoluminescence (dashed line) 

spectra of a 1:50 blend ofPPY and PMMA 

The peak of the electroluminescence spectrum is at approximately 1.9eV 

(667nm), and the peak of the photoluminescence spectrum is at approximately 2.4eV 

(517nm). The EL spectrum exhibits a 0.5eV red-shift compared to the PL spectrum. 

The peak brightness of approximately 50mcd/m2 is very low and the external 

quantum efficiency is correspondingly low, 3xl0" 5%. Schottky analysis of the current 

density-voltage data finds a barrier height of (0.62 ± 0.01) eV and a diode ideality 

factor of 9.8. SCLC analysis finds a charge mobility of (6.0 ± 0.8) xlO" 3 cm 2 V ' Y 1 . 

Discussion 

The quantum efficiency and brightness achieved by the blend LED are very 

low, and the EL spectrum is sufficiently different to the PL to suggest a change of 

emitting species. The EL spectrum is red-shifted by approximately 0.5eV from the PL 

spectrum. This is a larger red-shift than the 0.2eV observed between the EL and PL 

spectra of PPY (Figure 5-4). The difference in the shape of the blend spectra is more 

pronounced than the small change in spectral shape observed for pure PPY. Perhaps 

the most surprising result is the reduction in the field required for a given current in the 

device. The barrier to hole injection (calculated by Schottky analysis) in the blend 

device is 0.04eV higher than the barrier for a PPY device with aluminium electrodes. 

To achieve a current of 1mA, the blend device requires a field of approximately 

3.5xl0 6 V/m, whereas a PPY device with similar aluminium contacts requires a field of 

approximately 5x l0 8 V/m. This is surprising as the chains of the higher conductivity 
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PPY are separated with essentially insulating PMMA. This would suggest that an 

increase in field and a decrease in mobility should arise, yet the opposite is observed. 

In addition, the PL spectrum of the blend film suggests a reduction in the conjugation 

length of the PPY chains, caused by additional ring twists, which would be expected to 

produce a further reduction in charge mobility. The value of the charge mobility is 

therefore far higher than would expected and hence the calculated value should be 

treated with some caution. The actual value of the charge mobility could be 

investigated more accurately using other methods, for example, by a time of flight 

measurement [14]. 

In summary, polymer light-emitting diodes utilising PPY:PMMA blends as the 

active layer exhibit low light levels, broad spectral output and short operating lifetimes. 

It is possible to achieve electroluminescence with solid state dilutions of PPY, but the 

spectral output is not similar to the photoluminescence of the blend and the efficiencies 

are very low. 

DIODES WITH COPOLYMERS OF H E X Y L - S U B S T I T U T E D PPY 

Electroluminescence from single layer diodes with PhexPY-co-PPY has been 

observed. The IV-characteristics of an ITO/PhexPY-co-PPY/Al device are shown in 

Figure 5-18. 
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Figure 5-18 Current-voltage and intensity-voltage behaviour of an ITO/PhexPY-co-

PPY/Al device 

It can be seen from Figure 5-18 that the IV and intensity-voltage behaviour of 

an ITO/PhexPY-co-PPY/Al device are similar in shape in forward and reverse bias. 
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There are so called "current anomalies" in forward and reverse bias at around ±5V. 

These anomalies are observed as an increase in current with increasing voltage, 

followed by a decreasing current with increasing voltage (and hence a negative 

differential resistance). Beyond this point, the diode-type shape of the IV curve is 

restored. Similar anomalies have been observed in other systems [3, 15, 16], but there 

have been very few rigorous investigations and few publications. It has been suggested 

that the anomalies arise due to short-circuits at local weak spots [3], but these tend to be 

temporary, whereas the anomalies observed in this study are reproducible over several 

device runs. The EL intensity follows the increasing current in these regions and 

emission is observed in the current anomaly region both in forward and reverse bias. 

The EL intensity at voltages higher than the current anomaly, is higher for a smaller 

current and hence the EL is more efficient in these regions. 

The external quantum efficiency (calculated using a PL spectrum of the 

copolymer) for the device is approximately 5xl0" 5 % in forward and reverse bias. The 

Schottky barrier, calculated using data in the region of the current anomaly, is (0.78 ± 

0.01) eV and (0.57 ± 0.01) eV in forward and reverse bias respectively. The diode 

ideality factors are very high, 18 and 30 respectively, suggesting Schottky treatment 
5 2 

should be treated with caution. The charge mobility varies from (1.0 ± 0.3) xlO" cm 

V"1 s"1 in forward bias, around the current anomaly to (8 ± 2) xlO" cm V"1 s"1 before 

the anomaly in reverse bias, and after the current anomaly (in both forward and reverse 

bias). 

Discussion 

The hexyl copolymer diode has barrier heights and charge mobilities similar in 

magnitude to the unsubstituted PPY diode with aluminium electrodes. The efficiency 

of the device is very low, preventing the collection of an EL spectrum. The use of the 

PL spectrum may not be valid, but should not affect the efficiency calculation to a 

significant degree. 

Current anomalies are found in devices with a range of active layers, 

predominantly in devices which are tested in vacuum (see for example references [3, 

15, 16]) and an all encompassing theory of the origin of the anomalies has yet to be 

published. 
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DIODES W I T H C O P O L Y M E R S O F M E T A - L I N K E D PPY 

Single polymer layer diodes using P/wPY-co-PpPY as the active layer were 

fabricated with three different P/wPY to PpPY ratios. Active layers with a P/wPY 

content of 18%, 35% and 50% were used to investigate the effect that reduced 

conjugation length would have on the charge transport and E L properties of a device. 

The current-field characteristics of the three devices are shown below. 
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Figure 5-19 Current-field characteristics of an ITO/PmPY-co-PpPY/Al device with an 

active layer with 18%, 35% and 50% meta content 

The current-field characteristics show that as the amount of meta-links in the 

polymer increases, the field required for a given current is reduced. Current anomalies 

appear strongly only in the 50% /neto-linked copolymer characteristics, although they 

appear weakly in the 35% meta-linked copolymer. No E L from any device was 

detected. The charge mobility of the polymers can be calculated from the gradients of 

current density-voltage squared plots, shown in Figure 5-20. 
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Figure 5-20 Current density-voltage squared curves of ITO/PmPY-co-PpPY/Al devices 

with 18%, 35% and 50% meta copolymer composition (circles). The lines are linear 

regression lines to the data 

The Schottky barrier heights and diode ideality factors were found for the 

copolymer diodes from the gradients and intercepts of Figure 5-21 to Figure 5-23. 
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Figure 5-21 Natural log of current density versus voltage curve (circles) and Schottky 

fit (lines) for an 18% PmPY ITO/PmPY-co-PpPY/Al device in forward (filled circles) 

and reverse (open circles) bias 
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Figure 5-22 Natural log of current density versus voltage curve (circles) and Schottky 

fit (lines) for a 35% PmPY ITO/PmPY-co-PpPY/Al device in forward (filled circles) 

and reverse (open circles) bias 
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Figure 5-23 Natural log of current density versus voltage curve (circles) and Schottky 

fit (lines) for a 50% PmPY ITO/PmPY-co-PpPY/Al device in forward (filled circles) 

and reverse (open circles) bias 

A summary of the charge mobilities, Schottky barrier heights and diode ideality 

factors, calculated for the copolymer diodes, can be found in Table 5-3. The values of 

barrier height and charge mobility calculated for the 50% copolymer are calculated 

from data around and after the current anomaly respectively. 
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%meta 0b 
(±0.01 eV) 

n \i (cm 2 V ' Y 1 ) r1 

18 (for) 0.68 49 (2.6 ± 0.9) xlO"8 0.96 
18 (rev) 0.68 51 (7 ± 2) xlO' 8 0.93 
35 (for) 0.69 26 ( 8 ± 2 ) x l 0 " 8 0.70 
35 (rev) 0.67 48 ( 6 ± 2 ) x l 0 " 8 0.93 
50 (for) 0.55 25 (3 ± 1) xlO"7 0.98 
50 (rev) 0.56 33 (3.2 ±0.9) xlO"7 0.92 

Table 5-3 Calculated barrier height ((fa), diode ideality factor (n), charge mobility (ju) 

and r~ coefficient for the linear regression in for ITO/PmPY-co-PpPY/Al devices with 

18%, 35% and 50% meta copolymer composition 

Discussion 

The charge mobility values for the 18% and 35% meta-linked copolymers, 

shown in Table 5-3, are very similar to the values calculated for the pure para-linked 

polymer shown in Table 5-2. The inclusion of meta-Ymks does not appear to have a 

significant effect until the meta-lmked content is 50%. The charge mobility then 

increases to approximately 3xl0" 7 cm 2 V ' Y 1 for the 50% mera-linked copolymer, an 

increase from approximately 6xl0" 8 cm 2 V ' Y 1 for the other copolymers. It would be 

expected that a reduction in the conjugation length would lead to a reduction in charge 

mobility, but this increase may be linked to the current anomaly observed in the IV-

characteristics of the 50% meta-linked copolymer, or in a change in the conformation 

of the chain brought about by the meta-linked sections. 

The origin of the current anomalies may be linked to the decrease in 

conjugation length of the polymer used in the device. An increase in the size of the 

current anomaly is observed with increasing meta links and hence a decreasing 

conjugation length. Optical measurements of meta-Ymktd copolymer films begin to 

show significant changes when the meta content reaches 35%. A small current 

anomaly is observed in the IV characteristics of the 35% copolymer device, although 

the anomalies observed in the 50% copolymer device are larger. Large current 

anomalies are observed in devices using PhexPY-co-PPY. A conjugation length 

smaller than that of PPY would be expected in this copolymer and hence the 

appearance of current anomalies in PhexPY-co-PPY devices may be expected. The 
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reason for the increased anomalous behaviour with decreased conjugation length is 

unclear, although it may be a consequence of an increased number of charge traps in 

the polymer layer. 

The Schottky barrier heights calculated for the 18% and 35% meta-linked 

copolymers are consistent with the 0.66eV calculated for the pure para-linked polymer 

diode with aluminium contacts. The 50% copolymer has a slightly smaller Schottky 

barrier height and hence a larger barrier to hole injection, consistent with the widening 

of the band gap. The differences are small, and the very large diode ideality factors 

imply that in-depth analysis of these differences would not be particularly useful. 

The lack of measurable EL from the copolymer diodes could be due to a 

mismatch of injected charge carriers, and/or the reduced PLQY qualitatively observed 

for the increasingly meta-linked copolymers could play a vital role. 

DIODES WITH R E G U L A R C O P O L Y M E R S 

Diodes using poly(4-hexyl-2,5-pyridine-co-/?-phenylene) (CSW-6) and poly(4-

hexyl-2,5-pyridine-co-2,5-dimethoxy-l,4-phenylene) (CSW-25) as the active layer 

have also been fabricated and tested. Aluminium electrodes were used to complete the 

ITO/CSW/A1 structures. The IV and intensity-voltage characteristics of a device with 

CSW-6 as the active layer are shown below. 
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Figure 5-24 IV and intensity-voltage characteristics of an ITO/CSW-6/AI device 

No EL was observed from, and no significant current was able to pass through 

the device based on CSW-25, possibly due to its large thickness (430nm). The EL 
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spectrum of the CSW-6 device is compared to the photoluminescence spectrum in 

Figure 5-25. 
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Figure 5-25 Electroluminescence (solid line) and photoluminescence (broken line) of 

CSW-6 

The peak of the EL spectrum is at 2.13eV (582nm), a 0.64eV (134nm) red-shift 

from the peak of the PL spectrum. The EL spectrum is broader than the PL spectrum, 

with a FWHM of 1.35eV (400nm) compared to the width of the PL spectrum of 0.98eV 

(104nm). 

The efficiency of the device is 1.6xl0~5 % in forward bias and 6xl0" 6 % in 

reverse bias. Schottky fits to the data in forward and reverse bias yield Schottky barrier 

heights of (0.68 ± 0.01) eV and (0.58 ± 0.01) eV and diode ideality factors of 23 and 24 

respectively. These high values again indicate the deviation of PPY related polymer 

devices from theoretically expected Schottky-type behaviour. SCLC analysis yields 

charge mobilities of (1.1 ± 0.2) xlO"5 cm 2 V's" 1 and (1.0 ± 0.2) xlO" 4 cm 2 V ' V 1 for 

forward and reverse bias. 

Discussion 

The EL and PL spectrum of CSW-6 are different in shape and peak position. 

The EL is significantly red-shifted and broader than the PL suggesting a change in 

emitting species or possibly a field effect. Barrier heights and diode ideality factors are 

similar in size to those found for the copolymers and PPY devices. Charge mobilities 

in these polymers are significantly higher than the mobilities found for the other 

copolymers and for PPY with calcium electrodes. The EL quantum efficiency of the 
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device is very low, and approximately the same as the efficiency of the other 

copolymer in this study. This suggests that there is considerable imbalance of charge 

injection and transport, perhaps due to a considerable difference in the mobility of 

positive and negative charge carriers. 

SUMMARY AND CONCLUSIONS 

The colour co-ordinates of the PPY and derivatives electroluminescence spectra 

are compared to the PL spectra in Figure 5-26. 
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Figure 5-26 Colour co-ordinates of the EL and PL of PPY and derivatives 

The electroluminescence from PPY and its derivatives tends to be inefficient in 

a single layer configuration with aluminium electrodes. The peak efficiency of these 

devices is around 3xl0" 3%, approximately the same as a single layer PPV diode with 

aluminium contacts. The efficiency of PPV devices can be improved through the use 

of low workfunction metals (see for example references [17, 18]). The use of low 

workfunction metals with PPY appears to have little effect on the barriers to charge 

injection, and clearly has a detrimental effect on the efficiency of the devices (see Table 

5-1). This could be due to interfacial states or some interaction with the polymer (for 

example the charge mobility results, in Table 5-2, for PPY/Ca devices suggest doping 

of the polymer). 
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Devices using PPY and PPY related materials as the active layer are 

unconventional in several ways. Firstly, the reverse bias IV characteristics of the 

devices tend to be symmetric and exhibit symmetric barriers to charge injection. This 

is not what is expected from the treatment of the theoretical energy levels of the 

polymer and electrode materials used. This does allow some novel device structures to 

be fabricated, however [19-22]. Light is observed, in some systems, in both forward 

and reverse bias allowing the use of PPY in device structures which facilitate AC 

operation [5]. This symmetry leads to the lack of a single model which can adequately 

describe the behaviour of PPY LEDs. The data shown above demonstrate that 

Schottky and SCLC in conjunction can be used to explain some of the behaviour, but 

the values obtained for the diode ideality factor, for example, indicate that this 

approach is far from perfect, although it does allow some comparison of PPY and its 

derivatives. 

Secondly, the EL spectrum differs from the PL spectrum quite significantly. A 

difference in EL and PL spectra has been observed in diodes with a wide range of 

materials, including PPY elsewhere, (see for example references [23-26]) and also in 

light-emitting electrochemical cells, particularly after ageing [27]. This difference 

suggests that the widely held view (see for example reference [28]) that a common 

species is responsible for both EL and PL may be incorrect or there could be some 

electrochemical interaction under the effect of an applied field. This is an inconvenient 

feature of PPY and particularly its derivatives. Polymers, such as CSW-6, which 

exhibit PL in the violet/blue region of the spectrum may have EL which is almost 

white. Obviously, for design and development purposes, this is far from ideal. 

Finally, PPY exhibits strong resistance to photo-oxidation [29] and electro

chemical oxidation [30], unlike PPV [29, 31]. It does, however, display a puzzling 

PLQY decrease under illumination in both nitrogen and vacuum [29] which may be due 

to an excited state interaction with oxygen. 

In summary, although PPY and its derivatives exhibit a range of colours from 

blue to green/yellow and (approximately) white in PL, a change of emission species, 

possible electrochemistry or field effects limit the range of colours of the EL. Single 

layer diodes using these polymers exhibit relatively low efficiencies and operating 

stability. The strengths of these materials lie in the utilisation of their novel charge 

transport properties, their lack of sensitivity to energy level mismatch and their 

resistance to oxidation. Hence the true application of PPY and derivatives should be 

found in their application in novel multilayer device structures. 
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PPV 

Single layer devices using poly(p-phenylene vinylene) as the active layer were 

prepared and characterised. PPV films were prepared by thermal conversion of the 

precursor polymer on ITO coated glass substrates. The device structure was completed 

by evaporation of metal electrodes. The energy levels of an ideal PPV device with 

various metal contacts is shown in Figure 5-27. 
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Figure 5-27 Energy levels of an ideal PPV light-emitting diode 

Metal workfunctions are from the references listed for Figure 5-1. PPV energy 

levels were obtained from reference [32]. In forward bias, ITO presents a barrier of 

approximately 0.2eV to hole injection into the HOMO of the polymer. Calcium, 

magnesium and aluminium present a barrier to electron injection of 0.5eV, 1.2eV and 

1.7eV respectively. 

PPV single layer diodes show a small reverse bias current and a large forward 

bias current, and hence are significantly different to devices using PPY as the active 

layer. 
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Figure 5-28 Current-voltage (line) and intensity-voltage (circles) characteristics of an 

ITO/PPV/Al device 

For ITO/PPV/Al devices, a large current flows in forward bias, leading to 

electroluminescence only in the forward bias direction. A small leakage current is 

observed in reverse bias, but no light is observed. The electroluminescence spectrum 

of a typical diode is compared to the photoluminescence spectrum of PPV converted on 

an ITO substrate in Figure 5-29. 
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Figure 5-29 Electroluminescence (solid line) and photoluminescence (dashed line) 

spectra of PPV 

The similarity in the shape and peak position of the electroluminescence and 

photoluminescence spectra of PPV is shown in Figure 5-29. The EL spectrum has a 
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peak at 556nm (2.23eV), and the PL spectrum has a peak at 552nm (2.25eV). The 

spectra are very similar to those published elsewhere [1, 33]. 

C A L C I U M AND ALUMINIUM E L E C T R O D E S FOR PPV DIODES 

Magnesium, aluminium and calcium were used to vary the barrier heights to 

electron injection in PPV diodes. The current-field characteristics of diodes with an 

ITO/PPV/metal structure are shown in Figure 5-30. 
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Figure 5-30 Current-field characteristics of ITO/PPV/metal diodes, with magnesium 

(solid line), aluminium (broken line) and calcium (dotted line) electrodes 

The field required for significant current flow is highest for diodes with 

aluminium electrodes, and lowest in diodes with calcium electrodes. Diodes with 

magnesium contacts require similar fields for a given current to calcium devices. 

Changing the metal used for the electrode also has an effect on the quantum efficiency 

of the diode. The current-intensity behaviour of devices with aluminium, magnesium 

and calcium contacts is shown in Figure 5-31. 
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Figure 5-31 Current-intensity characteristics of single layer PPV diodes with various 

metal contacts 

The current-intensity curves suggest that devices with calcium electrodes are 

more efficient than diodes with magnesium or aluminium electrodes. This is confirmed 

by the calculation of external quantum efficiencies of the devices. There is often a 

range of quantum efficiency values for devices with the same structure and often very 

small differences in fabrication. The external quantum efficiency values given in Table 

5-4 are for the devices shown above, and also a range of values is given for other 

devices of the same structure. 

Structure E e x t (shown) E e ; a (min) E e x t (max) 
ITO/PPV/Ca 9xl0" 3 4 x l 0 4 4xl0" 2 

ITO/PPV/Mg 7xl0" 5 5xl0" 5 lxlO" 4 

rro/ppv/Ai 2xl0" 4 lxlO" 4 5xl0" 3 

Table 5-4 External quantum efficiencies for single layer PPV diodes with various 

metal electrodes 

Karg et al [11] find external quantum efficiencies of 0.005% to 0.05% for PPV 

diodes using calcium electrodes and 0.0001% to 0.02% using aluminium electrodes, 

similar values to those listed in Table 5-4. Holmes et al [1] quote internal quantum 

efficiencies, but assuming a polymer refractive index of approximately 2.5, the external 

quantum efficiencies can be calculated as 0.01%, 0.005% and 0.0002% for single layer 

PPV diodes with calcium, magnesium and aluminium electrodes respectively. 
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Schottky fits to the data can be obtained from the natural log of current density 

versus voltage plots in small ranges of the J-V characteristics. These fits are shown 

below. 
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Figure 5-32 Natural log of current density versus voltage plots (symbols) and lines of 

regression to the data for single layer PPV diodes with various metal electrodes 

Analysis of the slope and intercept of the regression lines allows the calculation 

of the diode ideality factor and the Schottky barrier height. These values are 

summarised in Table 5-5. 
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Figure 5-33 Current density-voltage squared curves for single layer PPV diodes with 

various metal electrodes 
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Metal 
(±0.01 eV) 

N H (cm2 vY1) r 2 

Mg 1.07 7.8 (8 ± 1) xlO" 6 0.80 
Ca 1.05 7.6 ( 1 . 7 ± 0 . 3 ) x l 0 ' 5 0.77 
Al 0,87 8.3 (2.0 ±0.9) xlO"8 0.70 

Table 5-5 Calculated barrier height (fo), diode ideality factor (n), charge mobility (ju) 

and r2 coefficient for the linear regression in the SCLC framework for ITO/PPV/metal 

devices with magnesium, calcium and aluminium electrodes 

Assuming PPV is a p-type semiconductor and using the relationship between 

the height of the Schottky barrier and the barrier to electron injection 

(<pe = E -<pb = $m -%), the barrier to electron injection can be calculated. The 

barriers to electron injection are 1.45eV, 1.43eV and 1.63eV for calcium, magnesium 

and aluminium electrodes respectively. The theoretical barriers to electron injection 

are 0.5eV, 1.2eV and 1.7eV respectively. 

Karg et al [11] find Schottky barrier heights of 1.4eV and 1.6eV for PPV diodes 

with aluminium and calcium electrodes respectively. They ascribe the small difference 

in barrier heights, and hence the small difference in barriers to electron injection, to the 

role that interfaces play in charge injection in polymer LEDs. They note that there 

should be a 1.5eV difference in the Schottky barrier heights between calcium and 

aluminium, based on the theoretical positions of the energy levels, but only a 0.2eV 

difference is observed. The 0.2eV difference between aluminium and calcium 

electrodes is observed in this study. Karg et al, in their more systematic study, find 

diode ideality factors of 2.0 and 2.2 for calcium and aluminium electrodes, far better 

than the values obtained in this study. 

Marks et al [34] find charge mobilities of around 10*9 to 10"10 cm 2 V"1 s'1 for 

PPV, approximately 4 orders of magnitude smaller than those listed in Table 5-5. They 

do, however, acknowledge that their values are low and suggest this may be due to the 

presence of local shorts. They calculate a charge mobility an order of magnitude 

smaller for PPV diodes with aluminium electrodes compared to those with calcium and 
5 6 2 

magnesium electrodes. Karg et al find charge mobilities in the range 10" to 10" cm 

V"1 s"1 for PPV diodes with both calcium and aluminium electrodes. 

The current-voltage data can be analysed in the Fowler-Nordheim framework, 

and a Fowler-Nordheim plot for ITO/PPV/Metal diodes is shown as Figure 5-34. 
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Figure 5-34 Fowler-Nordheim plot for ITO/PPV/Metal diodes with magnesium, 

calcium and aluminium electrodes 

The barrier heights calculated for the data above, assuming triangular barriers, 

are shown in Table 5-6. 

Metal <t>b (eV) 
Mg 0.05 ± 0.02 
Ca 0.07 ± 0.02 
Al 0.14 ±0.07 

Table 5-6 Barrier heights of ITO/PPV/Metal diodes calculated from Fowler-Nordheim 

treatment of the data 

Marks et al [34] find barriers of 0.17eV, 0.24eV and 0.18eV from Fowler-

Nordheim analysis of PPV diodes with magnesium, calcium and aluminium electrodes. 

The values listed in Table 5-6, are therefore lower than the values published elsewhere. 

SUMMARY AND DISCUSSION 

The colour co-ordinates of PPV PL and EL are shown in Figure 5-43, and 

illustrate the similarity between the processes. 

External quantum efficiencies calculated for single layer PPV diodes in this 

study are similar to values published in the literature. The quantum efficiency for a 

single layer device with magnesium contacts is lower than the value published in 

reference [1], and this could be a consequence of evaporation of the magnesium 

contacts used in this study. 
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Schottky and Fowler-Nordheim barriers calculated in this study are slightly 

lower than those found elsewhere [11, 34], and this could be a consequence of 

differences in fabrication procedures and conversion conditions. 

In summary, diodes with PPV as the active layer tend to exhibit more diode-like 

behaviour than PPY based diodes. Their characteristics can be investigated in a SCLC, 

Schottky and Fowler-Nordheim framework, and each theory provides a reasonable fit 

to the data over a limited range. None of the three frameworks provides a perfect fit 

over all the data, and the calculated barrier heights do not correspond to what is 

expected theoretically, although the Schottky fit provides reasonable agreement with 

the barriers to electron injection for aluminium and magnesium electrodes. The data do 

suggest that interface formation plays a large role in polymer diode performance, as 

suggested elsewhere (see for example reference [35]). 
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MEH-PPV 

Single layer diodes with MEH-PPV as the active layer were fabricated and 

characterised. MEH-PPV was spin-coated from solution onto ITO coated substrates 

and aluminium electrodes were evaporated to complete the device structure. The 

energy levels of the device are shown in Figure 5-35. 
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Figure 5-35 Energy levels of an ideal MEH-PPV light-emitting diode 

In forward bias, the theoretical barrier to hole injection from ITO is O.leV and 

the barrier to electron injection from the aluminium is 1.4eV. The positions of the 

MEH-PPV energy levels were obtained from reference [2]. 

The IV and intensity-voltage characteristics of an ITO/MEH-PPV/A1 diode are 

shown in Figure 5-36. 
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Figure 5-36 Current-voltage and intensity-voltage characteristics of an ITO/MEH-

PPV/Al device 

The EL quantum efficiency can be calculated from the current-intensity 

characteristics and the EL spectrum. The current-intensity characteristics can be seen 

in Figure 5-37 and the EL spectrum is compared to the PL spectrum in Figure 5-38. 
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Figure 5-37 Current-EL intensity characteristics of an ITO/MEH-PPV/Al device 
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Figure 5-38 Electroluminescence (EL) and photoluminescence (PL) spectra ofMEH-

PPV 

The peak of the EL is at 582nm (2.13eV) and the peak of the PL is at 628nm 

(1.97eV). The spectra are similar in shape, though not identical. The source of the 

shift in the peak of the luminescence appears to be the change in the relevant intensities 

of the vibronic features of the spectrum. The EL spectrum is similar in shape another 

published elsewhere [36]. The external quantum efficiency of the device shown is 

1.3xl0"3 %, although typical devices with aluminium contacts have efficiencies ranging 

from 0.001% for devices made with the batch of MEH-PPV shown to 0.009% for 

devices made with a different batch of MEH-PPV. These values are significantly 

higher than the 0.0001% reported elsewhere [2, 36]. 

The IV characteristics of MEH-PPV devices can be studied in a Schottky, 

SCLC and Fowler-Nordheim framework. The natural log of current density versus 

voltage plot, used for Schottky analysis, is shown in Figure 5-39. 
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Figure 5-39 Natural log of current density versus voltage plots (circles) and lines of 

regression to the data for an ITO/MEH-PPV/Al diode 

Analysis of the slope and gradient of the regression produces a value of the 

Schottky barrier of (0.88 ± 0.01) eV and a diode ideality factor of 7.9. The barrier to 

electron injection calculated from the Schottky barrier height is 1.2eV, close to the 

theoretically expected value of 1.4eV. Campbell et al [37] find a Schottky barrier 

height of l . l eV for ITO/MEH-PPV/Al diodes, slightly larger than the value in this 

study. A current density versus voltage squared plot, for SCLC analysis, is shown in 

Figure 5-40. 
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Figure 5-40 Current density-voltage squared characteristics (circles) and linear 

regression (line) for an ITO/MEH-PPV/Al diode 
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Analysis of the gradient of the linear regression to the data in Figure 5-40 yields 

a charge mobility of (1.7 ± 0.4) xlO"5 cm 2 V"1 s"1 and an r 2 value of 0.98 over a limited 

range. Campbell et al [37] find a highly field dependent charge mobility which would 

have a value of approximately 2 .6xl0 5 cm 2 V"1 s"1 at comparable field to that 

considered above. 

A Fowler-Nordheim plot of the IV characteristics is shown in Figure 5-41. 
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Figure 5-41 Fowler-Nordheim plot for an ITO/MEH-PPV/Al diode 

Fowler-Nordheim analysis, assuming the formation of a triangular barrier, 

yields a barrier height of (0.07 ± 0.03) eV. Parker [2] finds a barrier height of 0.22eV 

from similar analysis of ITO/MEH-PPV/Al diodes. 

MEH-PPV PRECURSOR 

The EL spectrum of devices using precursor processed MEH-PPV as the active 

layer is different to the EL of devices using solution processed MEH-PPV, as shown in 

Figure 5-42. 
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Figure 5-42 Photoluminescence (PL) and electroluminescence (EL) spectra of MEH-

PPV precursor and EL from solution processed MEH-PPV (Solution EL) 

The EL spectrum of MEH-PPV precursor converted on ITO is similar its PL 

spectrum, as would be expected. Both spectra are dissimilar to the EL (and PL) spectra 

of MEH-PPV films prepared via the solution route. This is consistent with absorption 

and photoluminescence measurements, which suggest a substantial interaction between 

the MEH-PPV precursor and ITO, when the precursor is thermally converted on ITO. 
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SUMMARY AND DISCUSSION 
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Figure 5-43 Colour co-ordinate diagram of electroluminescence (EL) and 

photoluminescence (PL) for PPV, solution processed MEH-PPV and MEH-PPV 

prepared via the precursor route (MEH-PPV Pre) 

The x,y co-ordinates of (0.62, 0.38), calculated for MEH-PPV PL, agree with 

those calculated by Karg et al [38]. The colour of the EL of the MEH-PPV device 

prepared via the precursor route more closely resembles the EL of PPV than the EL of 

solution processed MEH-PPV. 

The barriers calculated for MEH-PPV devices are smaller than those reported 

elsewhere [2, 37], although this is not surprising as the polymer is from a different 

source to that used above. The barrier to electron injection calculated from the 

Schottky treatment of the data is close to what is theoretically expected. The SCLC, 

Schottky and Fowler-Nordheim fits to the data all provide reasonable agreement, 

although again, only over a limited data range. 
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CAPACITANCE-VOLTAGE ANALYSIS 

Quasi-static capacitance-voltage (CV) measurements were carried out using a Keithley 

595 quasi-static CV meter. The bias sweep rate has an effect on quasi-static 

measurements (see for example reference [39]) and hence the step rate was varied 

between 0.5 mV/s and 40 mV/s. Mott-Schottky results are presented for step rates of 

lmV/s to 2 mV/s. Recalling that the capacitance per unit area, Q , is related to the 

applied voltage, V, by the Mott-Schottky relation 

r \ 
C'1 

qee0NA^ 

Equation 5-2 

where NA is the acceptor density, € is the permittivity of the polymer and Vso is the 

contact potential difference between the metal and the semiconductor. Hence the 

doping density of the device can be obtained by producing Mott-Schottky plots of Cd"2 

versus applied voltage. The width of the depletion layer can then be calculated from 

Equation 5-3. 

l2e£0{Vso-V) 
w — 

V qNA 

Equation 5-3 

Capacitance values were corrected for the effect of leakage currents using 

Equation 5-4. 

c =c 
corrected measured 

V 
step 

Equation 5-4 

The equation is obtained from the Keithley 595 instruction manual. The value 

Q/t is measured by the instrument at the same time as the capacitance, tdeiay is the time 

delay between each voltage increment and V5tep is the size of each voltage increment. 
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PPY DIODES 

The capacitance-voltage characteristics of an ITO/PPY/A1 diode are shown in 

Figure 5-44. 
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Figure 5-44 Capacitance-voltage characteristics of an ITO/PPY/Al device at step 

rates of2mV/s and 20mV/s 

A Mott-Schottky plot of the data with a step voltage of 2mV/s is shown in 

Figure 5-45. 
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Figure 5-45 Mott-Schottky plot for an ITO/PPY/Al device 

Mott-Schottky plots should produce a straight line fi t only in reverse bias. Due 

to the symmetric nature of the IV characteristics and Schottky barriers of PPY based 

devices, the Mott-Schottky plots are very similar, though not identical, and exhibit 
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linear characteristics in both forward and reverse bias. From the slope and intercept of 

the Mott-Schottky plot it is possible to calculate the donor density and the built-in 

voltage (contact potential difference). The width of the depletion region was calculated 

from these values. The results for PPY with increasing voltage (forward bias) and 

decreasing voltage (reverse bias) are shown in Table 5-7. 

V s o (V) N D (m-3) W(nm) 
+ve 0.9 ±0.2 ( 9 ± 2 ) x l 0 2 3 21 ± 1 
-ve 1.2 ±0.2 (2.1 ± 0 . 4 ) x l 0 2 4 15 ± 1 

Table 5-7 Built in voltage (Vso), donor density (ND) and depletion region width (w)for 

an ITO/PPY/Al device with a positive and negative step voltage 

The calculated values of the built-in voltage are slightly larger than the 

calculated Schottky barrier heights in forward and reverse bias. This may be due to an 

additional series resistance (due to the depletion layer), in addition to the resistance of 

the bulk polymer. This means that all of the applied bias does not appear across the 

depletion region and hence values of Vso are higher than expected [16]. The values of 

the built-in voltage suggest that there is increased band bending in reverse bias, and 

although the Schottky barriers are similar in forward and reverse bias, they are not 

identical. The values of the donor density are similar in magnitude with those reported 

for polypyrrole [40] and thiophene oligomer [41] diodes. The depletion widths are 

smaller than the device thickness of 40nm, so the devices are not fully depleted. 
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PPV DIODES 

The capacitance-voltage characteristics of an ITO/PPV/A1 diode are shown in 

Figure 5-46. 
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Figure 5-46 Capacitance-voltage characteristics of an ITO/PPV/Al device at step 

rates of ImV/s and lOmV/s 

The capacitance-voltage behaviour of the ITO/PPV/A1 device in forward and 

reverse bias is significantly different, and the symmetry observed in the case of the 

PPY device is not found. The difference between forward and reverse bias is also 

observed in the Mott-Schottky plot (Figure 5-47). 
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Figure 5-47 Mott-Schottky plot for an ITO/PPV/Al device 
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In the Mott-Schottky plot for the PPV device, there is clearly only a linear 

relationship in reverse bias (open squares in Figure 5-47), and a more complex 

relationship in forward bias. Analysis of the data allows calculation of the acceptor 

density, built-in voltage (contact potential difference) and the width of the depletion 

region. These values are shown in Table 5-8. 

V S 0 (V) N A (m"3) w (nm) 
0.6 ±0.1 ( 4 . 7 ± 0 . 9 ) x l 0 2 4 7.5 ±0 .4 

Table 5-8 Built in voltage (Vso), acceptor density (NA) and depletion region width (w) 

for an ITO/PPV/Al device 

The calculated value for the acceptor density is consistent with values found in 

the literature [7, 11]. The depletion width is lower than the value of 50nm quoted in the 

literature. The built-in voltage is similar to the Schottky barrier height of 0.87eV found 

for an ITO/PPV/Al device. 

MEH-PPV DIODES 

The capacitance-voltage characteristics of an ITO/MEH-PPV/Al diode, using a MEH-

PPV f i lm prepared via the solution route, are shown in Figure 5-48. 
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Figure 5-48 Capacitance-voltage characteristics of an ITO/MEH-PPV/Al device at 

step rates oflmV/s and 20mV/s 

The capacitance-voltage characteristics of the MEH-PPV device are different to 

both the PPY and PPV based devices. A significant change in capacitance is only 
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observed at high positive voltages, and very little capacitance change is observed at 

negative voltages. The Mott-Schottky plot of these data is shown in Figure 5-49. 
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Figure 5-49 Mott-Schottky plot for an ITO/MEH-PPV/Al device 

The Mott-Schottky plot of an ITO/MEH-PPV/Al device shows a simple linear 

relationship only in forward bias (filled circles in Figure 5-49), i.e. in the opposite sense 

to that found for the PPV based device. Similar, but slightly more complex behaviour 

is found for MEH-PPV diodes using MEH-PPV prepared via the precursor route, as 

shown by the Mott-Schottky plot in Figure 5-50. 
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Figure 5-50 Mott-Schottky plot for an ITO/MEH-PPV/Al device using MEH-PPV 

prepared via the precursor route 

The Mott-Schottky plot for the device using MEH-PPV prepared via the 

solution route shows linear behaviour over a reasonable range in forward bias, as in the 
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case for the solution prepared case, but at high negative voltages exhibits highly non

linear behaviour. The reverse bias behaviour is similar in both cases, though not 

identical. 

The acceptor density, built-in voltage and the width of the depletion region were 

calculated from these plots and the values are shown in Table 5-9. 

Route V S O (V) N A (m"J) w (nm) 
Solution 1.2 ±0.2 (6± l ) x l 0 2 1 300 ± 20 
Precursor 2.0 ±0.4 ( 1 . 6 ± 0 . 3 ) x l 0 2 4 53 ± 3 

Table 5-9 Built in voltage (V$o), acceptor density (NA) and depletion region width (w) 

for an ITO/MEH-PPV/Al device prepared via solution and precursor routes 

The acceptor density of the MEH-PPV diode prepared via the precursor route is 

similar to the value of 10 2 2 m"3 quoted by Campbell et al [37]. The depletion width is 

larger than the thickness of the device, indicating that the device is fully depleted, as 

found elsewhere [2]. The comparison between MEH-PPV prepared via the solution 

and precursor routes is interesting. The acceptor density for solution prepared MEH-

PPV is approximately 3 orders of magnitude less than that of PPV, which is consistent 

with the concept of the polymer doping during conversion on ITO substrates (see for 

example reference [7]). The MEH-PPV prepared via the precursor route and hence via 

thermal conversion on ITO has an acceptor density 3 orders of magnitude higher, 

comparable to that of PPV. In addition, the width of the depletion layer at zero bias is 

no longer thicker than the device thickness (105nm). There is an increase in the built-

in voltage, suggesting that there is some modification to the energy levels of the 

polymer, consistent with the optical measurements presented in the previous chapter. 
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SUMMARY AND CONCLUSIONS 

Electroluminescent devices using a single polymer layer have been fabricated 

and characterised. Devices using PPV and MEH-PPV exhibit diode-like characteristics 

and exhibit different behaviour when operated under forward and reverse bias. In 

contrast, single layer devices using PPY and PPY derivatives exhibit almost 

symmetrical current-voltage behaviour. PPV and PPY based devices generally exhibit 

a reduction in the field required for a given current when lower workfunction metals 

are used as the material for the cathode. PPY based devices with low workfunction 

metals require a similar field for a given current in forward and reverse bias, even 

though the theoretical barrier to charge injection is far higher in reverse bias. This is a 

departure from the simple model of device operation. 

The EL efficiency of devices with aluminium electrodes using PPY, PPV or 

MEH-PPV as the active layer is of the order of 10"3%. The efficiency of PPV based 

devices can be improved through the use of low workfunction calcium electrodes. The 

use of metals other than aluminium with PPY has a detrimental effect on the efficiency 

of the devices. 

Successful colour tuning of electroluminescent devices by blending of PPY 

with PMMA is unlikely due to the significant differences between the PL and EL 

spectra of blend films and poor operating characteristics of such devices. Similar 

spectral differences and poor operating characteristics are observed for devices using a 

regular PPY copolymer. Devices using random copolymers of PPY have anomalous 

current-voltage characteristics which become more apparent as the conjugation length 

of the polymer is decreased. No electroluminescence is observed from copolymers 

containing mem-linked monomer units. 

Schottky, SCLC and Fowler-Nordheim analysis of the device characteristics 

provides some insight into the device operation but cannot provide a robust model of 

device operation, particularly for devices using PPY. Schottky analysis of the data in 

this study provides diode ideality factors which are very high. The range over which 

the data f i t the model is also limited, and can be very limited in some cases. The data 

tend to fit over a voltage range at which no light is observed. This also applies to the 

capacitance-voltage analysis which assumes the formation of a Schottky barrier. 

Fowler-Nordheim and SCLC analysis provide models which fi t at higher fields and 

currents and hence in regions where light emission occurs. The fits to the data can be 
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somewhat inaccurate, however, and Fowler-Nordheim analysis of PPY devices, for 

example, is completely inappropriate. Modified versions of all three simple models do 

exist, but they tend to be far more complex, highly material dependent and the validity 

of the modifications has yet to be fully explored. 

The devices in this study were fabricated primarily as light-emitting diodes. 

ITO plays an important role in the behaviour of polymer LEDs and idealised device 

structures should be fabricated for any systematic investigation of device models. This 

should also improve the accuracy and validity of values derived from the treatment of 

current-voltage data within the various models. 

Quasi-static capacitance-voltage analysis is not widely used to investigate 

polymer LEDs. Idealised samples without ITO should produce more consistent results 

and the analysis of the data requires the assumption of the formation of a Schottky 

barrier. It has been shown in this chapter that Schottky analysis of polymer LEDs is 

often difficult and the range over which the Schottky assumption is valid can be very 

small. This is compounded by the high capacitance, which is often found for polymer 

LEDs and the small range of some commercial CV meters. CV analysis can provide 

some useful information, however. It shows that PPV and PPY diodes have a similar 

doping density, even though PPV films are considered to be doped during the 

conversion process. The symmetry of the current-voltage characteristics of devices 

using PPY in forward and reverse bias is also observed in the capacitance-voltage 

measurements. CV analysis shows that MEH-PPV films prepared via solution 

processing have an acceptor density 3 orders of magnitude lower than PPV and 

preparation of MEH-PPV via a precursor route and thermal conversion on ITO coated 

substrates produces an acceptor density similar to that of PPV. This suggests 

significant doping of the polymer during the thermal conversion. This provides insight 

into possible reasons for the substantial changes observed in optical characteristics of 

MEH-PPV films prepared via the precursor route. 
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Chapter 6 Electroluminescence from Multiple Polymer Layer 

Structures 
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HOLE-TRANSPORTING POLYMERS 

P O L Y V I N Y L C A R B A Z O L E ) 

Poly(vinyl carbazole), or PVK, has been used as a hole-transporting layer by 

several groups, for example references [1-6]. It has also been used as a hole-

transporting host polymer in blends with a range of polymers [7-11] and in novel diode 

structures, not necessarily solely as a hole transporting polymer [12, 13]. In this study 

PVK will be used as a polymer hole-transporting layer. 

Optical Characterisation 

The chemical structure of PVK is shown below. It is soluble in a range of 

solvents, but films of PVK in this study were prepared by spin-coating from solutions 

of chlorobenzene. The PVK was obtained from Aldrich Chemicals and used without 

further purification. 

C—C 
n 

N o o 
Figure 6-1 Chemical structure of PVK 

Films of PVK were prepared on quartz substrates. The absorption and 

photoluminescence spectrum of a PVK film is shown in Figure 6-2. The 

photoluminescence of PVK is qualitatively weak compared to PPY and PPV for 

example. The peak of the absorption is at 231nm (5.37eV) and the peak of the 

luminescence is at 417nm (2.97eV). The peak position of the luminescence spectrum is 

similar to that found by Gebler et al [4]. 
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Figure 6-2 Absorption (solid line) and photoluminescence (dotted line) ofPVK 

Another very important feature of PVK is its high optical transmission across 

the visible region of the spectrum, as shown in Figure 6-3. 
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Figure 6-3 Transmission of PVK films with thicknesses of85nm and 35nm 

The low absorption of PVK in the visible region means that the transmission is 

higher than 90% and 85% for a 35nm and a 85nm thick PVK fi lm respectively, over the 

ful l range of the electroluminescence of PPY, for example. This means that a thin PVK 

layer can be used as a hole-transporting layer with little reduction in intensity. 
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Devices Utilising P V K 

In the present study, PVK is used as a hole-transporting layer in polymer LEDs 

with two polymer layers. The PVK is spin-coated onto the ITO coated glass substrate 

from a solution of chlorobenzene. PPY is spin-coated onto the PVK from formic acid 

solution (PVK is insoluble in formic acid) before the device structure is completed by 

the evaporation of aluminium contacts. The device structure is shown in Figure 6-4. 

Aluminium 
Polypyridine 

PVK 
ITO 
Glass 

Figure 6-4 Device structure of a bilayer PVK/PPY device 

The energy levels of this device are shown in Figure 6-5. The position of the 

energy levels of PVK are from references [1, 12]. 
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Figure 6-5 Energy levels of an ITO/PVK/PPY/Al device 

The theoretical barrier to hole injection from the ITO into the PVK layer is 

0.4eV smaller than the barrier to hole injection from ITO into PPY. A barrier to hole 

injection is expected at the PVK/PPY interface, but charge transport across this 

interface should be assisted by interaction between the polymer layers. PVK exhibits 
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reasonable hole transporting properties, and a high transmission across the visible 

region of the spectrum, as shown in Figure 6-3. This makes PVK very suitable for 

hole-transport, on the transparent side of the device structure, shown in Figure 6-4. 

The current-voltage (IV) and intensity-voltage behaviour of an 

ITO/PVK/PPY/A1 device with a 85nm PVK layer and a 40nm PPY layer are shown in 

Figure 6-6. The intensity-current characteristics are inset. 

1.8 
1.6 
1.4 
1.2 

E 1.0 

E 0.8 
0.0 Current (mA) 1.5 

0.4 1 £ 
0.2 
0.0 imniMiiniHiiigsBBfl 

0.2 
0 5 10 15 20 25 

Voltage (V) 

Figure 6-6 IV (line) and intensity-voltage (circles) characteristics of an 

ITO/PVK/PPY/Al device. Inset: Intensity-current characteristics 

The external quantum efficiency of the device shown was calculated to be 

2.8xl0"3%, although the devices of this configuration show a range of efficiencies up 

to 4.6xl0' 3%. The efficiency was calculated using a single layer PPY EL spectrum, 

which should provide reasonable accuracy. There have been reports of exciplex 

emission in the EL and PL from bilayers of PVK and derivatives of PPY, but no 

suggestion of the formation of exciplexes between PPY and PVK [3-6]. The efficiency 

of single layer PPY devices, without the PVK layer are up to 3xl0 ' 3 %, so devices with 

a PVK layer show a modest improvement in efficiency. Schottky and SCLC analysis 

of the IV characteristics of the bilayer device find a Schottky barrier height of (0.70 ± 

0.01) eV, a diode ideality factor of 48 and a charge mobility of (9 ± 2) xlO*8 cm 2 V'V 1 . 

Perhaps the most interesting results come from the variation of the thickness of 

the PVK and PPY layers. Two other bilayer device configurations were investigated 

and compared to a single layer PPY device (labelled 'PPY'). A summary of the 
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structures of these devices can be seen in Table 6-1. The characteristics presented 

above are for device 'A ' . 

Device PVK Thickness (nm) PPY Thickness (nm) 
A 85 40 
B 50 70 
C 85 145 

PPY — 45 

Table 6-1 Thickness of PVK and PPY layers in the bilayer devices studied 

Changing the thickness of the layers in the device has a detrimental effect on 

the quantum efficiency. No electroluminescence was detected from Devices 'B ' and 

' C . The behaviour of the bilayer PVK/PPY devices is compared to that of a single 

layer device in Figure 6-7. 
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Figure 6-7 Current-voltage characteristics of PVK/PPY bilayer devices and a single 

layer PPY device 

The voltage required for a given current for device 'A ' is slightly lower than 

that of the single layer PPY device, despite device 'A ' being approximately a factor 

three thicker. The voltage required for a given current is higher for device 'B ' and 

higher still for device ' C . Device 'B ' has a similar overall thickness to device 'A ' , but 

Figure 6-7 clearly shows the considerable difference between the two devices. Device 

' C is thicker than the other devices, although it has a similar PVK thickness to device 

A. 
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Summary and Discussion 

Optical measurements of PVK films have shown high transmission across the 

visible region of the spectrum, which is important for a hole-transporting layer in the 

device structure shown in Figure 6-4. Devices fabricated with a PVK hole-transporting 

layer and a thin layer of PPY (Device 'A ' ) demonstrate electroluminescence with a 

modest increase in efficiency and a reduced voltage required for a given current, 

compared to single layer PPY diodes. The Schottky barrier height and charge mobility 

of device 'A' are slightly higher than the corresponding values of a single layer PPY 

device (0.66 ± O.OleV, and (4 ± 2) xlO"8 cm 2 V 'V) , suggesting a reduction in the 

barrier to charge injection and a minor improvement in charge transport through the 

device. 

The thickness of the PPY layer appears to be the crucial factor in determining 

the current-voltage behaviour of the PVK/PPY devices. The presence of a thick PPY 

layer reduces the current at a given voltage and the electroluminescence quantum 

efficiency of the device. The contrasting behaviour of devices 'A ' and 'B ' clearly 

show the effect that a thick PPY layer has on the performance of a bilayer device and 

hence thick PPY layers should be avoided in these bilayer LEDs. 

In summary, there is a reduction in the voltage required for a given current and 

a small enhancement in the external quantum efficiency of PPY diodes when a PVK 

hole-transporting layer is used. This enhancement is lost when a thick PPY layer is 

used. 

POLY(ANILINE) 

Two forms of polyaniline (PANi) are currently used in polymer LEDs. An 

insulating form (the emeraldine base form) has been used in symmetrically configured 

devices, with a layer of PANi either side of an emitting layer, producing devices which 

can operate under an alternating current [14-19]. The conducting form of PANi (the 

doped emeraldine salt form) has been applied as the hole-transporting layer in polymer 

LEDs with a variety of luminescent polymers [20-24]. Thin films of the conducting 

form of polyaniline were prepared and used in this study. 
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Preparation and Characterisation 

High molecular weight (Mw = 2x l0 5 g mol"1) polyaniline was prepared by Dr 

P.N. Adams. The conducting form of polyaniline was prepared by the acid doping of 

PANi with 2-acrylamido-2-methyl-l-propanesulfonic acid (AMPS A). AMPS A was 

obtained from Aldrich Chemicals. Further details on the synthesis, doping process and 

the conductivity of PANi films prepared in this way can be found in reference [25] and 

references therein. 

The chemical structure of PANi (emeraldine salt form) and AMPSA is shown in 

Figure 6-8. 
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Figure 6-8 Chemical structure of PANi (emeraldine salt) and AMPSA (after 

references [26] and [25] respectively) 

A solution of 60% acid doped polyaniline was prepared by mixing polyaniline 

and AMPSA in the weight ratio of 1:1.37 PANi: AMPS A. The mixture was dissolved 

in a mixture of 15% dichloroacetic acid and 85% formic acid, to form a 1% by weight 

solution. The mixture was homogenised for 20 minutes, before being placed in a 

centrifuge for an hour at approximately 3500rpm. The solution was then filtered 

through a 0.45u,m filter. Thin films of acid doped polyaniline were prepared by spin-

coating from this solution at 3200rpm or 1600rpm, producing films with a thickness of 

approximately 30nm and 60nm respectively. The transmission spectrum of a 30nm 

PANi f i lm is shown in Figure 6-9. 
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Figure 6-9 Transmission spectrum of a 30nm PANifilm 

The PANi fi lm has transmission higher than 80% over most of the visible 

region of the spectrum. Bilayer devices with MEH-PPV or PPY as the active layer, and 

PANi as a hole-transporting layer were fabricated by sequential spin-coating of the 

polymer layers onto ITO coated substrates. The device structure was completed by 

evaporation of aluminium electrodes. The mixture of dichloroacetic and formic acids is 

quite volatile and hence is a good spinning solvent. The spinning time for required for 

the PANi layer is approximately 90 seconds, with 10 minutes drying time required in 

ambient conditions. This route therefore has significant advantages over PANi films 

prepared via spin-coating from water, for example. 

Bilaver Devices with PANi and MEH-PPV 

The current-voltage and intensity-voltage characteristics of a bilayer 

ITO/PANi/MEH-PPV/Al device with a PANi thickness of 50nm and a MEH-PPV 

thickness of 50nm are shown in Figure 6-10. 
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Figure 6-10 Current-voltage and intensity-voltage characteristics of an 

ITO/PANi/MEH-PPV/Al device 

The current-voltage characteristics of the device with a PANi hole-transporting 

layer are compared to those of a single layer MEH-PPV device without a PANi hole-

transporting layer in Figure 6-11. 
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Figure 6-11 Current-voltage characteristics of a MEH-PPV device with (bilayer) and 

without (single layer) a PANi hole-transporting layer 

The single and bilayer device have a similar thickness (105 nm for the single 

layer and 100 nm for the bilayer) and hence there is a reduced field required for a given 

current in the bilayer device, suggesting a reduced barrier to charge injection. The 

bilayer device has an higher external quantum efficiency than the single layer device, 

as illustrated by the larger gradient of the intensity-current characteristics (Figure 6-12). 
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Figure 6-12 Intensity-current characteristics of a MEH-PPV device with (bilayer) and 

without (single layer) a PANi hole-transporting layer 

The electroluminescence spectra of the devices with and without the PANi layer 

are similar, with an identical peak position, as illustrated in Figure 6-13. 
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Figure 6-13 Electroluminescence spectra of MEH-PPV devices with (bilayer) and 

without (single layer) a PANi hole-transporting layer 

The minor differences in the EL spectra do not produce a difference in the 

colour co-ordinates of the emission of the bilayer device. The CIE-(x,y) co-ordinates 

are (0.55, 0.44), identical to those of the single layer device. 

The external quantum efficiency of the bilayer device is higher than that of the 

single layer device, as suggested by Figure 6-12. The bilayer device has an external 

quantum efficiency of 3.1xl0"3%, compared to the efficiency of the single layer device 
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of 1.3xl0"3%. Due to the reduction in voltage required for a given current, and the 

higher quantum efficiency, the power efficiency of the bilayer device is higher than the 

single layer. The bilayer device has an efficiency of 5.2xl0~3 lm/W, and the single 

layer device has an efficiency of 2.0xi0"3 lm/W. 

Schottky, SCLC and Fowler-Nordheim fits to the data yield a Schottky barrier 

height of (1.38 ± 0.01) eV, a diode ideality factor of 2.5, a charge mobility of (2.5 ± 

0.6) xlO"5 c m V s 1 and a barrier height of (0.07 ± 0.03) eV. 

Summary and Discussion 

The use of a conducting PANi hole-transporting layer improves the quantum 

efficiency of over that of a device without the PANi layer. The reduction in the field 

for a given current produced by the PANi layer means that the power efficiency of the 

device shows a greater improvement than the quantum efficiency. The quantum and 

power efficiency improvements in this study are a factor 2.4 and 2.6 respectively. The 

charge mobility calculated for this device is similar to the mobility found for single 

layer MEH-PPV device (1.68xl0"5 cm 2 V"1 s"1). The Schottky barrier height in the 

bilayer device is 0.5eV higher than in the single layer device, suggesting a reduction in 

the barrier to charge injection. 

Similar studies elsewhere use calcium rather than aluminium electrodes, and 

hence the quantum efficiencies reported are higher than those found in this study. The 

efficiency improvements can be compared, however. Karg et al [23] show that the 

inclusion of a PANi layer produces a quantum efficiency improvement of a factor 2.2 

and a power efficiency improvement of a factor 1.9 over a single layer MEH-PPV 

device with calcium electrodes. Yang et al [24] show an efficiency improvement of a 

factor 1.3 when using a PANi hole-transporting layer and find a barrier height of 0.08-

0.12eV from Fowler-Nordheim analysis. Carter et al [20] demonstrate improved 

lifetime from devices using a PANi hole-transporting layer, but the efficiency 

improvements over a device without the PANi layer are unclear. 

In summary, the quantum and power efficiency of MEH-PPV devices have 

been increased by more than a factor of 2 by the inclusion of a PANi hole-transporting 

layer, similar to efficiency improvements reported elsewhere. The electroluminescence 

spectrum was not significantly altered by absorption by the PANi layer, producing a 

device with identical colour co-ordinates. 
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Bilayer Devices with PANi and PPY 

The current-voltage and intensity-voltage characteristics of a bilayer 

ITO/PANi/PPY/Al device with a PANi thickness of 40nm and a PPY thickness of 

95nm are shown in Figure 6-14. 
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Figure 6-14 Current-voltage and intensity-voltage characteristics of an 

ITO/PANi/PPY/Al device 

The use of a PANi hole-transporting layer produces a device with a lower field 

required for a given current, as illustrated in Figure 6-15. 
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Figure 6-15 Current-voltage characteristics of a PPY device with (bilayer) and 

without (single layer) a PANi hole-transporting layer 
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The quantum efficiency is lower in the bilayer device than in the single layer 

device. This is illustrated by the intensity-current characteristics (Figure 6-16). 
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Figure 6-16 Intensity-current characteristics of a PPY device with (bilayer) and 

without (single layer) a PANi hole-transporting layer 

The low efficiency of the bilayer device prevented the measurement of a EL 

spectrum. Using the single layer EL spectrum, the external quantum efficiency of the 

bilayer device was found to be 2.8xl0"4%, approximately an order of magnitude lower 

than the efficiency of a single layer device. Due to the reduced quantum efficiency, the 

peak power efficiency of the bilayer device is lower than that of the single layer device. 

Schottky and SCLC analysis of the current-voltage characteristics yields a 

Schottky barrier height of (0.75 ± 0.01) eV, a diode ideality factor of 152 and a charge 

mobility of (3.4 ± 0.7) xlO"7 cm 2 V"1 s"1. 

Summary and Discussion 

The addition of a PANi hole-transporting layer reduces the field required for a 

given current for a PPY device, but has a detrimental effect on the quantum efficiency 

of the electroluminescence. This could be a consequence of contamination of the PPY 

layer by the PANi. PPY is spin-coated from formic acid, in which polyaniline is 

soluble to some degree. Luminescence quenching by the PANi contaminants in the 

fi lm is a possible reason for the low quantum efficiency. 
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The Schottky barrier height is O.leV higher in the bilayer device than in the 

single layer device, and the charge mobility is an order of magnitude higher, suggesting 

a reduction in the barrier to charge injection and an improvement in charge transport. 
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AN EFFICIENT ELECTRON-TRANSPORTING POLYMER: 

POLYP YRIDINE 

B I L A Y E R D E V I C E S WITH PPV AND PPY 

The novel charge-transporting properties of polypyridine, discussed in the 

previous chapter, led to the successful application of PPY as an electron-transporting 

polymer in bilayer LEDs. The bilayer devices were fabricated by preparing PPV films 

on no coated substrates by thermal conversion via the precursor route. PPY films 

were then spin-coated onto the PPV layer (PPV is insoluble in formic acid, like most 

other luminescent polymers) and device structures were completed by the evaporation 

of metal electrodes. A schematic representation of this structure is shown below. 

Metal 
Polypyridine 

PPV 
ITO 
Glass 

Figure 6-17 Schematic representation of the structure of bilayer PPV/PPY devices 

Energy Levels of a Bilayer PPV/PPY Device 

The energy levels of a device with the structure ITO/PPV/PPY/Metal are shown 

in Figure 6-18. In forward bias, this structure should exhibit a barrier to electron 

injection similar to that found for single layer PPY devices, and a barrier to hole 

injection similar to that found in single layer PPV devices. 
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Figure 6-18 Energy levels of an ITO/PPV/PPY/Metal device 

Device Performance 

The IV and intensity-voltage characteristics of an ITO/PPV/PPY/A1 device are 

shown in Figure 6-19. The PPV thickness is 85nm and the PPY thickness is 50nm. 

The PPY is from batch ER180 and the importance of this will be made clear later in 

this chapter. 

200 

Current 
o Intensity 

150 
< 0.4 

100 >> E 0.3 
CD 

V) 

CD 6 0-2 
50 

0.1 

0 0.0 
16 12 14 8 10 

Voltage V 

Figure 6-19 Current-voltage and intensity-voltage characteristics of an 

ITO/PPV/PPY/Al device 
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The characteristics show diode-type behaviour and the emission closely follows 

the current. The current-intensity characteristics of the device are shown in Figure 

6-20. 
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Figure 6-20 Current-intensity characteristics of an ITO/PPV/PPY/Al device 

The electroluminescence spectrum of the device is shown in Figure 6-21. 
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Figure 6-21 Electroluminescence spectrum of a bilayer ITO/PPV/PPY/Al device 

The external quantum efficiency of the device shown above was calculated to 

be 0.25%. This is considerably higher than the efficiency of single layer devices with 

PPV or PPY as the active layer. The efficiency is approximately a factor sixty higher 

than the efficiency of a single layer PPV device with aluminium contacts. The bilayer 

device is a factor twenty higher in efficiency than a single layer PPV device with more 

reactive calcium contacts. There is also an efficiency improvement of more than a 
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factor 80 over a single layer PPY device. The efficiency improvements are illustrated 

in Figure 6-22. 
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Figure 6-22 Intensity-current characteristics of a bilayer PPV/PPY device compared 

to single layer PPV devices with aluminium and calcium contacts 

The electroluminescence spectrum of the bilayer device is compared to the 

electroluminescence spectra of PPV and PPY single layer devices in Figure 6-23. 
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Figure 6-23 Electroluminescence spectrum of a bilayer PPV/PPY device compared to 

the spectra of single layer PPV and PPY devices 

The bilayer electroluminescence spectrum is very similar to that of a single 

layer PPV device. It must be noted that the bilayer device spectrum was measured on a 

diode array and spectrograph, whereas the single layer spectra were measured on a 
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CCD and spectrograph, and minor changes between the PPV single layer and bilayer 

spectra may be solely due to the change in the measurement method. Pure emission 

from PPY followed by absorption and remission from the PPV layer is unlikely due to 

the low absorption of the PPV layer at the energies at which the PPY emission occurs. 

The absorption spectra of PPV and PPY films are compared to the electroluminescence 

spectra in Figure 6-24. 
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Figure 6-24 Absorption and electroluminescence spectra of PPV and PPY 

The current-field behaviour of single layer PPV devices with calcium and 

aluminium electrodes are compared to the current-field characteristics of the bilayer 

device in Figure 6-25. 
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Figure 6-25 Current-field characteristics of a bilayer PPV/PPY device compared to 

single layer devices with calcium or aluminium electrodes 
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The inclusion of a PPY layer between the aluminium electrode and the PPV 

layer produces a device which requires a lower field for a given current. The field 

required for a given current is slightly higher in the bilayer device than in the single 

layer PPV device with calcium contacts. 

The current-voltage characteristics of the bilayer device can be analysed in a 

Schottky (Figure 6-26), space charge limited current (Figure 6-27) and Fowler-

Nordheim (Figure 6-28) framework. 
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Figure 6-26 Schottky analysis of a PPV/PPY bilayer device 
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Figure 6-27 Space charge limited current analysis of a PPV/PPY bilayer device 

234 



42 

44 

46 

48 
CM 

50 

52 

54 o o o o o o 56 
o 

58 
0e+0 2e-8 4e-8 6e-8 8e-8 1e-7 

1/F (mA/) 

Figure 6-28 Fowler-Nordheim analysis of a PPV/PPY bilayer device 

The Schottky barrier height, charge mobility and Fowler-Nordheim barrier 

height calculated for the bilayer PPV/PPY device are compared to single layer PPV and 

PPY devices in Table 6-2. 

Device Schottky Barrier Charge Mobility F-N Barrier 
Structure Height ( c m W ) Height (eV) 

(±0.01 eV) 
ITO/PPV/PPY/A1 1.01 (3 ± 1) xlO"6 0.18 ±0.07 

ITO/PPV/A1 0.87 (2.0 ± 0.9) xlO" 8 0.14 ±0.07 
ITO/PPV/Ca/Al 1.05 (1 .7±0.3)xl0~ 5 0.07 ± 0.02 

ITO/PPY/A1 0.66 (4 ± 2) xlO"8 N/A 
ITO/PPY/Ca/Al 0.61 (1 .0±0 .2 )x l0" 3 N/A 

Table 6-2 Schottky barrier height, charge mobility and Fowler-Nordheim (F-N) 

barrier height of various device structures 

The Schottky barrier height calculated for the bilayer PPV/PPY device is close 

to the value calculated for a single layer PPV device with calcium electrodes. This 

implies that the barrier to electron injection is similar in both cases, and the barrier to 

electron injection in the bilayer device is lower than that found for a single layer device 

with aluminium electrodes. These data are in agreement with the current-field 

characteristics shown in Figure 6-25. The diode ideality factor calculated for the 

device shown above is 13.5, a larger value than those found for single layer PPV 

devices, and similar to those found for PPY devices. The charge mobility found for the 
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bilayer device is larger and smaller than the values found for single layer devices with 

aluminium and calcium contacts respectively. The barrier height, determined by 

Fowler-Nordheim treatment of the data, is higher than those found for single layer PPV 

devices with aluminium or calcium electrodes. 

Efficiency Characterisation of Bilayer Devices 

The Effect of Thickness Ratio 

The efficiency of PPV/PPY bilayer devices varies with the relative thickness of 

the PPV and PPY layers. The ratio of the thickness of the PPV layer to the thickness of 

the PPY layer can be varied to investigate this effect. The variation in diode external 

quantum efficiency with PPV:PPY thickness ratio (r) is shown in Figure 6-29. 
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Figure 6-29 External quantum efficiency as a function of PPV: PPY layer thickness 

ratio 

The peak efficiency is for the device with a PPV:PPY thickness ratio of 1.7. 

The characteristics of this device are shown above. For layer thickness ratios greater or 

less than 1.7, there is a decrease in device efficiency. Schottky, SCLC and Fowler-

Nordheim analysis of the devices shown in Figure 6-29, find values of Schottky barrier 

height, charge mobility and Fowler-Nordheim barrier height which are shown in Table 

6-3. 

236 



PPV:PPY 
Thickness 
Ratio (r) 

Total 
Thickness 

(nm) 

Peak 
EQE 
(%) 

Schottky 
Barrier 
Height 

(±0.01 eV) 

Charge 
Mobility 

( c m W ) 

F-N Barrier 
Height 

(eV) 

0.29 ±0.08 180 0.04 1.05 (6 ± 1) xlO' 9 0.19 ±0.02 
1.0 ±0.3 120 0.17 0.93 (8 ± 2) xlO' 6 0.30 ± 0.03 
1.4 ±0.2 170 0.20 1.09 (4.4 ± 0.8) xlO" 6 0.20 ± 0.02 
1.7 ±0.3 135 0.25 1.01 (3.0 ± 0.6) x lO - 6 0.18 ±0.02 
1.8 ±0.4 125 0.17 1.07 (4.1 ± 0 . 9 ) x l 0 " 6 0.23 ± 0.03 
3.0 ±0.6 160 0.16 1.02 (3.3 ±0.6) xlO" 6 0.23 ± 0.02 

Table 6-3 Peak external quantum efficiency (EQE), Schottky barrier height, charge 

mobility and Fowler-Nordheim barrier height of PPV/PPY bilayer devices with various 

PPV.PPY thickness ratios 

The calculated Schottky barrier heights and charge mobilities for the bilayer 

devices are similar for each thickness ratio. The one exception is for the device with a 

thickness ratio of r=0.29, which exhibits a charge mobility approximately 3 orders of 

magnitude lower than the other devices. The inclusion of this device in the comparison 

of the effect of thickness ratio is complicated by a further important manufacturing 

step. The device with thickness ratio 0.29 was fabricated by evaporation of the 

aluminium electrode approximately 2 hours after the final PPY layer was spin-coated, 

during which time it was held under vacuum in an evaporator. The remaining devices 

had the aluminium evaporated after being held in vacuum for approximately 14 hours. 

This was carried out at a pressure of approximately 10"6 mbar in an evaporator, and the 

vacuum was not interrupted before evaporation of the metal. This key step produces 

devices with a significantly higher efficiency and hence the inclusion of the device with 

the thickness ratio of 0.29 in this comparison is not ideal. This device is important, 

however, as there were no other devices with a similar thickness ratio fabricated with 

the same batch of PPY (ER180) and PPV. The importance of the batch of PPY and 

PPV will be explored later. 

The Effect of Vacuum Treatment 

The effect on holding devices in vacuum for approximately 14 hours on device 

efficiency can be illustrated by considering devices with a similar structure and 
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PPV:PPY thickness ratio. Two examples of increased device efficiency following 

vacuum treatment are shown in Table 6-4. 

Thickness 
Ratio 

Hours in 
Vacuum 

EQE 

1.7±0.3 2 0.19 
1.7 ±0 .3 14 0.25 
1.3 ±0.3 2 0.08 
1.4 ±0.2 14 0.20 

Table 6-4 External quantum efficiency of PPV/PPY bilayer devices with varying 

exposure to vacuum 

This comparison is not ideal and variations in fabrication between the devices 

(fabricated at different times) could produce a variation in device efficiency. A study 

of three devices fabricated in an identical manner was undertaken. One device had 

contacts evaporated immediately, one device was held in vacuum for 14 hours and the 

final device was heated at 60°C for 2 hours in vacuum (=10'3 mbar). The thickness 

ratio, external quantum efficiency, Schottky barrier height and charge mobility of the 

three devices are shown in Table 6-5. 

PPV:PPY 
Thickness 
Ratio (r) 

Treatment Peak 
EQE 
(%) 

Schottky 
Barrier 
Height 

(±0.01 eV) 

Charge 
Mobility 

(cm 2V"' s"1) 

1.5 ±0.3 13 hours in Vacuum 0.14 0.86 (1.1 ±0 .2 )x l0" 5 

1.6 ±0.3 None 0.075 0.97 (2.0 ± 0.4) xlO"6 

1.8 ±0.4 2 hours at 60°C 0.083 0.81 (8 ± 2 ) x l 0 " 6 

Table 6-5 Variation of external quantum efficiency (EQE), Schottky barrier height and 

charge mobility with treatment of polymer layers 

It can be seen that the efficiency of the device held for 14 hours in vacuum is 

the highest of the three and the device heated for 2 hours at 60°C has a slightly higher 

efficiency than the device which was untreated. The change in the Schottky barrier 

height of the devices may be significant, although it should be noted that the reduction 

in value of the Schottky barrier represents an increase in the barrier to electron injection 

in the (more efficient) treated devices. The purpose of the heat treatment of the final 
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device is to investigate the possibility of trace amounts of formic acid remaining in the 

PPY film. This possibility has been mentioned in Chapter 5, and certainly any small 

trace of formic acid would be expected to be extracted from a thin polymer fi lm after 

14 hours in a good vacuum. However, it would be expected that heating for 2 hours at 

60°C would also remove any possible trace of formic acid, and the differences in 

device values between the vacuum and heat treated devices, illustrated in Table 6-5, 

suggest that the presence of trace amounts of formic acid may not be the main factor in 

the improvement of device efficiency. There is some enhancement of the charge 

mobility and quantum efficiency of the heat treated device compared to the untreated 

device and this could be due to the removal of trace amounts of formic acid, although it 

could also be due to a change in morphology of the polymer chains. 

It is also important to note that the more efficient devices exhibit a higher 

charge mobility. It would appear that the treatment of the polymer layers prior to 

evaporation of the metal electrode leads to an increased charge mobility. The treatment 

of the polymers may be expected to reduce the amount of adsorbed oxygen on the 

surface of the PPY film. If this occurs and calcium electrodes were utilised, then an 

increase in charge mobility would be expected, and the increase would be brought 

about by doping of the polymer by the calcium ions. However, aluminium is used in 

this study and this tends to form covalent bonds with polymers, leading to a decrease in 

charge mobility (see Chapter 2), although the exact nature of the interaction of 

aluminium with PPY is unknown. The increase in charge mobility may be brought 

about by the reduction in the amount of adsorbed oxygen on the surface leading to less 

aluminium oxide formation on the surface, producing improved injection and transport 

of charges from the electrode. The heating and/or vacuum treatment may also increase 

the crystallinity of the PPY, leading to a higher charge mobility. 

The Effect of Aged PPV 

The devices shown above are manufactured with "aged" PPV. PPV precursor is 

usually stored at low temperatures, i.e. in a freezer. The PPV used in the devices above 

was accidentally aged due to an interruption in the power to the freezer, resulting in the 

precursor solution being held at room temperature for several days. This would be 

expected to produce some conversion of the PPV precursor before the deliberate 

conversion process is carried out. The qualitative effects, observed in the precursor 

solution, were a change of colour from colourless to a slight yellow tinge and an 
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increase in the viscosity of the solution. This solution is called "aged" PPV in this 

study. Comparison between bilayer devices using the aged PPV and PPV prepared 

from a fresh batch of PPV precursor is shown in Table 6-6. The first two devices are a 

simple comparison and the latter two devices were prepared keeping the fabrication 

steps as similar as possible. 

PPV:PPY 
Thickness 
Ratio (r) 

PPV Peak 
EQE 
(%) 

Schottky 
Barrier 
Height 

(±0.01 eV) 

Charge 
Mobility 

( c m W 1 ) 

F-N Barrier 
Height (eV) 

1.1 ±0 .2 Aged 0.019 0.98 (7 ± 1) xlO" 7 0.34 ±0.02 
1.1 ±0 .2 Fresh 0.011 1.03 (9 ± 2) xlO" 6 0.23 ± 0.02 
1.5 ±0 .3 Aged 0.031 0.92 (3 .3±0 .6 )x l0" 6 0.19 ±0.02 
1.1 ±0 .2 Fresh 0.031 0.95 (3 .2±0.7)x l0~ 6 0.22 ± 0.02 

Table 6-6 Comparison of bilayer PPV/PPY devices using aged and fresh PPV 

The results from this study are inconclusive. The use of aged PPV appears to 

reduce the height of the Schottky barrier. There is the possibility of an increase in 

efficiency, although this may be due to differences in the fabrication of the first two 

devices, which is suggested by the difference in charge mobility between the two 

devices. Attempts to produce efficiency improvements using deliberately aged PPV 

precursor proved fruitless. 

The photoluminescence quantum yield of the aged PPV may be expected to be 

higher than that of the fresh PPV. It is widely known that partially converted PPV can 

not be subsequently converted as fully as fresh PPV and that partially converted PPV 

has a higher PLQY [27]. Measurements of the PLQY of aged and fresh PPV in this 

study find values which are identical at 24±2%, however. 

Bilayer Devices usine Calcium Electrodes 

A comparison was made between two bilayer devices, one utilising aluminium 

contacts and another using calcium contacts. The current-voltage results from these 

devices are shown in Figure 6-30. 
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Figure 6-30 Current-voltage characteristics ofbilayer PPV/PPY devices with calcium 

or aluminium electrodes. Inset: Intensity-voltage characteristics of the devices 

The intensity-current characteristics of the devices are shown below. 
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Figure 6-31 Intensity-current characteristics ofbilayer PPV/PPY devices with calcium 

or aluminium electrodes 

The behaviour of the bilayer devices with aluminium or calcium electrodes is 

somewhat surprising. The two devices have the same measured thickness, yet there is a 

reduction in the voltage required for a given current for the aluminium device, as 

illustrated in Figure 6-30. The voltage required for light emission is also lower in the 

device using aluminium electrodes. Figure 6-31 shows a higher gradient for the 

intensity-current curve of the device with aluminium electrodes, suggesting a higher 

external quantum efficiency. This is confirmed by calculation of the external quantum 
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efficiencies listed in Table 6-7. The Schottky barrier height, charge mobility and 

Fowler-Nordheim barrier height are also listed. 

PPV:PPY 
Thickness 
Ratio (r) 

Metal 
Electrode 

Peak 
EQE 
(%) 

Schottky 
Barrier 
Height 

(±0.01 eV) 

Charge 
Mobility 

( c m V s 1 ) 

F-N Barrier 
Height 

(eV) 

2.3 ±0.5 Al 0.048 1.06 (1 .6±0 .3)x l0" 7 0.20 ± 0.03 
2.3 ±0 .5 Ca 0.008 0.97 (9 ± 2) xlO" 8 0.22 ± 0.03 

Table 6-7 External quantum efficiency, Schottky barrier height, charge mobility and 

Fowler-Nordheim barrier height of bilayer PPV/PPY devices with calcium or 

aluminium electrodes 

The results found for the bilayer devices are surprising as they do not 

correspond to the behaviour which is expected from the theoretical analysis of the 

energy levels (Figure 6-18). A smaller barrier to electron injection would be expected 

from the calcium electrode yet the Schottky barrier is lower (and hence the barrier to 

electron injection is higher) than the device with aluminium electrodes. Similarly, 

Fowler-Nordheim analysis of the device also shows a larger barrier in the device with 

calcium electrodes. There is a decrease in efficiency of device operation when calcium 

electrodes are used, although it is not as large as the decrease in PPY single layer 

devices with similar electrodes. The difference in charge mobility calculated for these 

devices is in the opposite sense to the variation observed in the single layer devices. 

Calcium electrodes in single layer devices were found to increase the charge mobility, 

whereas the charge mobility in this case is lower with calcium electrodes. 

It is interesting to note that the behaviour of bilayer devices with calcium and 

aluminium electrodes is the opposite to that found for single layer PPV diodes. There 

is an increase in the field required for a given current and a decrease in device 

efficiency when calcium is used as an electrode material in bilayer devices. This fact, 

coupled with the study of the behaviour of single layer PPY devices with calcium 

electrodes, led to the termination of further study of the use of calcium electrodes with 

bilayer PPV/PPY devices. 

Studies of oxadiazole based electron-transporting polymer layers elsewhere find 

both increased [28] and decreased [29] efficiency when calcium electrodes are used, 

and the effect appears to be highly material dependent. 
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The Effect of Different PPY Batches 

The devices examined above predominantly used PPY batch ER180. Optical, 

molecular weight and impurity measurements on PPY batches (presented in Chapter 4) 

suggest that the PPY batches should be interchangeable. This is not the case however. 

The dramatic efficiency improvement observed when using batch ER180 as an 

electron-transporting polymer is not found for other batches. Although a substantial 

increase in efficiency is found for bilayer devices with other batches of PPY, the 

efficiency improvement is not as large as that found when using batch ER180. Bilayer 

devices were fabricated using PPY batches ER180, ER196, ER198, ER203, ER204, 

L02, L04, L05 and L08. For each batch, the thickness ratio was varied to cover a range 

of values in an attempt to find the ratio with highest efficiency. The peak efficiency 

and the thickness ratio which provides the peak efficiency of the series of devices for 

each batch is listed in Table 6-8. The Schottky barrier height and charge mobility of 

the device with the highest efficiency are also listed. The comments column indicates 

which devices were made with aged PPV and which were fabricated with fresh PPV. 

The comment "Del-Aged PPV" indicates the use of deliberately aged PPV (PPV 

precursor solution left at ambient temperatures, in the dark, for 166 hours). 

PPY Batch PPV:PPY 
Thickness 
Ratio (r) 

Peak 
EQE 
(%) 

Schottky 
Barrier 
Height 

(±0.01eV) 

Charge 
Mobility 

( c m W ) 

Comments 

ER180 1.7 ±0 .3 0.250 1.01 (3 .0±0 .6 )x l0 - 6 Aged PPV 
ER196 2.6 ±0.7 0.050 0.87 (9 ± 2) xlO" 6 Aged PPV 
ER198 2.0 ±0 .4 0.066 0.79 (6 ± 1) xlO" 6 Aged PPV 
ER203 0.9 ±0 .1 0.067 1.12 (9 ± 2) xlO"6 Fresh PPV 
ER204 1.3 ±0.2 0.011 1.02 (1.9 ±0.4) xlO' 6 Fresh PPV 

L02 2.3 ±0.5 0.045 1.06 (1.6 ±0.3) xlO"6 Fresh PPV 
L04 4.0 ±0.8 0.041 1.02 (8 ± 2) xlO"7 Fresh PPV 
L05 2.2 ±0.3 0.068 1.03 (6± l ) x l 0 " 6 Fresh PPV 
L08 0.8 ±0.2 0.005 1.11 (3.1 ±0.7) xlO' 6 Del-Aged PPV 

Table 6-8 Peak efficiency, Schottky barrier height and charge mobility for the most 

efficient thickness ratio for bilayer PPV/PPY devices fabricated with different PPY 

batches 

There appear to be some trends, although some results do not agree with the 

trends. There seems to be a general increase in efficiency with increasing charge 
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mobility, although the results for batches L02 and L04 contradict this trend. Also the 

very high efficiency of the device using batch ER180 does not have an abnormally high 

charge mobility. There is a general increase in the thickness ratio which produces the 

maximum efficiency with decreasing charge mobility. There appears to be a reduction 

in Schottky barrier height in the devices using aged PPV, but again, this trend may not 

be valid. The values of the Schottky barrier height shown in Table 6-8 do show that the 

Schottky barrier height and hence the barrier to electron injection in these devices is 

similar to values found for single layer PPV diodes with calcium electrodes (1.05eV), 

confirming what is observed in Figure 6-25. 

Three batches of PPY, batch ER196, L04 and L05 were used in further 

investigations of the efficiency variation of PPV/PPY bilayer devices with various 

PPV:PPY thickness ratios. 

Bilaver Devices with PPY Batch ER196 

The efficiency variation of bilayer devices, using PPY batch ER196, as a 

function of layer thickness ratio is shown in Figure 6-32. 
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Figure 6-32 Variation of external quantum efficiency with PPV:PPY thickness ratio 

for bilayer devices using PPY batch ER196 

A variation in the efficiency of the devices with PPV:PPY thickness ratio is 

observed, with a maximum efficiency of 0.05% for the device with r=2.6. The 

efficiency is lower for devices with thickness ratios greater or smaller than this value. 
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Bilaver Devices with PPY Batch L04 

The efficiency variation of bilayer devices, using PPY batch L04, as a function 

of layer thickness ratio is shown in Figure 6-33. 
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Figure 6-33 Variation of external quantum efficiency with PPV: PPY thickness ratio 

for bilayer devices using PPY batch L04 

Devices made with PPY batch L04 show a variation of efficiency similar to that 

found for devices made with batch ER180. A low efficiency is observed for low 

PPV:PPY layer thickness ratios, and there is a layer thickness ratio which produces a 

peak efficiency. The maximum of the efficiency is for the device with a PPV:PPY 

thickness ratio of r=4.0, rather than the r=1.7 found in the case of PPY batch ER180, 

however. It is evident from Figure 6-33 that the range of PPV:PPY ratios should be 

extended to ensure that the maximum efficiency was truly observed at r=4, but time 

and material constraints prevented this. 

Bilaver Devices with PPY Batch L05 

The efficiency variation of bilayer devices using PPY batch L05 as a function of 

layer thickness ratio is shown in Figure 6-34. 
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Figure 6-34 Variation of external quantum efficiency with PPV:PPY thickness ratio 

for bilayer devices using PPY batch LOS 

Bilayer devices with PPY batch L05 show a variation in efficiency with 

thickness similar to that found for other batches. The data for 11 devices are shown in 

Figure 6-34, but due to the inexact nature of preparing the devices by spin-coating, 

some thickness ratios are over represented. These devices do vary in their overall 

thickness and the similar nature of their efficiencies is a good indication that the 

variation in efficiency is predominantly due to the effect of the PPV:PPY thickness 

ratio. The structure and efficiencies of the devices are listed in Table 6-9. 

PPV:PPY Total PPV PPY Peak 
Thickness Ratio Thickness Thickness Thickness Efficiency 

(r) (nm) (nm) (nm) (%) 
0.24 ± 0.06 210 40 170 0.002 
0.30 ± 0.09 175 40 135 7.180e-4 
0.4 ±0 .1 160 45 115 0.011 
0.4 ±0 .1 150 45 105 0.012 

0.47 ± 0.07 250 80 170 7.820e-4 
1.2 ±0.2 165 90 75 0.037 
1.4 ±0.3 145 85 60 0.036 
2.1 ±0.3 250 170 80 0.068 
4.2 ±0.6 260 210 50 3.740e-4 

6 ± 1 205 175 30 0.018 
10 ± 3 220 200 20 2.420e-4 

Table 6-9 Structures and efficiencies for bilayer devices using PPY batch L05 
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The device with the highest efficiency has a thickness ratio of r=2A, and the 

efficiency of devices with different thickness ratios is lower. 

Spectral Characterisation of Bilaver Devices 

The use of the CCD and spectrograph facilitated easier and more rapid spectral 

measurement. Bilayer PPV/PPY devices were fabricated with PPY batches L04 and 

L05 with a range of PPV:PPY thickness ratios to investigate what effect this would 

have on the spectral output of the devices. 

Devices with Batch L04 

The electroluminescence spectra of bilayer devices with various PPV:PPY 

thickness ratios is shown in Figure 6-35. The thickness ratio for each spectrum is 

shown on the left-hand side of the graph. 
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Figure 6-35 Electroluminescence spectra of PPV/PPY bilayer devices as a function of 

PPV. PPY layer thickness ratio. The EL spectra of single layer PPV and PPY devices 

are shown in grey 
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The EL spectra shown in Figure 6-35 have an increasing PPY character with 

decreasing PPV:PPY thickness ratio. This is manifested as higher intensity in the low 

energy "tail" of the emission spectra which leads to an apparent increase in the relative 

intensity of the third PPV vibronic peak. The effect that the layer thickness ratio has 

on the colour of emission of the devices can be seen in Figure 6-36. As expected by 

consideration of the spectra in Figure 6-35, the bilayer devices with low PPV:PPY 

thickness ratios have emission colours closer to that of single layer PPY devices and 

those with high ratios have emission colours closer to that of single layer PPV devices. 
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Figure 6-36 Colour co-ordinate diagram for bilayer devices with various PPV:PPY 

thickness ratios (r). The colour of emission of single layer PPV and PPY devices and 

the bilayer device using PPY batch ER180 are also shown. 

A complication that may arise in the study of electroluminescence spectra from 

such devices is the effect that the applied field may have on the spectra. For example, 

colour variation with different applied bias has been observed in bilayer LEDs with 

PPV and an electron transport layer [30]. To investigate this, the spectra of one of the 

devices was measured as a function of applied voltage. The spectra are shown in 

Figure 6-37. 
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Figure 6-37 Electroluminescence spectra of a bilayer device (r=4) as a function of 

applied voltage 

It can be seen from Figure 6-37 that the magnitude of the applied voltage has no 

significant effect on the electroluminescence spectrum of the device studied. 

Devices with Batch LOS 

The range of PPV:PPY thickness ratios was extended using PPY batch L05. 

The electroluminescence spectra found in this study illustrate more complex behaviour 

than that found for the devices using batch L04. 
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Figure 6-38 Electroluminescence spectra ofbilayer devices using PPY batch LOS. 

The PPV: PPY thickness ratio is listed on the left and the total thickness of the device 

(in nm) is listed on the right 

It can be seen from Figure 6-38 that the simple relationship between thickness 

ratio and spectrum observed for bilayer devices in Figure 6-35 no longer remains. 
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There appears to be a relative enhancement of some parts of the spectra in Figure 6-38 

which appears to be dependent on more than the thickness ratio of the device. It is also 

apparent that the spectral trends do not appear to follow the trends in overall thickness. 

Clearly there is a complex relationship between device structure and spectra which 

cannot be explained by a simple layer thickness argument. 

Capacitance-Voltage Characterisation 

The capacitance-voltage characteristics of an ITO/PPV/PPY/A1 diode are 

shown in Figure 6-39. The device has a thickness ratio of 1.5 ± 0.3 and uses PPY batch 

L04. 
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Figure 6-39 Capacitance-voltage characteristics of an ITO/PPV/PPY/Al device at step 

rates of lmV/s and WmV/s 

The capacitance-voltage behaviour of the ITO/PPV/PPY/Al device in forward 

and reverse bias is significantly different to the behaviour found for the single layer 

PPV device. A Mott-Schottky plot of the data with a step voltage of lmV/s is shown in 

Figure 6-40. 
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Figure 6-40 Mott-Schottky plot for an ITO/PPV/PPY/Al device 

The Mott-Schottky plot of the bilayer device has some similarity in shape with 

that of the single layer PPV device. There is clearly only a linear relationship in 

reverse bias (open squares in Figure 6-40), and a more complex relationship in forward 

bias. Analysis of the data allows calculation of the acceptor density, built-in voltage 

(contact potential difference) and the width of the depletion region. These values are 

shown in Table 6-10. 

V s o (V) N A (irTJ) w (nm) 
2.87 4.60x102 4 17 

Table 6-10 Built in voltage (VSo), acceptor density (NA) and depletion region width 

(w)for an ITO/PPV/PPY/Al device 

The value of NA is very similar to that found for the single layer PPV and PPY 

diodes (see Chapter 5). The width of the depletion region is slightly larger than that 

found for the single layer PPV device, but similar to that found for the PPY device. 

The contact potential difference is far larger than that found for either single layer 

device. This high value may be a consequence of the difference in energy levels 

between the PPY and aluminium and also there could be some contribution from the 

mismatch of energy levels at the polymer heterojunction. 
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Summary and Discussion of PPV/PPY Bilayer Devices 

Device Operation 

The efficiency improvement observed for PPV diodes, upon addition of a PPY 

layer, is very encouraging. The most efficient bilayer device (with PPY batch ER180) 

has an efficiency 60 times higher than a single layer PPV device with aluminium 

contacts and 20 times higher than a single layer PPV device with calcium contacts. 

This increase in efficiency may be due to several factors. Possibly the most important 

factor is the balancing of positive and negative charge carriers in the device. Efficient 

operation of polymer light-emitting diodes requires balanced electron and hole 

injection and transport. 

Charges migrating through a device will only contribute to the quantum 

efficiency of a device if they meet with an oppositely charged polaron to form a 

polaron-exciton which can then (if singlet) radiatively decay. I f the charge simply 

migrates through the device, it adds to the current and reduces the quantum efficiency 

of the device. It is therefore important to have a similar number of opposite charges 

migrating through a device so that the charges can meet. Bilayer PPV/PPY devices 

may improve the balance of charge injection and transport so that the numbers of 

positive and negative charges in the device are more closely matched. The requirement 

of efficient devices having balanced charge injection provides an explanation of the 

variation in efficiency observed when the PPV:PPY thickness ratio is varied (Figure 

6-29 and Figure 6-32 to Figure 6-34). Changing the thickness ratio, r, moves the 

region where positive and negative charges meet in the device, and the amount of 

trapping of charge that occurs. In a single-layer device the position of the region of 

light-emission will be defined by the relative mobilities of positive and negative 

polarons in a single material, but in bilayer devices the situation is complicated by the 

presence of the polymer heterojunction. There is a large barrier to hole injection from 

PPV to PPY, and a smaller barrier to electron injection from PPY to PPV as shown in 

Figure 6-18. This explains why light-emission retains a large amount of PPV-like 

character, even at low thickness ratios (Figure 6-35). The negative polarons migrate 

through the PPY layer to meet with oppositely charged polarons which are migrating 

through the PPV layer. The configuration of the polymer energy levels means that hole 

injection into the PPY layer is less likely than electron injection into the PPV layer and 

hence radiative recombination would preferentially occur in the PPV layer. It is 
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obvious from Figure 6-35, however, that some emission does come from the PPY layer. 

This is to be expected. As the PPY layer gets thicker compared to the PPV layer then 

there is a larger probability of opposite charges combining in the PPY layer, essentially 

because the charges have to travel further and hence will be in the PPY layer for a 

longer length of time. Efficiency variation with thickness ratio in bilayer devices using 

an electron-transporting polymer have been observed elsewhere [30]. 

An additional way in which the efficient electron-transporting layer may benefit 

LED performance is by moving the emissive region away from the metal contact. As 

discussed in Chapter 2, the metal electrode can quench luminescence either directly or 

by interference effects, and the displacement of the emissive region into the bulk of the 

polymer should increase the efficiency. 

Comparison with other Electron-transporting Polymers 

Although PPY has been studied previously as the emissive layer in polymer 

LEDs [21, 31] and has also given intriguing a.c. operation (see for example reference 

[14]), the efficiency of these devices is very low. This work differs from the previous 

work as PPY is used as an electron-transporting layer and not as an emissive layer [21, 

31] and also the high photoluminescence quantum yield shown by our PPY suggests 

that refinements which have been made to the synthesis have resulted in a polymer with 

higher purity. The efficiency of LEDs made from small organic molecules has been 

improved by incorporating electron-transporting/hole-blocking layers (see for example 

references [32-36]). This has stimulated a search for efficient electron-transporting 

polymers which could be incorporated into multilayer devices [29, 31, 37-39]. The 

comparison in this report will be limited to polymer electron-transporting layers in 

polymer LEDs. Several approaches to electron-transporting polymers have been taken 

including oxadiazoles [28, 29, 40-42], poly(quinoline)s [30], poly(quinoxaline)s and 

related materials [37, 38, 40, 43-45], cyano-substituted PPVs [46, 47], and pyridine 

containing copolymers [38]. A summary of the performance of these electron-

transporting polymers is listed below. The general type of the material is listed, the 

factor by which the efficiency is improved over a comparable single layer device, the 

efficiency of the best bilayer device and any comments which have relevance. 

Aluminium electrodes are used for all devices, unless stated otherwise. It should be 

noted that Table 6-11 is not a complete listing of all electron-transporting polymers. 
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Electron 
Transporting 

Polymer 

Hole 
Transporting 

Polymer 

f QE 
(%) 

Comments Refer
ence 

Oxadiazole PPV 6 0.6 Internal QE [42] 
Oxadiazole MEH-PPV 40 0.08 [29] 
Oxadiazole PPV 10 0.01 [28] 

CN-PPV PPV N/A 4 Internal QE 
CN-PPV is 

emissive layer 

[46] 

Quinoxaline PDAOPV 10 0.35 Integrating 
sphere efficiency 

[37] 

Quinoxaline PPV 2 0.04 Mg:Ag electrode [44] 
Quinoxaline PPV 10-40 0.13 [30] 

Table 6-11 Comparison of the effect of some types of electron-transporting polymers 

in polymer LEDs. The type of material used as the electron-transporting material, the 

hole-transporting and emissive material, the efficiency improvement factor over a 

single layer device with the same electrode material ( f ) and the quantum efficiency 

(QE) of the bilayer device are listed 

Table 6-11 illustrates that the efficiency improvement and overall efficiency of 

devices fabricated using a PPY electron-transporting polymer are comparable to the 

largest improvements found in the references listed above. The efficiency of devices 

using PPY batches other than ER180 still exhibit a much improved efficiency 

(approximately a factor 20 higher than single layer devices with aluminium electrodes), 

and a reasonable external quantum efficiency. 

Efficiency Variation with PPY Batch 

A large number of bilayer devices with various batches of PPY were fabricated 

in an effort to repeat the considerable improvements in efficiency obtained using PPY 

batch ER180 (a factor 3.8 better than the other batches). This was found to be 

impossible and the reason for this is unclear. Optical measurements of the PPY 

batches, shown in Chapter 4, show no significant difference between the PPY batches 

in either solution or film. The molecular weight of batch ER180 is unremarkable, but 

the polydispersity (i.e. the number of different molecular weights) is the highest of the 

batches. It is unlikely that this is the cause of the efficiency increase. The impurity 

level of batch ER180 in the CHNR analysis is the highest of any batch, although the 

ESR results for this batch are unremarkable. The analysis finds a impurity content of 
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5.74% by weight, higher than the next highest value of 3.99% for batch ER186. There 

may be some correlation between this impurity level and the efficiency of devices made 

with the particular batch of PPY, although the reason for this is not immediately 

obvious. Comparison of the peak efficiency of bilayer devices shown in Table 6-8 and 

the impurity level in Table 4-3 does show an increasing efficiency with increasing 

impurity level. This provides a possible reason for the enhanced operation with batch 

ER180. The increased impurity level may lead to n-doping the polymer, producing a 

very small light-emitting electrochemical cell (LEC) type effect. LECs exhibit lower 

operating voltages, high efficiency and facilitate the use of air stable metals as 

electrode materials [48, 49]. Other factors vary in this study, however, and drawing 

strong conclusions from this may be unwise. 

Another possible reason for the increased efficiency may be the crystallinity of 

the PPY. PPY films are highly ordered [50, 51] and the high efficiency may be due to 

a large degree of ordering assisting in the efficient transport of charges through the 

PPY layer. 

The variation in the thickness ratio of the most efficient device with a particular 

batch of PPY (Table 6-8) can be understood by considering the mobility of the PPY 

used. The mobility of the PPV would not be expected to alter significantly (the 

exception is the aged PPV compared to the fresh PPV) and hence the calculated charge 

mobility for the bilayer devices should provide a reasonable measure of the relative 

mobility of the PPY. If the PPY has a low mobility then a relatively thin layer would 

be expected to produce balanced charge transport and hence an efficient device. If the 

PPY has a high mobility then a thicker layer would be required to provide balanced 

charge transport. It is therefore expected that the most efficient device using PPY with 

a low charge mobility will have a high PPV:PPY thickness ratio and the most efficient 

device using PPY with a high charge mobility will have a lower PPV:PPY thickness 

ratio. This is observed only for some of the batches presented in Table 6-8, but the 

effect may be masked by the exact peak of the thickness ratio not being found or by 

other factors such as variation in the fabrication process. 

Spectral Variation of Bilayer Devices 

The variation in spectrum with PPV:PPY thickness ratio, shown in Figure 6-35, 

has been explained above by simple consideration of the probability emission occurring 

from a particular polymer layer, producing an EL spectrum which is simply a mixture 
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of PPV and PPY emission. This explanation does not require the formation of an 

excimer/exciplex type state which is considered to be responsible for emission in some 

bilayer devices using PPY and PPY derivatives [3, 31]. A study (elsewhere) of PPV 

bilayer devices using polyquinolines and related materials, finds no exciplex/excimer 

emission in optical measurements [30]. A spectral variation with different polymer 

layer thicknesses is found in reference [30], and is similar to what is found in this 

study. 

The variation of EL spectra, shown in Figure 6-38, is far more complex than 

that shown in Figure 6-35. Some of the spectra appear to be affected by microcavity 

type effects. Deliberately fabricated microcavities can be used to alter the emission 

properties of LEDs (see for example references [52, 53]), and effects similar to those 

reported for microcavity devices appear to be found in this study. This can be 

understood by realising that the device structure of the devices studied may provide 

some microcavity modification. The aluminium electrode is approximately 100% 

reflecting, and the ITO electrode will be approximately 10% reflecting across a range 

of wavelengths. This would produce a cavity with a low quality factor and hence little 

enhancement would be expected. The situation is further complicated by the wide 

wavelength range of the emission and by the existence and position of the polymer 

heterojunction. The heterojunction may provide a refractive index mismatch and the 

position of the heteroj unction, from which the majority of the light emission is thought 

to originate, will vary with thickness ratio. This means that the main emission zone 

may coincide with a node or anti-node of one of the modes of the cavity, entirely by 

chance. These considerations prevented detailed analysis of the spectra. 

B I L A Y E R D E V I C E S WITH MEH-PPV AND PPY 

Energy Levels 

It is also possible to fabricate bilayer devices using a PPY electron-transporting 

layer and MEH-PPV in place of PPV. The energy level positions of a bilayer 

ITO/MEH-PPV/PPY/A1 device are shown below. 

257 



A A A 

2.8eV 3.4eV 

4.8eV 
2.1eV 

2.9eV 

• Vacuum level 

•Al 4.2eV 

ITO MEH-PPV PPY 

Figure 6-41 Positions of the energy levels in a bilayer ITO/MEH-PPV/PPY/Al device 

The energy level positions of a bilayer device using MEH-PPV indicate that the 

theoretical barrier to electron injection from the PPY to the MEH-PPV layer is smaller 

than the corresponding barrier for bilayer devices using PPV. The barrier to hole 

injection from the PPY to MEH-PPV is slightly larger, however. 

Device Performance of a Bilaver MEH-PPV/PPY Device 

The current-voltage and intensity-voltage characteristics of a bilayer device 

using MEH-PPV are shown below. The devices were fabricated with PPY batch 196. 
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Figure 6-42 Current-voltage and intensity-voltage characteristics of a bilayer MEH-

PPV/PPY device 
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The bilayer device has diode-like characteristics, similar to those found for most 

devices. The intensity-current characteristics of the device are shown in Figure 6-43. 
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Figure 6-43 Intensity-current characteristics of a bilayer MEH-PPV/PPY device 

The electroluminescence spectrum of the bilayer MEH-PPV/PPY device is 

compared to the EL spectra of single layer PPY and MEH-PPV devices in Figure 6-44. 

MEH-PPV/PPY 

500 800 600 700 

Wavelength (nm) 

Figure 6-44 Electroluminescence spectra of MEH-PPV/PPY bilayer, PPY and PPV 

single layer devices 

The EL spectrum of the bilayer device is very similar to the EL spectrum of 

single layer MEH-PPV devices and is dissimilar to the EL from PPY. The similarity is 

reflected in the colour co-ordinates of the emission. The bilayer device has CEE (X,Y) 

values of (0.58, 0.41), close to the single device values of (0.55, 0.44). 
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The external quantum efficiency of the device shown is 0.036%. This 

represents an efficiency increase of factor 4 over a single layer MEH-PPV device. This 

can be illustrated by comparison of the intensity-current characteristics of single and 

bilayer MEH-PPV devices (Figure 6-45). 
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Figure 6-45 Intensity-current characteristics of single and bilayer MEH-PPV devices 

The field required for a given current is higher in the bilayer device than in the 

single layer device (both with aluminium contacts). This is the opposite to what is 

found for the bilayer device using PPV as the active and hole-transporting layer. The 

current-field characteristics of both devices are compared in Figure 6-46. 
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Figure 6-46 Current-field characteristics of single and bilayer MEH-PPV devices 
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The Schottky barrier height, charge mobility and Fowler-Nordheim barrier 

height of the bilayer device can be calculated from Schottky, SCLC and Fowler-
• 

Nordheim analysis of the current-voltage data. 
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Figure 6-47 Schottky analysis of a bilayer MEH-PPV/PPY device 
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6-48 SCLC analysis of a bilayer MEH-PPV/PPY device 
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Figure 6-49 Fowler-Nordheim analysis of a bilayer MEH-PPV/PPY device 

Bilayer MEH-PPV devices with various MEH-PPV to PPY thickness ratios 

were prepared. A summary of the external quantum efficiency, Schottky barrier height, 

charge mobility and Fowler-Nordheim barrier height for the bilayer MEH-PPV devices 

is presented in Table 6-12. 

MEH-PPV to PPY 
Thickness 
Ratio (r) 

Peak 
EQE 
(%) 

Schottky 
Barrier 
Height 

(±0.01 eV) 

Charge 
Mobility 

( cmVs- 1 ) 

F-N 
Barrier 
Height 

(eV) 
1.0 ±0 .3 0.0046 0.99 (8 ± 2) xlO"7 0.30 ± 0.03 
1.6 ±0 .3 0.030 1.00 ( 2 . 8 ± 0 . 5 ) x l 0 ' 6 0.26 ± 0.02 
1.9 ±0 .2 0.036 0.80 ( 1 . 2 ± 0 . 2 ) x l 0 5 0.21 ±0.01 
2.9 ±0 .8 0.030 0.86 (1 .3±0 .3 )x l0" 6 0.27 ± 0.03 
3.5 ±0 .8 0.021 0.95 (1 .5±0.3)x l0~ 6 0.20 ± 0.02 
3.8 ±0 .9 0.017 1.06 (9 ± 2) xlO"6 0.21 ±0.02 

Table 6-12 Efficiency and device parameters for bilayer MEH-PPV/PPY devices 

The Schottky barrier height for the bilayer devices is higher than the 0.74eV 

found for a single layer MEH-PPV device. It should be noted that the diode ideality 

factors for each device are very high and Fowler-Nordheim theory may provide a better 

framework than Schottky analysis. The use of a PPY layer reduces the charge mobility 

in the device from the 1.4xl0"5 cm 2 V"1 s"1 found for single layer MEH-PPV device and 

increases the value of the tunnelling barrier which is found to be 0.12eV in the single 



layer device. Data supporting the idea of a larger barrier is given by the larger field 

required for a given current in Figure 6-46. 

The efficiency of bilayer devices varies with layer thickness ratio in a similar 

manner to that found for the PPV bilayer devices. The variation is shown below. 
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Figure 6-50 External quantum efficiency as a function of MEH-PPV: PPY layer 

thickness ratio 

The bilayer MEH-PPV devices have a maximum efficiency for a thickness ratio 

of r=1.9 and a lower efficiency at thickness ratios smaller and larger than this value. 

Summary and Discussion 

An increase in the efficiency of operation of MEH-PPV based devices is 

achieved through the use of a PPY electron-transporting layer. The efficiency of the 

bilayer devices varies with the ratio of the polymer layer thicknesses. The model of 

bilayer device operation presented above provides an explanation of the efficiency 

increase. The increase in efficiency for MEH-PPV devices is not as large as for 

devices using PPV. This may be a consequence of the barrier to hole injection which 

arises in MEH-PPV devices (the ITO/PPV contact is thought to be ohmic) preventing 

the efficient injection and transport of electrons and holes, and hence efficient device 

operation. 

The spectrum of the bilayer MEH-PPV device is very similar to that of the 

single layer device (Figure 6-44) suggesting the large barrier to hole injection from the 

MEH-PPV to the PPY (Figure 6-41) largely confines the excitations to the MEH-PPV 

layer. 
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BILAYER DEVICES W I T H OTHER POLYMERS 

A study using PPY as an electron-transporting polymer was carried out by Dr 

D. Lacey at Cambridge Display Technology (CDT). The study used one of CDT's 

proprietary PPV derivatives as the hole transporting and emissive layer. In summary, 

the study found that bilayer devices using a PPY ETL and aluminium electrodes had a 

similar efficiency to single layer PPV derivative devices with calcium electrodes. In 

other devices, a PEDOT hole transporting layer [54] was used between the PPV 

derivative and ITO layers. Using a PPY ETL to form a trilayer device improved the 

quantum efficiency by a factor 23 over a ITO/PEDOT/PPV/A1 device. The efficiency 

of the device is a half of the efficiency obtained for a PEDOT/PPV device with calcium 

electrodes. 

264 



S UMMAR YAND CONCL US IONS 

The efficiency of single layer device structures, examined in Chapter 5, can be 

greatly enhanced through the use of multilayer structures. Suitable materials can be 

chosen to act as efficient hole and electron-transporting layers and greatly enhance the 

operating efficiencies of polymer LEDs. 

Thin films of doped polyaniline have been prepared by spin-coating from 

solutions of volatile acids. Optical characterisation of resulting films has been carried 

out, and the films have been used as a hole-transporting layer in polymer light-emitting 

diodes. Commercially available poly(vinyl carbazole) has also been characterised and 

used as a hole-transporting layer. The inclusion of these hole-transporting layers can 

produce devices with higher quantum efficiency and lower operating voltages, 

producing devices with higher power efficiency. 

A luminescent polymer, polypyridine, has been used as an efficient electron-

transporting polymer, providing an enhancement in efficiency similar to the largest 

improvements found for other electron-transporting polymers. Such bilayer devices 

exhibit spectral and efficiency variation with device structure, and a model to describe 

this variation is proposed. Unfortunately, a significant batch to batch variation of PPY 

produces significant differences in the performance of bilayer LEDs. Optical, ESR and 

chemical composition measurements do not provide great insight into the reason for the 

variation, and further work is required to fully investigate and characterise its origin. 

The successful elimination of the batch variation should lead to a promising electron-

transporting material for polymer LEDs. 

PPY is resistant to photochemical [55] and electrochemical [56] oxidation and 

facilitates the fabrication of efficient devices using less reactive metal electrodes. It has 

been demonstrated that PPY can produce enhanced device performance with several 

different polymers, and it's large band gap and orthogonal spinning solvent should 

allow its use with a range of luminescent polymers. 
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Chapter 7 Summary and Conclusions 

The apparatus required for the measurement of photoluminescence spectra and 

for the fabrication and characterisation of polymer light-emitting diodes has been 

assembled. The essential assumptions and calculations required to fully characterise 

polymer light-emitting diodes have been applied and reported. 

P O L Y P Y R I D I N E 

Polypyridine (PPY), synthesised in Durham, has been characterised by optical 

spectroscopy. Batch-to-batch variation of the polymer has been investigated using 

optical spectroscopy, electron-spin resonance (ESR) studies, chemical analysis and 

molecular weight determination. 

The differences in the optical properties of PPY in solution and f i lm have been 

investigated using optical spectroscopy. Emission from excimer or aggregate states has 

been discounted, and the differences have been explained in terms of rotations of the 

pyridine rings out of the plane of the polymer chain, producing a reduced conjugation 

length in solution. The high degree of order in the polymer f i lm reduces the occurrence 

of ring rotations, producing a longer conjugation length and hence a lower energy 

emission. The conjugation length of PPY in solution and fi lm has been probed by 

disrupting the conjugation along the chain using meta-linked monomer units in random 

copolymers of meta- and para-linked PPY. From optical measurements of these 

polymers, the conjugation length has been estimated to be between 3 and 4 repeat units 

in f i lm and less than 3 repeat units in solution. 

The "tuneability" of polymer emission has been demonstrated by the study of 

the solid state dilution of PPY. Films of PPY and poly(methyl methacrylate) blends 

have been shown to produce considerable colour tuning, without the requirement for 

modification of the chemical structure. 

D E R I V A T I V E S OF P O L Y P Y R I D I N E 

Significant colour tuning has also been achieved by altering the chemical 

structure of PPY. This has been demonstrated by the study of novel derivatives of 

PPY. 
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A hexyl substituted PPY derivative with increased solubility, and a mefa-linked 

derivative of PPY with a reduced conjugation length have been synthesised and 

characterised. The addition of a hexyl group appears to increase the ring torsion angle 

in the polymer, leading to a reduction of the conjugation length and a blue-shift of the 

absorption in solution and film. The side group also seems to prevent the high ordering 

observed in PPY films, producing a smaller shift between the photoluminescence of 

solution and fi lm. The larger torsion angle may increase the probability of intersystem 

crossing, leading to a reduction in the photoluminescence quantum yield of the 

polymer. 

The meta-linked derivative of PPY exhibits blue-shifted absorption and 

emission in solution and film, which would be expected from a polymer with a reduced 

conjugation length. The meta-Ymks produce a polymer with significantly weaker 

photoluminescence in solution and film, however. 

COPOLYMERS OF PPY 

Random copolymers of PPY and hexyl substituted or mem-linked PPY 

derivatives have been characterised using optical spectroscopy. This characterisation 

has enabled an estimate of the conjugation length in PPY. 

Regular copolymers of PPY (and derivatives) and poly(p-phenylene) (PPP) (and 

derivatives) have also been characterised. Blue-shifted absorption and almost pure blue 

emission is observed from copolymers containing hexyl substituted PPY units, but little 

change from the optical properties of pure PPY is observed when unsubstituted PPY 

units are used in the copolymer. 

D E V I C E S BASED ON PPY AND PPY C O P O L Y M E R S 

Polymer electroluminescent devices based on PPY and copolymers of PPY 

exhibit novel charge injection and transport properties and show symmetric current-

voltage characteristics, independent of theoretical barriers to charge injection. This 

represents a departure from the simple model of device operation and is significantly 

different to devices using PPV and derivatives. Single layer devices using PPY have an 

efficiency of approximately 3xlO"3%, similar to efficiencies found for PPV based 

devices with aluminium electrodes. The use of lower workfunction metals can reduce 

the field required for a given current in PPY devices but the efficiency, in contrast to 
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what is found for PPV devices, is significantly reduced. This could be due to chemical 

interaction between the reactive metals and the polymer. 

Schottky and space charge limited current analysis of the current-voltage 

characteristics provide some insight into device operation, but the small range over 

which the models fit and the high diode ideality factors suggest that application of these 

models to polymer systems is not ideal. Fowler-Nordheim analysis of PPY based 

devices is inappropriate. Capacitance-voltage analysis of PPY-based devices finds a 

doping density similar to that of poly(p-phenylene vinylene) (PPV). 

The efficiency and performance devices using PPY:PMMA blends as the active 

layer is poor (two orders of magnitude less than single layer PPY devices), and the 

photoluminescence and electroluminescence spectra exhibit considerable differences. 

Similar efficiency and spectral variation is found for devices using regular copolymers 

of PPY. The electroluminescence of one of the regular copolymers is found to be 

almost white, and not the almost pure blue emission of photoluminescence. 

Single layer light-emitting diodes using the random hexyl copolymer have low 

efficiency and exhibit anomalous current-voltage characteristics. Devices using the 

mera-linked copolymers show no electroluminescence. They exhibit increasingly 

anomalous current-voltage characteristics with increasing meta content, suggesting that 

the anomalies may be connected to the reduction in the conjugation length of the 

polymer. 

PPV AND D E R I V A T I V E S 

Single and bilayer electroluminescent devices using PPV and MEH-PPV have 

been fabricated and tested. The spectral characteristics of the devices have been 

measured, and their current-voltage behaviour has been analysed in a Schottky, SCLC 

and Fowler-Nordheim framework. Single layer devices using aluminium electrodes 

have an efficiency of approximately 4xl0" 3% and 9xl0" 3% for PPV and MEH-PPV 

respectively. PPV diodes using calcium electrodes have an efficiency of approximately 

lx l0" 2 %. Capacitance-voltage measurements of the devices have also been carried out. 

The effect of conversion of precursor route polymers on ITO coated substrates 

was investigated using optical spectroscopy and quasi-static capacitance voltage 

analysis. 

Significant differences were found in the absorption and luminescence spectra 

of poly(2-methoxy, 5-(2'ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV), prepared 
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via thermal conversion of the precursor polymer, on ITO and quartz substrates. In 

contrast, only minor differences were found for PPV prepared on ITO and quartz 

substrates. Significant doping of the polymers prepared on ITO substrates by indium 

chloride is the likely explanation. 

Comparison of the capacitance-voltage characteristics of devices using 

precursor and solution processed MEH-PPV found a doping density 280 times higher 

in the precursor route device, suggesting substantial doping during the conversion 

process. A similar doping density was found for PPV prepared via the precursor route. 

HOLE-TRANSPORTING P O L Y M E R S 

Efficiency improvements using hole-transporting polymers have been 

demonstrated. Films of commercially available poly(vinyl carbazole) have been 

optically characterised and applied successfully as the hole-transporting layer in bilayer 

devices using PPY as the electron-transporting and emissive layer. Thin films of the 

conducting form of polyaniline (PANi) have been prepared by spin-coating from 

volatile solvents and their optical properties have been measured. MEH-PPV and PPY 

devices with a PANi hole-transporting layer show reduced turn-on voltages and devices 

with MEH-PPV show increased efficiency. 

PPY AS AN ELECTRON-TRANSPORTING P O L Y M E R 

The novel charge injection properties of PPY devices facilitated the use of PPY 

as an efficient electron-transporting polymer (ETP). Devices with PPV as the hole-

transporting and emissive layer and PPY as an ETP show an increase in efficiency of a 

factor 60 over single layer PPV devices with aluminium electrodes and a factor 20 over 

devices with calcium electrodes. The peak efficiency of the bilayer devices is 0.25%. 

These bilayer devices show an efficiency and spectral variation i f the ratio of the 

thickness of the polymer layers is altered. A model is described to account for the 

spectral and efficiency variation, and for the efficiency improvements. The 

improvement in efficiency is thought to be due to the improved balance of injection and 

transport of electrons and holes, compared to single layer devices, and the displacement 

of the emissive region into the bulk and away from the metal contact. 

An increase in the quantum efficiency of devices using two other conjugated 

polymers as the hole-transporting and emissive layer, and PPY as an electron-

transporting layer is also reported, and a similar variation of efficiency with thickness 

ratio is measured for one of the polymers. 
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A large variation in bilayer device performance is produced by batch to batch 

variation of PPY. Optical, ESR and chemical analysis failed to provide an explanation 

for the variation, and further work is required to determine the origin of the variation. 

SUMMARY 

In summary, a wide range of conjugated polymers has been characterised by optical 

spectroscopy. Single layer electroluminescent devices have been fabricated and 

characterised, but a significant increase in efficiency can be obtained through the use of 

multiple polymer layer structures. Analysis of the devices in Schottky, space charge 

limited current and Fowler-Nordheim frameworks provides some insight into device 

operation, but the complexity and material dependence of the operation of polymer 

light-emitting diodes prevents accurate modelling. 

SUGGESTIONS FOR F U T U R E W O R K 

Conducting thin films of polyaniline could be used as hole-transporting layers 

with a range of polymers. Triple layer devices using the structure polyaniline/MEH-

PPV/PPY/A1 may provide a method of producing stable and efficient devices. The 

doping of MEH-PPV prepared via thermal conversion on ITO may produce devices 

with improved efficiency due to the p-doping of the polymer. The spectral 

characteristics of such devices may be undesirable, however. 

Methods to improve the efficiency of electroluminescence from PPY and PPY 

derivatives could be investigated in an effort to exploit their high photoluminescence 

quantum yields. Possible structures include a blend of poly(vinyl carbazole) and 

poly(hexylpyridine) in a single layer structure, and the use of other hole-transporting 

polymers, for example PEDOT. Further experiments using a poly(vinyl carbazole) 

layer may also prove useful. 

Further characterisation of devices using PPY as an electron-transporting layer 

may be provided through the measurement of the charge mobility of the component 

polymers, providing some insight into the layer thickness ratio required to achieve peak 

efficiency. Further investigation into the nature and amount of impurities that may lead 

to very efficient electron-transporting polymers for devices is required. Knowledge of 

the mechanism of the improvement in efficiency following vacuum treatment of PPY 

may also prove to be extremely useful. 
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APPENDIX 1 LISTING OF E E X T . X F M 

The Jandel Sigmaplot transform file for the calculation of the external quantum 

efficiency of LEDs is listed below. The transform uses area.xfm, provided with Jandel 

Sigmaplot, to calculate integrals. 

;EL QUANTUM EFFICIENCY CALCULATOR VERSION 1.0 

. * * * * * * * * * * * p j j j j j IN THESE VALUES****************** 
dcurr= ;current in polymer diode 
volt2= ;voltage signal in photodiode 
» 

wave=col(l) ;sets wavelength for T in col 1 (MUST BE IN m) 
tint=col(2) ;sets tint in col 2 
planck=6.626076e-34 
cee=299792458 
solidang=0.0625 
elec=1.60217733e-19 
pi=3.141592654 

;*******2nd order polynomial fi t to response c u rve********** 
gcoef=-9.17965el0 
hcoef=7.80834e5 
icoef=-0.119066 
resp=gcoef*(waveA2)+hcoef*(wave)+icoef 
col(3)=resp 
cell(3,l)="respons a/w" 
;*******end of response section***** 

• ̂ fi ̂  -fc ^ £̂  ̂ | j | ^ Q j " ] *̂  *̂  ̂  *̂  *̂  
;rf=2.3 le6 reference resistor in amp 
rf=2.2e6 reference resistor in amp 
;voltage=(0.987*volt2) 
;voltage=(0.989*volt2) 
voltage=(0.954*volt2) 
i 

col(4)=(col(3)*col(2))/col(l) intensity proportional to photon energy 
x_col=l ;column number for x data 
y_col=4 ;column number for y data 
res=5 ;column number for result 
;Define x and y data 
x=col(x_col) 
y=col(y_col) 

CALCULATE AREA **************** 
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;Compute the the range of differences between 
; x[i] & x [ i - l ] 
xdifl=diff(x) 
n=count(x) ;Delete first value-
xdif=xdifl[data(2,n)] ;not a difference 
;Compute the range of differences between 
; y[i] & y[ i - i ] 
ydifl=diff(y) 
ydif=ydifl[data(2,n)] ;Delete first value -

;not a difference 
;Use only y values from y [ l ] to y[n-l] 
yl=y[data(l,n-l)] 
;Calculate trapezoidal integration 
intgrl=yl *xdif+0.5*ydif*xdif 
int=total(intgrl) 

;******** PLACE RESULTS IN WORKSHEET ********* 
cell(res,2)=int ;Put area in result column 
cell(res,l)="intTR/L" 
col(6)=(voltage/(rf*planck*cee*int))*col(2) 
cell(6,l)="norm int" 

.*********INTEGRAL NUMBER 2*********** 
sx_col=l ;column number for x data 
sy_col=6 ;column number for y data 
sres=7 ;column number for result 
;Define x and y data 
sx=col(sx_col) 
sy=col(sy_col) 

;CALCULATE AREA 2 
;Compute the the range of differences between 
; x[i] & x [ i - l ] 
sxdifl=diff(sx) 
sn=count(sx) ;Delete first value-
sxdif=sxdifl[data(2,n)] ;not a difference 
;Compute the range of differences between 
; y [ i ] & y [ i - i ] 
sydifl=diff(sy) 
sydif=sydifl[data(2,n)] ;Delete first value-

;not a difference 
;Use only y values from y [ l ] to y[n-l] 
syl=sy[data(l,n-l)] 
;Calculate trapezoidal integration 
sintgrl=syl*sxdif+0.5*sydif*sxdif 
inttwo=total(sintgrl) 

;******** PLACE RESULTS IN WORKSHEET ********* 
cell(sres,2)=inttwo ;Put area in column res 
cell(sres,l)="int 2:" 
Eext=(elec*pi*inttwo)/(dcurr*solidang) 
cell(sres+l,2)=Eext 
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cell(sres+l,l)="Eext=" 
cell(sres+l,3)="Eext (%)" 
cell(sres+l,4)=Eext*100 



APPENDIX 2 LISTING OF CANDELA.XFM 

The Jandel Sigmaplot transform file for the calculation of the brightness in 

candela per square metre of LEDs is listed below. The transform uses area.xfm, 

provided with Jandel Sigmaplot, to calculate integrals. 

;CANDELA CALCULATOR VERSION 1.0 

.**********CONSTANTS************ 
wave=col(l) ;sets wavelength for T in col 1 (MUST BE IN m) 
tint=col(2) ;sets t int in col 2 
planck=6.626076e-34 ;Planck's constant 
cee=299792458 ;speed of light 
solidang=0.0625 ;solid angle of collection 
elec=1.60217733e-19 ;charge on the electron 
pi=3.141592654 ;pi 
areadi=2e-6 
km=683.002 
fitl_dat=10 
fit2_dat=ll 
wav_col=l 
res col=7 

area of pixel in m2 
CIE CONSTANT 
data column for CIE x<555nm 
data column for CIE x>555nm 
wavelength data 
col for CUE data 

. * * * * * * p j r j THESE JN************************ 
x_start= ;start of wavelength col 
x_end= ;end of wavelength col 
volt2= ;voltage signal in photodiode 
dcurr= ;current drawn by polymer diode (for lm/W calc) 
dvolt= ;voltage across polymer diode (for lm/W calc) 

.*******2nd order polynomial fit to response curve 
gcoef=-9.17965el0 
hcoef=7.80834e5 
icoef=-0.119066 
resp=gcoef*(waveA2)+hcoef*(wave)+icoef 
col(3)=resp 
cell(3,l)="respons a/w" 
;*******end of response section***** 

t ^ c ^ c ^ C ' f e ^ o t t i f c ^ f ^ ^ c ^ H ^ ^ ^ ^ 1 | * j o n section^^ •̂̂ '̂ ^ '̂̂ "i4'̂ ^*'̂  
rf=2.3 le6 -.reference resistor in amp 
;rf=2.2e6 ;reference resistor in amp 
voltage=volt2*0.987 
;voltage=volt2*0.989 
;voltage=volt2*0.954 
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col(4)=(col(3)*col(2))/col(l) 
x_col=l ;column number for x data 
y_col=4 ;column number for y data 
res=5 ;column number for result 
cell(4,l)="R*T/E" 
;Define x and y data 
x=col(x_col) 
y=col(y_col) 

.**************** CALCULATE AREA *************** 
;Compute the the range of differences between 
; x[i] & x [ i - l ] 
xdifl=diff(x) 
n=count(x) ;Delete first value-
xdif=xdifl[data(2,n)] ;not a difference 
;Compute the range of differences between 
; y [ i ] & y [ i - i ] 

ydifl=diff(y) 
ydif=ydifl[data(2,n)] ;Delete first value-

;not a difference 
;Use only y values from y [ l ] to y[n-l] 
yl=y[data(l,n-l)] 
•.Calculate trapezoidal integration 
intgrl=yl*xdif+0.5*ydif*xdif 
int=total(intgrl) 

.******** p L A C E RESULTS IN WORKSHEET ********* 
cell(res,2)=int ;Put area in column res 
cell(res,l)="int TR/L" 
col(6)=(voltage/(rf*planck*cee*int))*col(2) 
cell(6,l)="norm int" 

.*********Cjg DATA SECTION********************** 

.*********£][£ CURVE FIT DATA********** 
cell(fitl_dat,l)=1.00 
cell(fitl_dat,2)=5.5163e-7 
cell(fitl_dat,3)=3.5761e-8 
cell(fit2_dat,l)=1.00 
cell(fit2_dat,2)=5.5880e-7 
cell(fit2_dat,3)=4.3678e-8 ' 
cell(fitl_dat,4)="CIE curve fit" 
cell(fit2_dat,4)="parameters" 
;******END OF CIE CURVE FIT******* 

for j=x_start to x_end step 1 do 
i=if(cell(wav_col,j)<555e-9,fitl_dat,fit2_dat) 
acie=cell(i,l) 
bcie=cell(i,2) 
ccie=cell(i,3) 
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xcie=cell(wav_col,j) 
ycie=acie*exp((-0.5)*(((xcie-bcie)/ccie)A2)) 
cell(res_col,j)=ycie 
end for 

;******END OF CIE GENERATING DATA***** 

cell(res_col,l)="CIE data" 
;s()*e()*c() 
cell(8,l)="S*E*C" 
col(8)=col(6)*col(7)*planck*cee/col(l) 

.*********]]S[i'EGRAL NUMBER 2*********** 
sx_col=l ;column number for x data 
sy_col=8 ;column number for y data 
sres=9 ;column number for result 
;Define x and y data 
sx=col(sx_col) 
sy=col(sy_col) 
;Compute the the range of differences between 
; x [ i ] & x [ i - l ] 
sxdifl=diff(sx) 
sn=count(sx) ;Delete first value -
sxdif=sxdif 1 [data(2,n)] ;not a difference 
;Compute the range of differences between 
; y [ i ] & y [ i - U 
sydifl=diff(sy) 
sydif=sydifl[data(2,n)] ;Delete first value-

;not a difference 
;Use only y values from y [ l ] to y[n-l] 
syl=sy[data(l,n-l)] 
;Calculate trapezoidal integration 
sintgrl=syl*sxdif+0.5*sydif*sxdif 
inttwo=total(sintgrl) 

;******** PLACE RESULTS IN WORKSHEET ** 
cell(sres,2)=inttwo ;Put area in column res 
cell(sres,l)="int2:" 
cell(sres,3)="Cd/m2" 
cell(sres,4)=inttwo*km/(areadi*solidang) 
cell(sres,6)=cell(sres,4)*pi*areadi 
cell(sres,5)="lumens" 
cell(sres,7)="lumens/watt" 
cell(sres,8)=cell(sres,6)/(dcurr*dvolt) 
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APPENDIX 3 CALIBRATION OF T H E D E T E C T O R 

Calibration of the large area photodiode and amplifier, used as the detector in 

efficiency and brightness measurements, was carried out using a calibrated photodiode 

of known spectral response in conjunction with an air-cooled argon ion laser. The 

514nm line of the laser was used as the light source. A number of neutral density 

filters were used to reduce and vary the flux incident on the detectors. The intensity 

measured by the photodiodes was compared and a calibration equation was obtained. 

The measurements were carried out in the same session and the laser was operated 

continuously to reduce error due to intensity fluctuation. 

The absorbance of the neutral density filters used was measured over a 

wavelength range of 450 to 800 nm to allow the linearity of the detectors to be checked. 

The incident light intensity is reduced by the filter by 

/ = / o x l 0 ~ \ 

where A is the absorbance of the filter, and Io is the intensity of light source. This 

means that a plot of log intensity versus filter absorption should produce a straight line 

graph if the detector is linear. 

The linearity of the large area photodiode and amplifier circuit is compared to 

that of the calibrated photodiode below. 

Large Area 1e-6 
Calibrated 

1e-7 CO 

1e-8 J
 1 1 1 ^ 

6 5 4 3 
Filter Absorption 

Figure A - l Semi-log plot of intensity as a function of added filter absorption 
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7 The response of both detectors is essentially linear at intensities of 5x10" watts 
and above. The behaviour below this level is non-linear and similar in both cases. 

Three different calibration equations were required to correct the intensity 

measurement of the large area photodiode and amplifier following changes to the 

amplifier circuit. Figure A-2 provides calibration data for a period between 1/10/95 

and 1/5/97, Figure A-3 for a period between 2/5/97 and 28/10/97 and Figure A-4 for a 

period between 29/10/97 and 1/10/98. 

2.5e-7 -

2.0e-7 -

.2 % 1.56-7 -

"a ' 
a) >. 1.0e-7 -

| | 5.0e-8 -
O -

0.0e+0 -

0.0e+0 5.0e-8 1.0e-7 1.5e-7 2.0e-7 2.5e-7 
Large Area Photodiode 

Intensity (Watts) 

Figure A-2 Comparison of light intensity measured using a calibrated photodiode and 

a large area photodiode and amplifier 

o 
o 
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2 £ 3a-7 

2 '« 2e-7 
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0e+0 1e-7 2e-7 3e-7 4e-7 5e-7 6e-7 

Large Area Photodiode 

Figure A-3 Comparison of light intensity measured using a calibrated photodiode and 

a large area photodiode and amplifier 
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Figure A-4 Comparison of light intensity measured using a calibrated photodiode and 

a large area photodiode and amplifier 

The calibration parameter, a, and the value of the feedback resistance in the 

amplifier circuit which provide the calibration data are listed below. The calibration 

uses the calibration parameter as a factor by which the voltage signal from the 

photodiode is multiplied. 

Start End A RF 
Date Date (MQ.) 

1/10/95 1/5/97 0.987 2.31 
2/5/97 28/10/97 0.989 2.31 

29/10/97 1/10/98 0.954 2.20 

Table A - l Calibration parameter and feedback resistor used for calibration of the 

large area detector during certain time periods 
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APPENDIX 4 CROSS-CHECK WITH LUMINANCE M E T E R 

The brightness values calculated for some organic LEDs from measurements 

made by the large area photodiode were compared to values measured using a Minolta 

LS-100 luminance meter, at the time of their testing. In addition, a series of 

commercial inorganic LEDs and polymer LEDs were used to perform a systematic 

cross check of the large area photodiode and amplifier measurements, the brightness 

calculation, candela.xfm, and the some of the measurements therein. 

The area of each LED and the solid angle of collection of the emission were 

measured using a travelling microscope. A white, blue and green inorganic LED were 

used to vary the spectrum of the emission. A PPV single layer device with calcium 

electrodes was used as a standard organic LED. 

W H I T E L E D 

The brightness of a white LED with an emitting area of 5.31mm2 was measured 

using the two systems, as described above. The calculated solid angle for this system is 

0.140 steradians. The spectral output of the white LED was measured using a CCD 

spectrograph and is shown below. 

3 
3* 

CO 

c 
c 

400 700 500 600 
Wavelength (nm) 

Figure A-5 Electroluminescence spectrum of an inorganic white LED 

The comparison between the measured and calculated brightness is shown 

below. 
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Figure A-6 Comparison of measured (luminance meter) and calculated (LA 

photodiode) brightness for a white inorganic LED 

B L U E L E D 

The total LED emissive area was found to be 18.02mm2. The solid angle of 

flection of 0.0866 steradians. The spectral output of the blue LED is shown in the 

figure below. 

300 400 5 0 0 6 0 0 700 
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Figure A-7 Electroluminescence spectrum of a blue inorganic LED 
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Figure A-8 Comparison of measured (luminance meter) and calculated (LA 

photodiode) brightness for a blue inorganic LED 

G R E E N L E D 

The area of the green LED was found to be 10.81mm2. It defined a solid angli 

of collection of 0.149 steradians. The spectral output for the LED is shown below. 

300 700 400 500 600 
Wavelength (nm) 

Figure A-9 Electroluminescence spectrum of a green inorganic LED 
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Figure A-10 Comparison of measured (luminance meter) and calculated (LA 

photodiode) brightness for a green inorganic LED 

ORGANIC L E D 

A single layer ITO/PPV/Ca/Al device was also used in the systematic study. 

The EL spectrum of this device can be found in Chapter 5. The comparison between 

the calculated and measured intensity can be seen below. 
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Figure A-11 Comparison of measured (luminance meter) and calculated (LA 

photodiode) brightness for an ITO/PPV/Ca/Al device 

The results for the regression lines to the data are shown below. The 

coefficients are for an equation of the form 

Int (measured) -b(l) xlnt (calculated) + b(0). 
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Device b(0) b(l) 
White LED -4.1 1.04 
Blue LED 1.7 1.10 

Green LED 0.3 0.93 
ITO/PPV/Ca 3.7 0.95 

Table A-2 Coefficients of the regression lines to the cross-check data for several light 

sources 

In summary, the cross-check shows there is a small error in the calculation of 

the brightness of LEDs with a range of spectra. The difference may arise due to the 

calculation of the solid angle of the system or small variations in the actual emitting 

area of diodes. 
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APPENDIX 5 LISTING OF X Y Z . X F M 

The Jandel Sigmaplot transform file for the calculation of the CEE (X, Y, Z) 

colour co-ordinates of LEDs is listed below. The transform uses area.xfm, provided 

with Jandel Sigmaplot, to calculate integrals. The colour matching functions as a 

function of wavelength (in metres) must be in the first four columns of the worksheet. 

COLOUR COORDINATE CALCULATOR 
el intensity should be proportional to photons and interpolated to 5nm steps from 380 
to 780 

planck=6.626076e-34 ;Planck's constant 
cee=299792458 ;speed of light 
x_dat=col(l) ;wavelength in col 1 
x_bar=col(2) ;x_bar in col 2 
y_bar=col(3) ;y_bar in col 3 
z_bar=col(4) ;z_bar in col 3 
el_int=col(8) ;EL spectrum in col 8 
col(8)=col(8)*planck*cee/col(l) 
res_col=9 
x_EL=x_bar*el_int 
y_EL=y_bar*el_int 
z_EL=z_bar*el_int 
col(res_col)=x_EL 
col(res_col+1 )=y_EL 
col(res_col+2)=z_EL 

;x_el integral 
x=col(l) 
y=col(res_col) 
xdifl=diff(x) 
n=count(x) ;Delete first value-
xdif=xdifl[data(2,n)] ;not a difference 
ydifl=diff(y) 
ydif=ydif 1 [data(2,n)] ;Delete first value-
yl=y[data(l,n-l)] 
intgrl=yl*xdif+0.5*ydif*xdif 
a=total(intgrl) 
col(res_col+3)=a ;Put area in column res 
> 

;y_el integral 
xa=col(l) 
ya=col(res_col+l) 
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xadif l=diff(xa) 
na=count(xa) ;Delete first value -
xadif=xadif 1 [data(2,na)] ;not a difference 
yadifl=diff(ya) 
yadif=yadifl[data(2,na)] ;Delete first value-
ya 1=ya[data( 1 ,na-1)] 
intgrla=yal*xadif+0.5*yadif*xadif 
ab=total(intgrla) 
col(res_col+4)=ab ;Put area in column res 

y 

;z_el integral 
xb=col(l) 
yb=col(res_col+2) 
xbdifl=diff(xb) 
nb=count(xb) ;Delete first value-
xbdif=xbdif 1 [data(2,nb)] ;not a difference 
ybdifl=diff(yb) 
ybdif=ybdif 1 [data(2,nb)] ;Delete first value -
ybl=yb[data(l,nb-l)] 
intgrlb=ybl*xbdif+0.5*ybdif*xbdif 
ac=total(intgrlb) 
col(res_col+5)=ac ;Put area in column res 

sumo=col(res_col+3)+col(res_col+4)+col(res_col+5) 
xs=col(12)/sumo ;x=X/(X+Y+Z) 
ys=col(13)/sumo ;y=Y/(X+Y+Z) 
zs=col(14)/sumo ;z=Z/(X+Y+Z) 
cell (15,l)="x :=" 
cell (15,3)="y :=" 
cell (15,5)="z :=" 
cell (15,2)=xs 
cell (15,4)=ys 
cell (15,6)=zs 
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