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Benjamin Paul Lyons
Energy transfer to dopant molecules in polyfluorene films

ABSTRACT

Polyfluorene is a promising material for applications such as polymeric light-emitting
diodes. Upon optical or electrical excitation it exhibits efficient blue fluorescence and is
easily made into thin films by spin-coating from solution. Incorporating suitable dopant
molecules in these films changes the emission colour. The energy transfer processes
taking place have been investigated here by steady-state and time resolved fluorescence
measurements.

To assist in the analysis of these measurements, the optical constants of
polyfluorene were found by ellipsometry. Both unaligned and aligned films exhibit
uniaxial anisotropy. Unaligned films have their optical axis normal to the film surface
and are optically negative. Aligned films have their optical axis oriented in plane,
parallel to the rubbing direction and are optically positive. In aligned films, light
polarized in the alignment direction experiences absorption twice as high as light
incident on unaligned films.

Temperature dependent steady-state measurements were made on polyfluorene
films doped with tetraphenyl porphyrin. Energy transfer in such systems is usually
described in terms of Forster transfer but it is shown here that exciton migration must
also occur. A new model is developed to include this process. Diffusion lengths of 11
+/- 2 nm at low temperature and 20 +/- 2 nm at room temperature are found.

Energy transfer was also investigated by fluorescence polarization anisotropy. It is
shown that even at low temperature, excitons migrate far enough to depolarize the
fluorescence. However, the emission is not completely depolarized and it is suggested
that some excitons are trapped immediately after excitation.

Polarized luminescence from dicyanomethylene in aligned polyfluorene films is
observed. These molecules align themselves at least partially with the polymer chains.
Although the polarization ratio not sufficient for use in a device, this is a viable method
of achieving polarized fluorescence with a range of colours.



Energy transfer to dopant molecules in polyfluorene films

Benjamin Paul Lyons

A copyright of this thesis rests
with the author. No quotation
from it should be published
without his prior written consent
and information derived from it
should be acknowledged.

Submitted to the Faculty of Science, University of Durham,
for the degree of Doctor of Philosophy

Department of Physics
University of Durham

August 2005




DECLARATION

Except where specific reference is made, all material in this dissertation is the result of
my own work. This dissertation has not been submitted in whole or in part for the
award of a higher degree at this or any other university.

The copyright of this thesis rests with the author. No quotation from it should be
published in any format, including electronic and the Internet, without the author’s
prior written consent. All information derived from this thesis should be acknowledged
appropriately.



ACKNOWLEDGEMENTS

I have been very fortunate to have had such a great supervisor, Professor Andy
Monkman. His enthusiasm and advice have encouraged me enormously throughout my
PhD and I am very grateful to him for always finding the time to discuss my work.

Many thanks go to all the members of the OEM research group past and present, for
their advice and help with polymer-related things, and company during tea-breaks and
adventures overseas.

Much of this work required new components being built and old ones being fixed. I
would like to thank everyone in the mechanical and electronics workshop for their
expertise, and for putting up with me and the strange designs I had them build. Thanks
also must go to the condensed matter group’s technicians, Norman and Davy, who
somehow always manage to get things to work.

I am very grateful to Sony Europe Plc for providing me with a CASE Studentship. I
visited their labs in Stuttgart on two occasions, and I would particularly like to thank
Tzenka Miteva for all her assistance while I was there.

I would like to thank my parents Ray and Anita, my brother Tom and my sister
Sophie. Many thanks also to my friends in Durham, with whom I have enjoyed many
parties, games of pool and other distractions from physics. Thanks too to my friends in
the rest of the country and the rest of the world, for the times when I needed a break
from Durham. Finally, I would like to thank Hsin-yu Chang, for all her support and
encouragement over the last few years.

i



Contents

CHAPTER 1: INTRODUCTION

1.1

1.2
1.2.1

Introduction

Background
Conjugated polymers

Multiplicity
Selection rules

1.2.2

Photophysics

Absorption

Fluorescence

The Born-Oppenheimer approximation
Transition moments

Franck-Condon principle

Huang-Rhys parameter

1.2.3

Photoexcitations in conjugated polymers

Types of exciton

Free carriers in conjugated polymers

Absorption and emission in conjugated polymers
Exciton migration

1.2.4

Applications of conjugated polymers

Electroluminescence and polymer LEDs
Other applications

1.2.5

Polyfluorene

Electronic and physical properties
Polyfluorene LEDs

Solar cells

Aligned polyfluorene films

Low energy emission from polyfluorene films

1.3

Summary

CHAPTER 2: MATERIALS AND METHODS

2.1

2.2
2.2.1
222
223
224
225
226

23
231

24
24.1
24.2
243

Intreduction

Materials
Polyfluorene
Tetraphenyl porphyrin
DCM
Spectrosil
Silicon wafers
LCD cells

Fabrication
Spin-coating

Measurement instruments
Spectrofluorimeter
Time-correlated single photon counting (TCSPC)
VASE Ellipsometer

NN O W N

10

12
13
16
17
19
20
20
21
24
24
25
26
26
28
30
30
33

35

37

37

37
37
37
38

39
39

39
39

40
40
41
43

iii



CHAPTER 3: OPTICAL CONSTANTS OF POLYFLUORENE FILMS 44

3.1 Introduction 44
3.2 Background — optical constants and anisotropy 45
3.2.1  Optical properties of a dielectric 45
3.2.2  Anisotropy in the optical constants 49
3.3 Background - ellipsometry 53
33.1  Theory of ellipsometry 53
3.3.2  Experimental Set-up 54
3.3.3  Analysis of the data 60
34 Experimental procedure 63
3.5 Results and analysis 65
3.5.1 Silicon oxide and polyimide layers 65
3.5.2  Unaligned polyfluorene films 68
3.5.3  Aligned polyfluorene films 72
3.6 Discussion 78
3.7 Conclusions 81
CHAPTER 4: ENERGY TRANSFER IN POLYFLUORENE FILMS 82
4.1 Introduction 82
4.1.1  Forster transfer 82
4.2.1  Forster transfer applied to conjugated polymer systems 85
4.2 The Forster radius for PF and TPP 89
4.1.1  Experimental procedure _ 89
42.1  Results and analysis 90
4.3 Further investigations into the validity of Forster theory 94
4.1.1  Theoretical background 95
42.1  Experimental procedure 97
4.3.1  Results and analysis 98
44 Conclusions 107

CHAPTER 5: FLUORESCENCE ANISOTROPY OF POLYFLUORENE

FILMS 109

5.1 Introduction 109
5.2 Background 110
5.2.1  Transition dipole moments 110
5.2.2  Absorption dichroism 110
5.2.3  Fluorescence anisotropy 111
52.4  Measurement of fluorescence anisotropy 112
5.2.5  Samples with a preferred orientation 113

iv



53 Fluorescence anisotropy values from steady-state measurements:
corrections for optical effects
5.3.1  Unaligned films
5.3.2  Aligned films
54 Excitation profiles of aligned polyfluorene films
5.5 Characteristics of the fluorescence anisotropy of unaligned and aligned PF films
5.5.1  Temperature dependent measurements
5.5.2  Polarized TCSPC measurements on aligned and unaligned films
5.6 Energy transfer in unaligned and aligned PF films containing dopant molecules
5.6.1  Experimental
5.6.2  Results and analysis

5.7 Conclusions

CHAPTER 6: CONCLUSIONS

PUBLICATION LIST

REFERENCES

114
117
120
124
125
125
126
131
132
133

140

141

145

148



List of Figures
Figure 1.1: (a) combination of s and p orbitals to form an sp orbital (b) sp” orbitals...... 4

Figure 1.2: p orbitals and the formation of n* anti-bonding orbitals and n bonding
OFDILALS. ...ttt et 5

Figure 1.3: Vibronic transitions between the electronic ground state and an excited state
OF A MOLECUIE ...ttt e b e et seereerenes 10

Figure 1.4: Potential energy surfaces for the ground and excited electronic states of a
dIiatomMiC MOLECUIE.......c.cviiiiiiieicieee ettt et s saa sttt asassennes 14

Figure 1.5: Relationship between relative positions of ground and excited state potential
energy curves for a diatomic molecule and its absorption spectra ..........ccccccovverueenennen. 15

Figure 1.6: Origin of vibrational structure in absorption and emission...............c..c...... 16

Figure 1.7: Molecular structure of polyfluorene. R represents the side-groups attached

to the 9-position on the polymer UNL. .........cccoccveivieieiicniierecree e 26
Figure 1.8: Molecular structures of (a) PF2/6 and (b) PFO...........ccocviivniiienecninn, 27
Figure 1.9: Absorption and fluorescence spectra of PF2/6...........ccccceviviiicnninicniencnne. 28
Figure 2.1: Molecular structure of poly(9,9-diethylhexyl fluorene)...........ccccccenuneeene 37
Figure 2.2: Molecular structure of tetraphenyl porphyrin .........cc.cooeeviiiinnniciiniiinnc 38

Figure 2.3: Molecular structure of 4-(dicyanomethylene)-2-methyl-6-(p-
dimethylaminostyry])-4H-pYIan .........cccooioiirieniiinineieieccceeee e eesee e e e 38

Figure 2.4: The emission G-factor for the Jobin-Yvon Fluoromax spectrofluorimeter. 41

Figure 2.5: G-factor for TCSPC system, found by tail-matching.............ccoccecenenenne. 43
Figure 3.1: Example of the real and imaginary parts of the complex refractive index for
a Lorentz oscillator model ............coccoeeeviriieiniiiiiniciniinn e 49
Figure 3.2: Index ellipsoid for a material with uniaxial anisotropy...........ccccoceneiiunnne. 52

Figure 3.3: A beam of polarized light, reflected of a substrate, showing the p- and s-
QITECLIONS ...ttt s eb e s bbb b 53

Figure 3.4: The electric vector of linearly polarized light, and the variation of its x- and
Y-COMPONENts With tME.....c.c.oceiiiiiiiiererenereete et 55

vi



Figure 3.5: The electric vector of circularly polarized light, and the variation of its x-
and y-components With time ............ccceeiereiiinennieriiiee et tere s s e e 56

Figure 3.6: The electric vector of elliptically polarized light, and the variation of its x-
and y-components With time...........coccceerriiininiecirnce e en e 56

Figure 3.7: Reflection and transmission of light incident on a boundary...................... 60

Figure 3.8: A beam of light incident on a film on a substrate, and the multiple
reflections and tranSMISSIONS. .....c.coeiiririeiicnirireece ettt ese s s s 62

Figure 3.9: Optical constants of a rubbed polyimide film, found by ellipsometry........ 65

Figure 3.10: Ellipsometric data of a rubbed polyimide film on a silicon/silicon dioxide
substrate and fit from the model .........ccccoovveiviniiirininicice e 66

Figure 3.11: Depolarization in the ellipsometric data for a rubbed polyimide film on a

silicon/silicon dioXide SUDSITALE.. ..........c.coeiiririiierniin e enas 67
Figure 3.12: Typical layer structure for an unaligned PF sample............ccccorrrrrrnnnnen. 68
Figure 3.13: The direction of the optic axis in an unaligned PF film................c..c......... 68

Figure 3.14: Anisotropic absorption coefficients for an unaligned PF film, found by
CIIPSOMELTY ... .ttt ettt e se et s e 71

Figure 3.15: Anisotropic refractive indices for an unaligned PF film, found by
ELLIPSOMELTY ...ttt st ettt et e b st sb et aebessaesnassesanesseneenesnsannassens 71

Figure 3.16: Ellipsometric data for an unaligned PF sample and fits from the model .. 72

Figure 3.17: Typical layer structure for an aligned PF sample.........cc.ccccorvierevvnrnennen. 73
Figure 3.18: Direction of the optic axis for an aligned PF sample ..........cccocverererennnnen. 73
Figure 3.19: Anisotropic absorption coefficients for an aligned PF film, found by
CLHIPSOMELIY ...cveiiiie ittt et s et bbb aees s b b asas et nesns 74
Figure 3.20: Anisotropic refractive indices for an aligned PF film, found by
CLHIPSOMELTY ...ttt e e st sre e e sr s b ab e s 74
Figure 3.21: Depolarization in the ellipsometric data for an aligned PF sample........... 75
Figure 3.22: Ellipsometric data for an aligned PF sample...........ccococevvvmnirivinnnnnnne 76

vii



Figure 3.23: Optical density spectra for an aligned PF film on a rubbed PI/ITO/glass
substrate, found by transmission MEASUrEMENLS.................ccouvireeeireirierececeeieeereeesenenes 77

Figure 3.24: Polarized fluorescence spectra for an aligned PF film on a rubbed
Pl/silicon dioxide/silicon substrate. Sample was excited with unpolarized light and

emission measured polarized parallel and perpendicular to the alignment direction. ... 78

Table 1: Anisotropic optical constants at particular spectral positions for the unaligned
and aligned PF filmS. ....cocooiniiiiiiiiiiiecce et 78

Figure 3.25: Arrangement of the chains in (a) unaligned films and (b) aligned films. . 79
Figure 4.1: Anisotropic refractive indices of an unaligned polyfluorene film .............. 84

Figure 4.2: Polyfluorene emission spectrum, TPP absorption and emission spectra, with
TPP absorption bands labelled...............ccooiniririinninrcee e 89

Figure 4.3: Emission spectra from a series of TPP-doped PF films. ...........ccccevnnneee. 91

Figure 4.4: Scheme for the population and decay of and energy transfer between
donor/acceptor EXCIted STAES .........evvererrererierenieirierenrirterees et estentsresteseestesse e seseeeenes 92

Figure 4.5: Rate of energy transfer between PF and TPP as a function of TPP
concentration, calculated by solving steady-state rate equations.............ccoceeveeuerernnene. 93

Figure 4.6: Laser pulse profile, PF fluorescence decay at 440 nm and convolution of an
exponential decay, lifetime 280 ps, with the laser pulse...........ccoceeeviceninnrecinrenrenenne 99

Figure 4.7: Photoluminescence quantum yield of TPP in a Zeonex matrix, as a function
OF LEIMPETALUTE ....ceviveiiteiitcee ettt s ss e s nenenes 100

Figure 4.8: Intensity of TPP emission from a 0.05 % w/w TPP-doped PF film, where
the PF was excited, as a function of temperature..............cccocereievernenenncniennncnnenn, 101

Figure 4.9: Low T (15 K) emission spectra from a series of TPP-doped PF films ..... 102
Figure 4.10: Room T emission spectra from a series of TPP-doped PF films............. 102
Figure 4.11: Low T (15 K) TPP emission spectra from a series of TPP-doped films. 103
Figure 4.12: Room T TPP emission spectra from a series of TPP-doped films .......... 103

Figure 4.13: TPP emission intensity as a function of dopant separation in a series of
TPP-doped PF films, together with fits from the Yokota-Tanimoto model................. 104

viii



Figure 4.14: Excitation profile of a 0.001 % w/w TPP-doped PF film at low T and room
T. Emission was measured at 650 NM..........c.cccvivinenieiniinienecieeee e 106

Figure 5.1: Labelling of polarization components in an L-configuration fluorescence
EXPETIINENL. ......cvieiieiient et sttt ete et et e s et etesteseeseeseesas s besaeseeteseensessersresaesesssoneossnteass 111

Figure 5.2: Light path through a thin film in the L-configuration, showing refraction as
the light enters the film, and the necessary angle of incidence as the light leaves the film
...................................................................................................................................... 116

Figure 5.3: Coupling constants for polarization measurements of the emission from
unaligned PF films, 30° angle of incidence, for three different excitation wavelengths
...................................................................................................................................... 118

Figure 5.4: Coupling constants for polarization measurements of the emission from
unaligned PF films, 60° angle of incidence, for three different excitation wavelengths
...................................................................................................................................... 118

Figure 5.5: PF emission spectra, 30° angle of incidence (a) uncorrected and (b)
corrected for out-coupling of different polarizations of light. The thin line shows the
POIAriZation ANISOLTOPY......o.eeverruereerrerieritereeieeestenttestestessesesesstesaesassesseessessensessnessnnns 119

Figure 5.6: PF emission spectra, 60° angle of incidence (a) uncorrected and (b)
corrected for out-coupling of different polarizations of light. The thin line shows the
POlAriZation ANISOITOPY......veveirrerrererieeriarierieressesseessetessessssessessesaasessensasseseesessrssessases 119

Figure 5.7: Coupling constants for different configurations of light polarization and
film orientation, for an angle of incidence of 60° and an excitation wavelength of 350
1] 1 1 TSRO PP OO PO PO PP OO O P OO O RO ST POOP P RPPORTORRPPPTRO 121

Figure 5.8: Coupling constants for different configurations of light polarization and
film orientation, for an angle of incidence of 60° and an excitation wavelength of 380

11 44 OO PP 121
Figure 5.9: Coupling constants for different configurations of light polarization and
film orientation, for an angle of incidence of 60° and an excitation wavelength of 410
111 11 HS OSSOSO SO PP O TR TP PO APPSO 122

Figure 5.10: PF emission spectra, excitation at 350 nm, 60° angle of incidence (a)
uncorrected and (b) corrected for out-coupling of different polarizations of light...... 123

Figure 5.11: PF emission spectra, excitation at 380 nm, 60° angle of incidence (a)
uncorrected and (b) corrected for out-coupling of different polarizations of light...... 123

Figure 5.12: Excitation spectrum of an aligned PF film...........ccccccoviinnninnnnin. 124

ix



Figure 5.13: Emission from an unaligned film at 435 nm, polarized vertically and
horizontally. Excitation was at 390 nm with vertically polarized light. ...................... 127

Figure 5.14: Emission from an aligned film at 435 nm, polarized vertically and
horizontally. Excitation was at 390 nm with vertically polarized light, parallel to the
film alignment dir€CtioN.........cccoererveeriierteeeet b 127

Figure 5.15: Emission from an aligned film at 435 nm, polarized vertically and
horizontally. Excitation was at 390 nm with vertically polarized light, perpendicular to
the film alignment dir€Ction. ...........ccouvueirieerre e e 128

Table 2: Fit parameters for the deconvoluted TCSPC data ..........cccccocevvvrereecrenrernnene. 128

Figure 5.16: Anisotropy decays at three wavelengths, for excitation of an unaligned PF
film with vertically polarized light .............coooueieieinieee e 130

Figure 5.17: Anisotropy decays at three wavelengths, for excitation of an unaligned PF
film with light passed through a polarizer at 45 degrees to the vertical. ..................... 131

Figure 5.18: Absorption spectra of aligned PF films, doped with DCM, measured for
light polarised perpendicular and parallel to alignment direction. ...........cceeevnenee. 134

Figure 5.19: Absorption spectra of aligned PF films, doped with TPP, measured for
light polarised perpendicular and parallel to alignment direction. ...........c.ccccueennnnnee. 134

Figure 5.20: Steady-state fluorescence measurements of unaligned PF films, excited
with unpolarized light. Films are labelled according to their doping type. Emission was
measured through polarizers set vertically and horizontally ...........ccccccevvvenrecriciennnnas 135

Figure 5.21: Steady state fluorescence measurements of a pure, aligned PF film and an
aligned PF film doped with 0.5 % w/w TPP, excited with unpolarized light. Emission
was measured polarized parallel or perpendicular to the excitation as labelled on the
FIGUIE. ..ottt ettt e et r e b b e st naene 136

Figure 5.22: Steady state fluorescence measurements of a pure, aligned PF films and an
aligned PF film doped with 0.25 % w/w DCM, excited with unpolarized light, with
emission measured polarised parallel and perpendicular to the alignment direction. The
inset shows the deconvoluted DCM emiSSion .........c.ccevieinrienienesienensieseeneesresienenne 137

Figure 5.23: Examples of x* values for various transition dipole and direction
OTIENEALIONS .....cevvieriecirie et sttt st s en e b r b e e n e b br e bt 139

Figure 5.24: Raw PF fluorescence decay curves from aligned (black line) and unaligned
(red line) 0.25 % w/w DCM-doped PF films, measured at 420 nm. Figure (a) shows the
decay measured parallel to the film alignment, figure (b) shows the decay measured

perpendicular to the film alignment. ..........ccooeeviiniiiniineneeeeee e 139



Chapter 1: Introduction

Chapter 1: Introduction

1.1 Introduction

Traditional polymers play a huge role in everyday life. They are cheap, versatile
materials, with properties such as low density, flexibility, mechanical strength, ease of
fabrication and high resistivity which have found places for them in almost every aspect
of consumer society. In the field of electronics, polymers have so far only been useful
for their insulating properties. However, it has long been realised that a material
combining the low cost and versatility of polymers with the properties of metals and
semi-conductors would create a exciting new range of possibilities.

Several discoveries towards the end of the twentieth century brought these
possibilities closer to reality. In 1977, it was discovered that polyacetylene exhibited
metallic conductivities upon doping with sodium.' In 1990, Friend’s group in
Cambridge reported electroluminescence from devices made of a film of poly(p-
phenylenevinylene) between metallic electrodes.” These materials are both examples of
conjugated polymers. These polymers have alternating single and double bonds,
creating delocalised excitations which are responsible for their conducting and semi-
conducting properties. Progress in this field has proceeded at a remarkable rate. A huge
variety of materials has now been synthesized and characterized, the physics of these
materials has been intensely investigated experimentally, theoretically and

computationally and they have found their way into many applications. These include

3-14 15-25 26-30

polymer light-emitting diodes,” " organic solar cells and polymer transistors.
Electrically pumped solid-state lasers have also been proposed.’'?* Organic materials
have possibilities that are not available for inorganic semi-conductors such as silicon,
one of the most exciting being that of flexible displays.

A particularly promising conjugated polymer is polyfluorene, an efficient blue-
emitting material. A great deal of research has been done into its electronic and

11,35-38

physical properties. This includes its use in polymer LEDs and solar cells,'®
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18,22,24 11,39-46 43,4748

orientation of films,
49-52

phase morphology and the behaviour of its
excited states.

This thesis focuses on fundamental properties of polyfluorene which will be
important in optimizing its applications. Its overall theme is the energy transfer and
migration of the exciton pseudo-particles responsible for the luminescence. Over the
course of these investigations, the optical constants of polyfluorene films, which
determine the passage of light through the material, were also measured. The
knowledge of these was thought necessary for the proper analysis of the energy transfer
results, though their use extends well beyond that.

This thesis is divided into six chapters. This first chapter provides background
information on conjugated polymers and optical processes, as well as a review of the
physical properties and applications of these materials. Chapter 2 summarises basic
methods and materials used throughout this work. Chapter 3 describes measurements
made to determine the optical constants of aligned and unaligned polyfluorene films.
Chapter 4 describes energy transfer to dopant molecules in polyfluorene films and the

influence of exciton migration. Chapter 5 describes further measurements on energy

transfer via fluorescence polarization experiments. Chapter 6 contains the conclusions.

1.2 Background

This background is intended to help the reader to understand this thesis and put this
work into context. Firstly, conjugated polymers are introduced. Their structure is
described in terms of the linear combination of atomic orbitals model, the selection
rules regarding electronic transitions are given. This is followed by a section on
photophysics, describing the important processes of absorption and luminescence and
the factors governing their spectra. The nature of the photoexcitations in conjugated
polymers is then discussed. The focus is on the generally accepted exciton model and
how this relates to the photophysics of these materials. Applications of conjugated
polymers in general, specifically light-emitting diodes and solar cells, are then
described. Finally, an introduction to the properties of polyfluorene is given. This
includes its basic electronic and photophysical properties, as well as discussions on its

use in applications, alignment properties and defect emission.
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1.2.1 Conjugated polymers

A conjugated polymer is a polymer consisting of a planar or near-planar sequence of
alternating single and double bonds along its backbone. This results in the highly
delocalised electronic states responsible for their interesting properties.

Bonding in conjugated polymers can be described by the linear combination of
atomic orbitals (LCAO).® This is a transformation of the atomic basis states, which
involves constructing new hybrid states from linear combinations of s, p  states on the

same atom. These states are written:

h=N(s+A4p,) (1.1)

where N is the normalisation constant (1 +A7 )_/VZ . The hybrid states may be constructed

such that:

0

h)=0; i#j (1.2)

The p orbital itself is a normalised linear combination of py, py and p, orbitals.

The three principal types of s-p hybridization are labelled according to the number
of p orbitals mixed with the s orbital. The most relevant type here is sp® hybridization,
where an s orbital is mixed with two p orbitals, leaving the third p orbital unchanged.
Three equivalent hybrid states are formed, lying at 120° to each other in a plane. If we
take this to be the x-y plane then the new states are:

h=(s+2"p,) /3"
¥2

3p
hzz[s—;,;er 21,/]/3‘/2 (1.3)
/2
p. 3p
’kz[s_ﬁ_ 21/zyJ/3]/2
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Figure 1.1 shows the formation of an sp hybrid and the three possible sp” hybrid states.

Figure 1.1: (a) combination of s and p orbitals to form an sp orbital (b) sp’ orbitals

Bonds between the carbon atoms in conjugated polymers may form between the sp*
hybrids and between the p orbitals. The sp’ hybrids form bonds with zero angular
momentum about the bond axis and are labelled ¢ bonds. As mentioned earlier, the
remaining p. orbital is unchanged and bonds may also form between these orbitals.
These bonds have an angular momentum quantum number of m = + 1 about the bond
axis and are labelled = bonds. Bonding 7 orbitals and anti-bonding w* orbitals are

shown in Figure 1.2.
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Figure 1.2: p orbitals and the formation of n* anti-bonding orbitals and 7 bonding orbitals

In molecules containing heteroatoms, non-bonding orbitals may form. For example,
in carbonyl compounds there are two electrons in the non-bonding 2p orbital on the
oxygen atom. Absorption of radiation can cause one of these electrons to be promoted
to a o* or «* orbital, i.e. an n — 6* or n — w* transition.

In the ground state, the single bonds in conjugated polymers are ¢ bonds, while the
double bonds consist of a ¢ bond and a ® bond. It is the @ bonds which give rise to the
interesting properties of these materials. They are delocalised, meaning they may
change their position on the molecule and are not confined to forming a bond between
any two particular atoms.

Absorption of light in the UV-Vis. range causes a transition from the m bonding
orbital to the n* anti-bonding orbital. This is the transition associated with the first

excited state of most conjugated polymers.

Multiplicity
An important property of an electronic state is its multiplicity. Electrons have spin

angular momentum, described by a spin quantum number which takes a value s = + .

The algebraic sum of the spins of the electrons in a system is defined as S, and
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multiplicity defined as 2S + 1. As a consequence of the Pauli exclusion principle,
electrons in the same orbital must have opposite spins i.e. their spins are anti-parallel.
Total spin is S = 0 and the multiplicity is therefore 2S + 1 = 1. A state with S =1 is
called a singlet state. If one of the electrons is excited into a higher energy state but
retains its spin direction, then the multiplicity of the state is unchanged. It is said to be
an excited singlet state. A triplet state is one in which two electrons have the same spin
i.e. their spins are parallel. The multiplicity of this state is 2S + 1 = 3.

Electronic states are labelled according to their multiplicity and their energy level.
For example, a singlet ground state is labelled Sy. Excited singlet states and excited
triplet states are labelled S;, S; , and Ty, T, , respectively, in order of increasing

energy.

Selection rules

The overall probability of an electronic transition can be described by a set of
conditions called the selection rules’*> These relate changes in properties of the
electronic state to transition probabilities. The selection rules for polyatomic molecules

can be summarized in relation to the oscillator strength £, of a fully allowed n — n*

transition by the equation

fzpspopppmfa (1‘4)

where f is the oscillator strength for the transition and the terms p,, p,, p, and p,, are

probability factors taking into account changes in electron spin, orbital symmetry,
parity and momentum which occur as a result of the electronic transition. These factors

will now be discussed.

Electron spin: p,

The selection rules predict that transitions in which electron spin changes are not
allowed. The consequence of this is that transitions may only take place between states

of the same multiplicity i.e. singlet to singlet transitions or triplet to triplet transitions.
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A singlet to triplet transition (or vice versa) would require a reversal in spin of an

electron and is highly forbidden, with p_ taking a value of the order 10”. The process is

not completely forbidden, as electron spin couples with its orbital angular momentum,
with the result that states are not purely singlet or triplet in nature. This spin-orbit

coupling is stronger in the presence of heavy metal atoms such as indium or platinum.

Orbital symmetry: p,

This selection rule is related to the spatial properties of the orbitals involved in
electronic transitions. If the two orbitals do not possess large amplitudes in the same

region of space, then the transitions are said to be overlap forbidden.

Parity: p,

The wave function of a molecule is termed ungerade (u) if it changes sign on reflection
through a centre of symmetry. If it does not change sign then it is termed gerade (g).
The parity selection rule states that electronic transitions between states of different

parity are allowed, but those between states of the same parity are forbidden.

Momentum: p,,

If a transition results in a large change in the linear or angular momentum of a molecule

then it is momentum forbidden.

1.2.2 Photophysics

Absorption
If a beam of monochromatic light, intensity I, is incident on a sample, e.g. a solution

or film of thickness L (cm) then the intensity of the transmitted light is

I=1I,exp(—al) (1.5)
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where a is the absorption coefficient in cm™’. The term aL can also be called the optical
density of the sample.***’

The absorption coefficient is a function of the wavelength of the incident light.
Plotting absorption coefficient against wavelength gives the absorption spectrum for a
given material. This carries information about the transitions. As the electronic
transitions occur at discrete energies, it might be expected that an absorption spectrum
would consist of a series of sharp peaks. However, what is actually observed is an
absorption band extending over a range of wavelengths. This is because of coupling to
the vibrational and rotational modes which broadens the spectrum.

The total energy of molecule in its electronic ground state is the sum of its

electronic, vibrational and rotational energies

E =E,+E,+E, (1.6)

Similarly, the total energy of a molecule in an excited electronic state is

E =E +E +E (1.7)

If an absorption transition is defined as

AE, =E ~E, (1.8)

where x=t,e,vorr, then AE ~10 cm’™, AE, ~1000 cm™, AE, ~ 30,000 cm™,
In transitions involving AE,, rotational transitions can be neglected in comparison.

States involving electronic and vibrational energy are referred to as vibronic states, and
transitions between two such states are referred to as vibronic transitions. Such
transitions occur in the visible and ultraviolet regions. Each electronic absorption

transition AE, gives rise to an absorption band system, each band of which corresponds

to a different value of AE, .
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Complex molecules possess many different vibrational modes, though only a small
number of these are normally dominant in the electronic absorption spectrum. If we
consider a molecule in which only one vibrational mode is dominant, then it
approximates to a harmonic oscillator and the total energy in the electronic ground state

can be written
1
E,=Ee+[m+E)E,v (1.9)

where the energy of the fundamental vibrational mode in this state is £, and m = 0, 1,
2, is the vibrational quantum number. Similarly, the total energy in an excited state

can be written
' ) 1),
E,=EE+(n+E)EW (1.10)

At room temperature in equilibrium, almost all the molecules are in the lowest vibronic

state. A transition to the nth vibrational level of E; is the 0 — n vibronic transition. This

situation is represented in Figure 1.3.
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Figure 1.3: Vibronic transitions between the electronic ground state and an excited state of a molecule

Fluorescence

A molecule in an excited state will, after some time, lose its energy and return to the
ground state.*® This de-excitation may occur with or without the emission of a photon,
termed radiative and non-radiative decay respectively. The rates at which the radiative
and non-radiative decays occur are written kg and kyz respectively. The total decay rate

k is the sum of these individual rates:
k=k,+k,, (1.11)

For a system of isolated molecules in their excited state, the intensity of the

luminescence should exhibit exponential decay:
I=1,exp(—kt) (1.12)
where [ is the intensity after a time ¢ and Iy is the intensity at time zero.

10
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Luminescence decay is often described in terms of luminescence lifetime t rather

than decay rate. 7 is the reciprocal of & and thus:

I =1 exp(-t/7) (1.13)
Similarly, the radiative and non-radiative decay rates can be written in terms of the
natural radiative lifetime and the non-radiative lifetime, 7z and tyz. They are equal to

the inverse of the respective decay rates. The overall luminescence lifetime is then

written:

L (1.14)

Another important quantity is the quantum yield. This can be defined for any process as
the number of times that process occurs for every photon absorbed. So, for

luminescence it can be written:

_number of photons emitted

= (1.15)
number of photons absorbed
and this is equivalent to:
¢= L _._kR_ (1.16)
tr  kytky

The same selection rules for electronic transitions governing absorption also apply to
emission. Radiative decay is classified as fluorescence if it there is no change in
multiplicity between the excited and ground states, or as phosphorescence otherwise.
Fluorescence is brighter and has a shorter lifetime than phosphorescence, as it occurs

via an allowed transition as opposed to a forbidden one.

11
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The Born-Oppenheimer approximation

The wavefunction W of a vibronic state can be expressed as the product of the
electronic & and vibrational ® wavefunctions.> This is called the Born-Oppenheimer
approximation. The wavefunction of the mth vibrational state of a lower electronic state

I may be written
Y, =09, (1.17)

and the wavefunction of the nth vibrational state of a higher electronic state ¥ may be

written

¥ =00 (1.18)

un u un

Transition moments

The strength of the transition between any two states can be calculated from the electric

dipole transition moment,> defined by the integral

Mo, =e{¥| X zr |¥,,) (1.19)

where r; is the position vector of the ith particle of charge zie in the molecule. It can be

shown that

M., =M,.S, .. (1.20)

10—>un

where M, is the mean value of

Mlu :e<9I |zrl

6,) (1.21)

12
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and
S0, un = (D1 | D) (1.22)

Equation (1.22) is the quantum-mechanical statement of the Franck-Condon principle,

discussed in the next section.

Franck-Condon principle

The potential energy diagram of a molecule plots the total (electronic & vibrational)
energy of a molecule as a function of the positions of its nuclei.”>”’ For simplicity, let
us first consider a diatomic molecule. The bond length will have an equilibrium value at
which the potential energy of the molecule is a minimum. A plot of bond length versus
potential energy gives the potential energy surface.

The potential energy surface can only be represented in two dimensions for a
diatomic molecule. Polyatomic molecules require polydimensional plots, with the inter-

nuclear separations described in terms of a “configuration co-ordinate” Q.

13



Chapter 1: Introduction

Potential energy

\ 4

infernuclear separation

Figure 1.4: Potential energy surfaces for the ground and excited electronic states of a diatomic molecule

The Franck-Condon principle states that because the time required for an electronic
transition is negligible compared with that of a nuclear motion, the most probable
vibronic transition is one which involves no change in the nuclear co-ordinates. This
transition is called the Franck-Condon maximum, represented by a vertical transition on
the potential energy diagram. This transition corresponds to maximum overlap between

the ground state vibrational wavefunction®, and the excited state vibrational
wavefunction ®,, ie. S, ,, is at a maximum. The envelope of the vibronic bands of

an absorption band system is referred to as the Franck-Condon envelope.
If the most intense vibronic state is the 0 — 0 transition, then the nuclear
configuration of the excited electronic state is similar to that of the ground state. If the

Franck-Condon maximum is displaced relative to the 0 — 0 transition, this means that

14
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the nuclear configuration of the excited state is displaced relative to that of the ground

state.

Potential energy

spectra 0-2

Figure 1.5: Relationship between relative positions of ground and excited state potential energy curves

for a diatomic molecule and its absorption spectra

Within a particular electronic state, rapid vibrational relaxation can occur. This means
that transitions tend to occur from close to the minimum of the vibrational potential.
Therefore, the transition is between the lowest vibrational level of the initial state into
any vibrational level of the final state. If the spacings of the vibrational levels in the
excited state are similar to those in the ground state there will be an approximate
‘mirror image’ relationship between the absorption and fluorescence spectra. This is

shown for absorption and emission processes in Figure 1.6.
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emission
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Figure 1.6: Origin of vibrational structure in absorption and emission

Though the 0 — 0 absorption transition and the 0 — O fluorescence transition might be
expected to have the same energy, this is not necessarily the case. This is because the
excited state may relax once populated, and hence the 0 — O fluorescence transition
would have a lower energy. This gives rise to the observed red-shift in emission of the
0 — 0 peak compared to the 0 — 0 absorption peak.

In general, any red-shift in emission is referred to as a Stoke’s shift. There are

several different processes which may contribute to this shift.

Huang-Rhys parameter

The strength of the overlap between vibrational modes and the intensity of the
vibrational peaks in the absorption and emission spectra can be described in terms of

the Huang-Rhys parameter S:

16
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Mo, o
s=22(ag) (1.23)

Where M is the reduced mass of a harmonic oscillator, w is its angular frequency and
4Q is the change in configuration coordinate.*”*® The intensity of the nth peak is then

calculated as:

S"eS

n!

I =

n

(1.24)

In a system in which there are many vibrational modes, each one is described by its

own Huang-Rhys parameter, S;.

1.2.3 Photoexcitations in conjugated polymers

There has been much controversy over the description of the excitations created by
optical absorption in conjugated polymers.”® Are these excitations best described in
terms of a semiconductor band model involving mobile charge carriers (charged
polarons), or as bound electron-hole pairs (neutral excitons)? The main issue is the
strength of the electron-electron interactions. Strong electron-electron interaction is
equivalent to electron-hole attraction and leads to the creation of localised excitons.
This is the case in molecular crystals such as anthracene. Weak interaction on the other
hand is more appropriately described in terms of a band picture, as in inorganic
semiconductors.

Su, Schrieffer and Heeger developed a model to describe the electronic structure of
conjugated polymers, the so-called SSH theory.®*®! In this model, m-electrons are
coupled to distortions in the polymer backbone. Electron-electron interactions are
explicitly disregarded and photoexcitation across the ® — n* band creates solitons (in
degenerate ground state systems), polarons and bipolarons. Neglecting the electron-
electron interactions has proven to be incorrect. For example, in polydiacetylenes, it has
been shown that these interactions are dominant and that neutral excitons are the lowest

energy excitations. As a further example, although SSH theory had been used to
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describe absorption in PPV reasonably well, for a time the value of the exciton binding
energy in this material was not clearly known. Early measurements, including optical
absorption and photoconductivity measurements and photo-induced charged transfer in
polymer-Cgo mixtures, implied a low value (< 0.1 eV) for the binding energy.®>*® This
would suggest the formation of charged polarons rather than neutral excitons and hence
a band model would be more applicable. However, subsequent measurements have

revealed a higher binding energy,**®

of the order 0.3 — 0.4 eV, supporting the exciton
model.

The exciton model®®®” has now become commonly accepted in this field. Although
conjugated polymers are obviously long molecules, excitations are not delocalised over
the entire length of the chain. In these materials, the conjugation is expected to be
broken along the chain, forming spectroscopic units on which excitations are
localized.’® The breaks in conjugation are often attributed to structural and chemical
defects such as kinks and torsions in the polymer backbone. However, it has been
shown that in polythiophene, these kinks and torsions do not result in significant
localization of excited states.”' Instead, dynamic localization of excitations, occurring
as a result of interaction between the nuclear and electronic degrees of freedom, causes
the formation of spectroscopic units. In any case, the notion of these spectroscopic units
appears to be sound and conjugated polymer chains can be considered to consist of
segments over which the conjugation is unbroken. The length is these segments is

typically 5-10 nm, about 6-12 repeat units,”>"

though it varies from polymer to
polymer. Each of these segments forms a site on which an excitation is localised. The
energy of an excitation residing on a particular site depends upon the conjugation
length: the shorter the length, the higher the energy.”

Photoexcitation of these polymers results in a 1 — a* transition of an electron, which
is localised on a conjugation segment and leaves behind a hole state. There is a
Coulombic interaction between the electron in the excited state and this hole, and they
may form a neutral bound state — an exciton. Since there is negligible spin-orbit
coupling in these organic materials, these excitons can be labelled according to their

total spin. The dominant optical transition is from the singlet ground state to the first

excited singlet state. Triplet states also exist, though these may not be populated by
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direct optical excitation. Instead, triplet states may be formed by intersystem crossing
from the singlet states. In an extended system, the lowest triplet and singlet excitations
would be degenerate.”” However, when the excitations are localised to conjugation
segments, electron-electron correlations remove this degeneracy. Singlet states have
higher energies than the corresponding triplet states because of greater electron

repulsion in the singlet state.>*

Types of exciton

Excitons can be discussed in limiting approximations, according to their spatial extent

and strength of binding.”

Frenkel excitons

These are tightly bound excitons, localised on a single atom. This excitation may hop
between atoms due to the coupling between neighbours. The Frenkel exciton travels as
a wave through a crystal, with the hole remaining close to the electron.

Mott-Wannier excitons

These are weakly bound excitons, with the electron-hole distance extending over a

distance large in comparison to a lattice constant. The electron and hole are attracted by

the Coulomb potential:

U(r)=—= (1.25)

where ¢ is the dielectric constant.

The energy levels of a Mott-Wannier electron follow a hydrogenic spectrum, given by a

modified Rydberg equation:

19



Chapter 1: Introduction

He
En :Eg —W (126)

where E, is the energy gap.
Charge transfer excitons

Charge transfer excitons are formed when one of the charges is transferred to a
neighbouring molecule. The electron is excited to a particular site and not free to orbit

the hole, unlike in the Mott-Wannier and Frenkel excitons.

Free carriers in conjugated polymers

Introducing a hole or electron onto a polymer distorts the chain, causing a change in the
conjugation phase. This deformation is mobile, and the charge carrier and bond defect
together create a pseudo-particle known as a polaron.77 Polarons may be formed
directly by the injection of charge carriers at electrodes, as in polymer LEDs.”® The

operation of polymer LEDs will be described in more detail later.

Absorption and emission in conjugated polymers

In conjugated polymers, interpretation of the absorption and emission spectra is not as
straightforward as described in the section on photophysics. A polymer sample is made
up of sites with a range of conjugation lengths over which excitations may be
delocalised. These sites have a range of transition energies, giving rise to a number of
features observed in absorption and emission spectra.

Absorption spectra for conjugated polymers are generally featureless; that is, the
peaks in absorption from vibrational coupling described earlier are not actually
observed. Since excitations can be created on sites with a distribution of energies, the

spectra are broadened and smooth absorption bands are seen instead. There are
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exceptions; for example ladder polymer, MeLPPP exhibits peaks in absorption due to
its rigid structure and extended conjugation.”®!

Emission spectra, on the other hand, exhibit strong peaks in steady-state
fluorescence measurements. This is because over their lifetime, excitations will tend to
migrate to sites with lower energies. Emission occurs solely from these sites. There is
little broadening of the spectra and so vibrational coupling can be observed. This
migration to low energy sites is also responsible for some red-shift in the spectra.
Excitation migration in conjugated polymers will be described in greater detail later.

An important point to note is that the fact that vibronic peaks are observed indicates
a readjustment in bond lengths upon excitation. If there were no change, then only a
single spectral line corresponding to the 0 — 0 transition would be observed, as other
transitions would be forbidden due to the orthogonality of the vibrational
wavefunctions. The vibronic progression also indicates localisation of the excitations: if
excitations were highly delocalised, then this would lead to less coupling as changes in

bond length would be distributed over a longer conjugation length.*

Exciton migration

Excitons may migrate through a polymer by hopping from site to site. For a polymer in
solution only intra-chain migration is possible. In films both intra- and inter-chain
migration may occur. There is no barrier to hopping to a site with equal or less energy.
However, hopping to a site with greater energy (uphill migration) requires interaction
with a molecular vibration. These are dependent on temperature and thus exciton
migration is more efficient at higher temperatures. At low temperatures, molecular
vibrations are frozen out and only downhill migration (i.e. only migration to sites of
lower energy) may take place.

Hopping also depends on the energy of the exciton. For an exciton created with
high energy there will be many sites of equal or lower energy within hopping range. As
exciton energy decreases however, the density of available sites also decreases and
further migration becomes less and less likely. Thus, the mobility of the exciton

decreases with time. Dynamics of this kind is referred to as dispersive
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So it has been established that exciton migration is both a function of energy and
temperature. Several predictions can be made from this. Firstly, consider a polymer at
room temperature excited well away from its low energy absorption band edge. At very
short times the emission spectrum from a conjugated polymer will be featureless. This
is for the same reasons absorption spectra are featureless — emission is occurring from
sites with a range of energies as the excitons have not had time to migrate to the lowest
energy sites. As time progresses, the spectrum evolves into that seen in steady-state —
there is a red-shift with time and vibrational peaks appear.®*#¢

Now consider a polymer at low temperature, excited deep into its absorption band
edge. There is little or no change in the spectrum with time, as there are no lower
energy sites for the excitons to migrate to and uphill migration is not possible.

Excitation under intermediate conditions results in the following observations. The
lower the excitation energy, the longer it takes excitons to make the first jump. There
exists a localisation energy below which the concentration of lower energy sites is so
low that the excitons are stationary at low temperature. It is therefore possible to
selectively excite a subset of the chains. At higher temperatures, uphill migration
prevents this.”

As the above processes are so fast, experimental observation requires excitation of
polymers with femtosecond pulses and detection of the luminescence with a streak
camera or the technique of up-conversion. Excitation energies may be controlled by
site-selective spectroscopy, where the wavelength of the excitation pulse is tuned.
Temperature may be easily controlled by mounting the sample in a cryostat. Results
from experiments performed on PPV and PF follow the above behaviour well 208

In attempts to analyse the data in more detail and extract information such as
hopping rate and energy distribution width, Monte Carlo simulations have been
performed to make predictions of the model above.’'**® These simulations generally
approximate the distribution of site energies as a Gaussian density of states (DOS). The
population of a site of a particular energy is governed by a master equation which takes

into account hopping to the site, hopping away from the site and excitation decay.
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dn, .
% = _Z VVijni (t) + ZWjinj (t)_% (1.27)
0

where n; is the occupational density of site / characterised by position R; and energy ¢, .
The following form is taken for the hopping rate:

€,—& | .
W, =kox,exp| - T ife, > ¢,

W, =k, ife, <g

(1.28)

Hopping to sites of equal or lower energy is only dependent on the distance between
sites. The energy dependence of hopping to sites with higher energies can be modelied
by a Boltzmann factor. The distance dependence of the interaction is characteristic of

the nature of the excitations. For triplets and charge carriers:
2, (R)=exp(-27R,) (1.29)

while for singlet excitons, it follows a Forster-type dependence:

2, (R)=(R,/R) (130)

In the Monte Carlo simulations, the medium is modelled as a regular cubic lattice of
chromophoric units, and the excited state energies of the sites are statistically
distributed according to a Gaussian distribution, providing energetic disorder. An
excitation is ‘created’ at the centre of the lattice and its motion followed over time. For
each time increment, its movements are decided by using a random number generator
to choose one step out of all possible steps, with each movement waited by its
probability. This is repeated for a large number of excitations and the results averaged.
The values calculated for properties such as mean energy, the width of the energy
distribution and the temporal behaviour are not so accurate. However, these are

complicated systems and the model employed is a rather ideal one. Qualitatively, the
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predictions of these Monte Carlo simulations generally match the experimental
observations outlined above. It has also been shown experimentally that triplet excitons

in polyfluorene obey dispersive dynamics in a Gaussian density of states very well.”

1.2.4 Applications of conjugated polymers

Electroluminescence and polymer LEDs

Excitons may also be created in conjugated polymers via electronic excitation. This is
the property which makes conjugated polymers so attractive for research and gives rise
to their most promising application — polymer light-emitting diodes (LEDs).

The simplest polymer LED consists of a thin (~ 100 nm) film of a conjugated
polymer sandwiched between two electrodes. One of these is semi-transparent,
typically indium-tin oxide (ITO), which forms the anode. Upon application of a bias,
electron-polarons are injected from the cathode and hole-polarons from the anode.
These drift through the polymer layer under the action of the applied field, and may
combine to form excitons. According to simple spin statistics, 75 % of the excitons are
expected to form as triplet and 25 % as singlets. There has been some evidence to
suggest that the singlet formation ratio is actually higher than this because of a spin-
dependent formation cross-section for excitons,”®® however the picture is still
unclear. The excitons which are formed as singlets may then decay radiatively, giving
out light which is observed through the transparent electrode. Recombination of the
triplet excitons is a spin-forbidden process and hence phosphorescence is very weak.

Usually, either calcium or aluminium is used to make the cathode. Calcium has the
advantage of having a lower work function, making for easier charge injection into the
device. However, it is highly reactive and requires capping with aluminium to prevent
oxidation.

An alternative structure for polymer LEDs is that of a two layer device. For
example, a hole transporting layer may be incorporated between the anode and the
conjugated polymer, or an electron transporting layer between the cathode and the
conjugated polymer. These layers will reduce the barrier for carrier injection and may

help to improve the efficiency of the device.
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Electroluminescence from conjugated polymers was first demonstrated by
Burroughes et al in 1990.2 Their device used poly(p-phenylenevinylene), PPV as the
single semiconductor layer between metallic electrodes. The electroluminescence
observed from these devices was green and rather weak. The following year, Alan
Heeger’s group confirmed this discovery,'* making their own devices with MEH-PPV,
a derivative of PPV with side groups which make the polymer soluble and allow easier
film formation by spin-coating. Since then, devices have been fabricated from many
conjugated polymers and derivatives. Devices emitting light across the entire colour
spectrum have been made using suitable copolymers. Another route to making organic
LEDs with different emission colours is to add dopant molecules. Excitations may
transfer from the host polymer to these dopants, which then emit at lower energies.

That only 25 % of the excitons may form as singlets is a potential major limiting
factor to the efficiency of polymer devices. The use of phosphorescent dopants is one
possible way to overcome this problem. Phosphorescent dopants contain heavy metal
atoms which provide spin-orbit coupling, mixing the singlet and triplet states with the
result that phosphorescence is no longer forbidden. Hence, the energy of the triplet
excitons in the material can be harvested. Devices employing phosphorescent dopants
have exhibited high efficiencies.”**®

Light-emitting devices based on polyfluorene are described in more detail later.

Other applications

There are other potential applications for conjugated polymers besides LEDs. These
include polymer photovoltaic devices (e.g. solar cells), polymer transistors and
electrically-pumped solid state lasers.

Polymer photovoltaic devices are similar in structure to polymer LEDs, but the
physical processes occur in reverse. The idea is that light is absorbed in the polymer,
creating singlet excitons. These excitons then dissociate into electrons and holes which
are transported through the device to the electrodes, giving a current in the external
circuit. Because the excitons are so strongly bound, in single-layer devices they will
tend to decay radiatively or non-radiatively rather than dissociate into separate charge

carriers. One way to improve efficiency is to have the exciton diffuse to a boundary
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between polymers with different electron affinities. Then, an electron may gain
sufficient energy by moving onto the second material to overcome the coulombic
binding energy holding the exciton together. Thus, charge separation will occur.

Devices based on polyfluorene are described later.

1.2.5 Polyfluorene

The subject of this thesis is the conjugated polymer polyfluorene. This polymer is
currently the subject of intense research interest as it appears to be very promising for
use in applications such as polymer light-emitting diodes, organic solar cells and
electrically-pumped solid state lasers.

The electronic and physical properties of polyfluorene will now be summarized.
This will be followed by detailed description of some of the most important
applications and features of polyfluorene — its use in polymer LEDs and solar cells, the
formation of aligned films and the origin of the low energy emission band sometimes

observed.

Electronic and physical properties

L)

R R

n

Figure 1.7: Molecular structure of polyfluorene. R represents the side-groups attached to the 9-position

on the polymer unit.

The generic structure of polyfluorene is shown above in Figure 1.7. Excitation with
ultraviolet light causes a n- n* transition and formation of a singlet exciton. Emission
occurs in the blue region of the spectrum with a high fluorescence quantum yield. Thin
films of polyfluorene are easily fabricated via spin-coating from solution. Electrical

excitation of these films causes the injection of holes and electrons which may combine
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to form excitons. Since the spins of the electron and hole are uncorrelated, both singlet
and triplet excitons may be formed. The singlets give rise to strong fluorescence. The
phosphorescence from the triplets is weaker as this is a forbidden process.
Polyfluorenes have been synthesized with a variety of side-chains, two of which are
shown in Figure 1.8. The absorption and fluorescence spectra of PF2/6, are shown in
Figure 1.9. The side-chains are added to improve the solubility of the polyfluorene,
though they also have effects on the phase behaviour and morphology of the polymer.
For example, it is possible to induce so-called B-phase in poly(9,9-dioctylfluorene)
(PFO) in which the polyfluorene chains have extended conjugation and adopt a planar
2, helix conformation.”'® The optical properties of B-phase PFO are similar to those
of the rigid ladder-type conjugated polymer MeLPPP. The absorption spectrum of this
phase displays a vibronic progression and there is only a small Stokes shift between the
0-0 absorption and the photoluminescence peak. The B-phase is not present in poly(9,9-
diethylhexylfluorene) PF2/6. Polyfluorenes have been synthesized with molecules
added to the end of the chains — so-called end-capping. The purpose of this is to restrict

the formation of excimers, which impair the efficiency of polyfluorene LEDs.

(b)

Figure 1.8: Molecular structures of (a) PF2/6 and (b) PFO
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the thousands.''**'% As a guide, a typical computer display has a brightness of 100
cd/m? 196

Much of the recent work on polyfluorene LEDs has been on achieving emission
colours across the entire visible range and improving device stability. Methods of
tuning the emission colour include fabricating fluorene-based co-polymers, blending
polyfluorene with other polymers or with molecular dopants and chemically attaching
emissive moieties. Co-polymers emitting blue, green, yellow and red light have been
fabricated.'”'"!

Adding molecular dopants is a popular way of altering the emission colour. Popular
dopants for polyfluorene systems include porphyrins.''*'"* For example, tetraphenyl
porphyrin and porphyrins containing heavy metal atoms such as platinum or palladium
have been used to achieve red emission from polyfluorene films. These dopants act as
electron or hole traps, so that carrier recombination occurs at the dopant site. The
problem with simply blending the polymer and dopant together is that of device
stability — device operation may result in phase separation and a subsequent change in
emission colour. Chemically attaching the dopant molecules to the polymer will
remove this problem and there are several examples of this.!'*'!?

As opposed to making devices with red, green and blue emission, the above
techniques can also be used to achieve pure white emission.®''*'?® Co-polymers of
fluorene and fluorenone have been used in this way. This is interesting since the
fluorenone moieties are often the cause of device degradation (keto defect formation) as
described later. White emission has also been reported from a device employing a

homojunction.'*!

This homojunction was formed by two layers of poly(9,9-
dioctylfluorene-2,7-diyl), though each layer was blended with a small amount of other
polymers.

On the issue of device stability, the most important thing seems to be achieving
stable emission colours by preventing emission from excimers and/or chemical defects.
These are described in more detail below. Many workers have produced spiro-
functionalised polyfluorenes which satisfy this requirement.m‘“”’124 These rigid spiro

groups prevent intermolecular interactions between polymer chains and preserve the
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molecular rigidity of the polymer. This leads to high glass transition temperatures and

improved thermal and spectral stability.

Solar cells

Polyfluorene derivatives have been used with some success as materials for
photovoltaic devices such as solar cells. Solar cells made from single layers of organic
yield give disappointing results, with composite systems proving much more
successful. It is necessary for the system to contain both electron donating and electron
accepting components.'” Solar cells are much more efficient when absorbing
monochromatic light than solar light. Power conversion efficiencies of almost 10 %
reported for devices absorbing at infrared wavelengths, whereas anything above 2 % is
considered good for solar light. Types of composite systems include simple blends of

1623126 or blends of a

127-129

polyfluorene derivatives and dopants such as fullerenes,
polyfluorene derivative and an electron-accepting conjugated polymer.

Power conversion quantum yield has been found to be strongly composition
dependent, indicating that charge transport is the limiting factor in device
performance.'” Hence, the phase morphology of the device is critical. The most
efficient devices are those exhibiting fine-scale phase separation. The structure of the
device is important as only those charges created close to the electrodes can be
collected.™® A novel way of controlling phase separation is by making nano-particles of
polymers or polymer blends.’””"®! Films made from these nano-particles can be
insoluble in the usual solvents, allowing the build-up of multilayer structures of

originally soluble polymers.'*

Aligned polyfluorene films

One interesting property of polyfluorene is its ability to form oriented films — films in
which the chain backbones have a preferred orientation. This was first demonstrated by
Grell et al™?, who found that PFO has a liquid-crystalline (LC) transition at 170°C.
They deposited the PFO on an alignment layer of unidirectionally rubbed polyimide,
heated it above its LC transition temperature and then either quenched the film or
cooled it slowly. The quenched films formed oriented glassy structurés, while the

slowly cooled films formed oriented crystalline structures. These layers exhibited

30



Chapter 1: Introduction

absorption dichroic ratios of 6.6 and 6.4 respectively. (Absorption dichroic ratio is
defined as the strength of the absorption parallel to the orientation to that perpendicular
to the orientation — see chapter 3).

It was later found by the same workers that PF2/6 gave more highly aligned films
than PFO, exhibiting an absorption dichroic ratio of around 11*'. This was achieved by
reducing the chain diameter — PFO has long, linear chains whereas PF2/6, a so-called
‘hairy-rod’ polymer, has branched chains. PF2/6 was their polymer of choice for
making LEDs with polarized electroluminescence. It was necessary to dope the
polyimide with a hole-conducting molecule (a starburst amine) to form the alignment
layer, as pure polyimide is an insulator. The devices had a polarization ratio of 15,
though were not particularly bright (45 cd/m? at a turn-on voltage of 19 V).

These devices were later improved upon by Miteva et al,* who used a slightly
different layer structure (ITO/starburst amine/NPD-doped polyimide/PF/Ca). This
created a step-wise barrier for hole-injection and resulted in a device which could
operate at lower electric fields and gave polarized emission with a polarization ratio of
21. They later improved the devices still further by using end-capped polyfluorene."’
The end-capping molecules were hole-trapping moieties. Using these materials
increased the EL intensity of the devices as well as reducing unwanted low-energy
emission from the layers. Polarized LEDs were optimized for an end-capper
concentration of 9 % w/w and had a polarization ratio of 22 at 200 cd/m’ or 15 at 800
cd/m?, depending upon the composition of the alignment layer. Efficiencies of up to
0.25 cd/A could be achieved.

Polyimide is not the only material which can be used to make alignment layers.
Whitehead et al showed that rubbed PPV layers can also serve this purpose.*® PFO
aligned on these layers had a dichroic ratio of 7 in absorption and about 10 in
photoluminescence. This indicates that the PPV is as good an alignment layer as rubbed
polyimide. In emission the 0-0 peak was weaker and the peaks less well resolved. This
was attributed to absorption by the PPV. LEDs were also made using these layers. They
had a lower efficiency than those made with polyimide layers, but exhibited a higher

brightness. The integrated dichroism in emission was 19.
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One point to note from the work described above is that the polarization ratio in
electroluminescence is higher than that in photoluminescence. One explanation for this
is that that the PF is expected to be better aligned closer to the alignment layer, and that
is where recombination is expected to take place.

Work has also been done to elucidate the structure of aligned PF films. Lieser et al
found that in aligned layers of PF2/6, molecules were segregated with respect to their
chain length."** The chains formed into lamella, with end groups assembled in inter-
lamellar regions. Electron diffraction patterns of the film and x-ray diffraction
measurements on fibres showed that the polymer molecules adopt a helical (5/q)
conformation, packing in a trigonal unit cell. Molecular modelling calculations were
more in favour of a 5/2 than a 5/1 helix, as the 5/2 helix would match the observed
packing and give a plausibly low torsion angle. Knaapila et al later examined similar
aligned PF2/6 films using grazing incidence x-ray diffraction and found that two
distinct orientation types form."*> Both are hexagonal, one with its crystal axis
perpendicular to the surface (Type I) and the other with its crystal axis parallel to the
surface (Type II). A greater proportion are in type I, particularly in the thinner films
which also show higher alignment. The amount of type II increases with prolonged
annealing. Computational models fit to the data also suggested 5/2-helicity and gave a
mean inter-chain distance of 13 A.

Factors affecting the alignment of PF films have been found to include the spinning
solvent used and the molecular weight of the polymer. Banach et al investigated a
polyfluorene-based copolymer, F8BT, which exhibits fast electron transport.39 They
found that spin-coating from aromatic solvents with high boiling points gave the most
highly aligned films (dichroic ratio in excess of 10), spin-coating from aromatic
solvents with lower boiling points gave lower dichroic ratios (around 5) and that
chlorinated solvents gave very low alignment. It was also found that ‘wet alignment’
(spin-coating from films containing residual solvent) gave the most highly aligned
films, which was suggested to be due to increased mobility of the polymer chains.

The same workers found that increasing the F8BT molecular weight increased the
melting temperature and reduced the speed at which it aligned to a rubbed surface.*’ It

also limited the degree of alignment possible. The larger molecular weight polymers
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had an inability to reorient to the rubbing direction and retained multi-domain structure.
This would hinder the charge transport properties. Dichroic ratios of up to 29 were
possible with the lower molecular weight polymers. The effects of molecular weight on
the alignment and structure of PF films have been investigated in detail by Knaapila et
al.*** Their measurements showed that low molecular weight (LMW) PF exhibits
nematic structure in alignment, rather than the hexagonal structure of high molecular
weight (HMW) PF. To be more specific, there is a threshold molecular weight of M, =
10000. Below this threshold (the LMW region), the PF shows a nematic phase at all
temperatures. Above it (the HMW region), the PF shows a hexagonal phase and a
nematic phase at low and high temperatures respectively. The degree of alignment
increases linearly with molecular weight in the LMW region. In the HMW region, the
degree of alignment decreases exponentially with molecular weight. These observations
are in agreement with a theory based on free-energy considerations. The LMW PF still
exhibited 5-helicity, in agreement with molecular-mechanics-calculated structure. The

dichroism in absorption did not depend strongly on the thickness of the film.

Low energy emission from polyfluorene films

A low energy emission band has been observed in polyfluorene films. This wide band
is centred around 550 nm. This low energy emission is generally observed after
polyfluorene films have been excited optically or electrically — photoinduced
degradation and electrical degradation respectively. It is undesired for this emission to
develop as it shifts the colour of emission from deep blue to green-yellow and also
decreases the overall emission intensity.

Initially, most observations of low energy emission in polyfluorene were described
in terms of excimers. Excimer is short for excited dimer, a state forming between two
identical chromophores. One of these chromophores is initially in an excited state and
the other in its ground state. It was believed that excimers could form by localized
molecular motions, particularly in electroluminescence.> With this in mind,
polyfluorenes were fabricated with end-capping molecules."*® These were intended to

increase the steric hindrance of the polymer chains, thus preventing excimer formation.

33



Chapter 1: Introduction

Opinion on the origin of this low energy emission has now shifted in favour of on-
chain defects. These on-chain defects are keto defects — carbonyl groups forming at the
9-position of the fluorene, creating a fluorenone unit. Fluorenone has its emission in the
same position as the PF low energy emission, immediately making it a likely candidate.
To begin with, Gaal et al observed low energy emission from polyfluorene films that
had been heated in air but not from those heated in inert conditions, i.e. oxidation is
responsible."”’” Zojer et al performed quantum-chemical calculations on polyfluorene
chains containing fluorenone moieties which back up this hypothesis, assigning the
emission to a charge-transfer state.””® List et al found that difunctionalization (having
two side-chains) at the 9-position on the fluorene unit was more efficient than
monofunctionalization (having only one side-chain) at preventing the low-energy
emission band forming.'* Polyfluorene samples with only a single side-chain showed a
strong C=0 vibration in infra-red absorption spectra, indicating the formation of
carbonyl groups. After illumination in air however, the PF with two side-chains
exhibited the same low-energy brand and C=0O signal. Panozzo et al have suggested
that the emission is actually from fluorenone excimers.'** Fluorene-fluorenone
copolymers show more intense low energy emission than photodegraded polyfluorene
containing similar amounts of fluorenone. This could be explained by efficient stacking
of fluorenone moieties when copolymer films are fabricated. In a photodegraded
polymer reorganisation cannot take place and excimers cannot form. The amount of
fluorenone in photodegraded polymers is enough to quench the polymer fluorescence
however. This attribution of the green emission band to fluorenone excimers rather than
localised fluorenone m- m* transitions has been supported by Sims et al.'!

The assignment of keto emission to a charge-transfer state is supported by
measurements by Hintschich et al, who investigated the energy transfer mechanisms to
keto defects.'*? They found that excitations initially created on polyfluorene can
migrate to the defect sites. This process is much less efficient in solutions than in films
due to the absence of inter-chain energy transfer. The energy transfer process in
photoluminescence was identified as Forster transfer by Gong et al'* In
electroluminescence, they found that charge trapping on the keto defect sites increased

the low energy emission still further.® Although this is a problem in PF-based LEDs
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where deep blue emission is desired, it can be exploited to fabricate LEDs with
different emission colours. For example, the same authors made white-emitting organic

LEDs by using a fluorene-fluorenone copolymer doped with an iridium complex.

1.3 Summary

Some of the main areas of research into PF have been described above. These are all of
relevance to practical applications. This thesis will describe investigations into some of
the basic physical processes that are of importance in these areas.

Perhaps the most important potential application of PF is the polymer LED. These
have the promise of being cheap, easy to fabricate and may even be used in flexible
displays. LEDs using aligned films emit polarized luminescence and may be used as
backlights in LCDs. The emission intensity from films and devices depends upon the
angle at which they are viewed. This directionality is important, as it is obviously
preferential for a display to be clearly visible from as wide an angle as possible.
Calculating the emission intensity as a function of direction requires knowledge of the
optical constants of PF. These are important properties of any material and also affect
fundamental processes such as energy transfer and the spatial extent of excitations.
Chapter 3 is devoted to calculating these for unaligned and aligned PF films through the
technique of variable angle spectroscopic ellipsometry.

Also of great importance is the process of exciton migration. Excitons are the
emissive excitations in polymer LEDs and they are created upon photo-excitation in
solar cells, so knowledge of their properties is obviously desired when it comes to
optimizing these devices. Exciton migration to keto defects reduces the luminescence
efficiency of polyfluorene films, and so understanding how they move will help to
overcome this problem. Chapter 4 considers exciton migration by looking at energy
transfer to a fluorescent probe molecule in PF films.

Chapter 5 takes the results from the earlier chapters and applies them to further
measurements. In particular, the optical constants are used to investigate the emission
intensity as a function of angle from unaligned and aligned films. Polarized

fluorescence measurements are also employed to provide further information on
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exciton migration in PF. Finally, energy transfer and aligned films are combined to
investigate the possibility of achieving polarized luminescence with a range of colours.
This would not only have practical applications but may also elucidate the process of

energy transfer in these materials.
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Chapter 2: Materials and methods

2.1 Introduction
This chapter briefly describes some of the practical aspects of the work described in

this thesis. Firstly, the materials used are described. Then, the basics of the fabrication
techniques are described. Finally, the more common measurement instruments are

discussed.

2.2 Materials

2.2.1 Polyfluorene
The polyfluorene used in this work was poly(9,9-diethylhexyl fluorene). The molecular

structure is shown in Figure 2.1. The polyfluorene was kindly provided by Professor
Ulli Scherf and co-workers at the University of Wuppertal. Its synthesis and
purification are described elsewhere.'** Details of the molecular weight of the

polyfluorene used can be found in each chapter.

LIS

Figure 2.1: Molecular structure of poly(9,9-diethylhexyl fluorene)

2.2.2 Tetraphenyl porphyrin

TPP is a red-emitting dye. Its molecular structure is shown in Figure 2.2. It was

purchased from Porphyrin Products, Inc. and used without further purification.
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Figure 2.2: Molecular structure of tetraphenyl porphyrin

2.2.3 DCM

4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) is an
orange-emitting laser dye. Its molecular structure is shown in Figure 2.3. It was

purchased from Exciton, Inc. and used without further purification.

Figure 2.3: Molecular structure of 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran

2.2.4 Spectrosil

Film samples were generally fabricated on Spectrosil discs. Spectrosil is the
commercial name for this material, which is UV-grade quartz and can transmit light

down to wavelengths of 179 nm.
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2.2.5 Silicon wafers

For the ellipsometry measurements, film samples were fabricated on silicon wafers.
These silicon wafers had oxide layers of various thicknesses. Further details are given
in Chapter 3. These substrates were kindly provided by Andrew Gallant of the
Department of Engineering, Durham University.

2.2.6 LCD cells

For the fabrication of aligned films on transparent substrates, it was convenient to use
LCD cells. These LCD cells consist of two glass substrates glued together with a small
spacing between them. On top of the glass substrates is a layer of ITO, followed by a
layer of rubbed polyimide. This rubbed polyimide provides the alignment surface. By
splitting the LCD cell, two alignment substrates can be obtained. The LCD cells were
purchased from E.H.C. Co., Ltd (Japan).

2.3 Fabrication

2.3.1 Spin-coating

Film samples were generally fabricated by the process of spin—coating.'45 This process
involves first placing an excess amount of polymer solution on a substrate. This
substrate is then rotated at high speed, thus spreading the fluid. As the substrate is
rotated, the fluid is spun off its edges. The solvent is usually volatile, providing for its
simultaneous evaporation. The thickness of the films can be controlled by the solution
concentration, spinning speed and time.

In the case of polyfluorene here, a reasonably concentrated solution of the polymer
(about 10 mg/ml) was generally used. The substrate would be spun at typically 2500

rpm for 60 seconds. Film thickness was in the order of tens of nanometres.
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2.4 Measurement instruments

2.4.1 Spectrofiuorimeter

The spectrofluorimeter used was a Fluoromax 3 spectrofluorimeter from Jobin Yvon.
Along the optical path its components are a Xenon arc lamp, excitation
monochromator, sample component, emission monochromator and finally the signal
detector. The monochromators consist of a reflection grating and adjustable slit. The
signal detector is a photomultiplier tube. There is also a silicon photodiode reference
detector sitting just before the sample compartment which can be used to monitor and
correct for the wavelength response of the lamp as well as for fluctuations in the lamp
power supply. Both the reference and signal detectors have correction factor files in
order to correct for the wavelength dependencies of the optical components of each
monochromator and the detectors themselves.

For fluorescence polarization anisotropy measurements, Glan-Thomson polarizers
were placed in the excitation and emission beam paths of the spectrofluorimeter. As
described later, these measurements require correction for the polarization response of
the instrument. This response is taken into account by the G-factor,’® which is the ratio
of the recorded intensities of vertically and horizontally polarized light of equal actual
intensity. This was found as using a series of dyes in solution. These solutions were
excited with horizontally polarized light and the emission recorded vertically and
horizontally. Since the emission intensity is expected to be the same for both HH and
HYV this allows calculation of the G-factor. The fluorescence of the dyes covered the
whole spectral region from 400 nm to 760 nm, the region of interest in these
experiments. Overlap between the calculated G-factors for each dye was good, hence
the G-factor found was repeatable. The collated results are shown in Figure 2.4. These
results are rather noisy, and it was desired to find a G-factor that was a smooth function
of wavelength. This was performed by fitting polynomial curves to the results. This fit

is given by the red line in the figure, which is seen to pass through the data very well.
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This measured luminescence decay profile is not the intensity decay of the sample.
We wish to find the impulse response function — the intensity decay of the sample
following a d-function excitation. The laser pulse is not a 3-function, but will rather
have a finite width. It can be considered as a series of &-functions with different
amplitudes. Each of these §-functions excites an impulse response from the sample,
with an intensity proportional to the amplitude of the &-function. The measured
luminescence decay is the sum of these impulse responses, which have different
amplitudes and starting times. This is called the convolution of the lamp profile and
sample impulse response.

Recovering the impulse response function involves the deconvolution of the
measured luminescence decay. A form for the impulse response function is guessed,
usually an exponential or sum of exponentials, containing amplitudes and decay times
as variable parameters. This function is convoluted with the measured lamp profile and
the best fit to the measured luminescence decay found. In this work, software provided
by George Striker'*® was used for the deconvolution of TCSPC data.

The specifics of the single photon counting system used here are as follows: A
pulsed diode laser (Picoquant) was used to excite the samples at 390 nm with 75 ps
pulses (FWHM). Emission was collected by a first lens and focused by a second lens
onto a monochromator slit. The detector was a Peltier-cooled MCP (Hamamatsu).
Single photon counting was performed by a Becker & Hickl electronics board and
software.

For analysis of fluorescence polarization anisotropy measurements, the G-factor of
the TCSPC system was found. This was done here using the method of tail matching.
This method assumes that at long times, rotation of dye molecules in solution will
completely depolarize the fluorescence. Therefore, the emission intensity should be
equal for horizontally and vertically polarized fluorescence. Any difference in the

measured intensities will be due to the polarization response of the system.
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Figure 2.5: G-factor for TCSPC system, found by tail-matching.

2.4.3 VASE Ellipsometer

The ellipsometer used was a Variable Angle Spectroscopic Ellipsometer from J.A.

Woollam Co. Inc. Its operation is described in detail in Chapter 3.

43



Chapter 3: Optical constants of polyfluorene films

Chapter 3: Optical constants of
polyfluorene films

3.1 Introduction

The fundamental properties of any material include its optical constants — refractive
index and absorption coefficient. These describe the passage of light both through the
material and at boundaries between different materials. When it comes to investigating
photo- and electroluminescence from thin films, the optical constants are obviously of
particular importance since they affect the path that luminescence takes and hence how
it is actually seen. The intensity of the light from a polymer film viewed at a particular
angle depends upon its transmission at the film boundary. The amount of light
transmitted is described by the Fresnel transmission coefficients, which are functions of
both angle of incidence and the wavelength of the light. The relationship between the
light generated in the polymer and the light leaving the film is called the out-coupling.
In photoluminescence experiments, proper analysis of the data may require correction
for these effects. In electroluminescence, the optimization of devices will require
knowledge of these constants. For example, since the out-coupling is a function of
wavelength, the colour of a display will appear different depending on which angle it is
viewed at. This determines the viewing angle — the largest angle at which a display can
clearly be viewed. Therefore, the determination of the optical constants is a necessary
task.

A standard technique for determining the optical constants of thin films is that of
ellipsometry.''>!*"1*° This method involves reflecting light off a sample and measuring
the change in its polarization state. It is an indirect method and the experimental results
must be compared with those predicted by a theoretical model, which is then optimized
to provide a good description of the sample.

The samples investigated here were films of unaligned and aligned polyfluorene.
Unaligned films, formed by simple spin-coating with no further treatment, give rise to

unpolarized emission upon optical or electrical excitation. This is because there is no
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preferred orientation of the polymer chains within the plane of the film. It is possible to
make aligned films in which the chains do have a preferred orientation and the emission
from these can be highly polarized. One of the main aims in making aligned films is the
fabrication of polymer LEDs emitting polarized light. These could be used as
backlights for liquid crystal displays which would remove the need for an initial
polarizer, therefore increasing brightness and efficiency. Aligned films have also been
used in polymer transistors which exploit the improved mobility of charge carriers
through the layer.

Since the polymer chains are arranged in different ways in unaligned and aligned
polymer layers, the optical constants will be different and must be determined
separately. Also, both kinds of films are expected to exhibit optical anisotropy —
different optical constants in different directions. This adds an extra level of difficulty
to their determination.

This chapter is structured as follows: firstly, the meaning of the optical constants
and anisotropy is discussed. Secondly, the technique of ellipsometry is described.
Thirdly, the experimental details are given. Fourthly, the results and their analysis are

presented, and then finally the conclusions.

3.2 Background — optical constants and anisotropy

3.2.1 Optical properties of a dielectric

To begin to understand the origin of the refractive index and absorption coefficient, we
will consider an isotropic dielectric material — one containing no free charges, whose
properties are independent of direction. There are positive charges in the material,
associated with nuclei and negative charges associated with electrons. These charges
will move in response to an electric field with the effect that the negative charge
distribution moves in a direction opposite to the electric field. This results in a dipole
moment due to the displaced charge, given by the product of the charge g and the

effective separation y of the positive and negative charge in the dipole:
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P = —qy = —ney 3.1

where 7 is the number density of the electrons. Now consider a quantum system of two
levels separated by Awr interacting with light of a frequency w. The equation of motion

is that of a damped, driven harmonic oscillator:

2
m ‘;2} = —eE - mw,’ —%% (3.2)

y represents the displacement of electronic charge, m is the free electron mass and the
damping is represented by relaxation time r. When driven by an applied field

E =E e the solution is y = y,e” with:
0 Y=Y

eE%" (3.3)

Yo = :
o’ -’ _za/
T

¥, increases dramatically as w approaches the resonant frequency wr. The polarization

therefore is:

ne’
P ——/L—E (.4)

o, -’ _za/
T

Macroscopic polarization is given by the equation:

P=¢yE 3.5
With:
g =l+y (3.6)

Where y is the susceptibility of the dielectric andg, is its dielectric constant. These

describe its polarization in response to an applied field.
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With this expression for the polarization, we can now use Maxwell’s equations to

find how light propagates in a dielectric medium. In the most general form, Maxwell’s

equations can be written:

vE=Z
&y
V-B=0
8VXB=§E+£-
ot g,
VXE=—le
ot

3.7

(3.8)

3.9

(3.10)

B is the magnetic induction, E is the electric field, J is the current density and p is the

electric charge density.

For a dielectric, it can be shown that p=-V.P and J=0P/dt. This leads to the

Maxwell equations for a dielectric:

V-B=0

OE 1 0P
—_—t——
ot g, Ot

c’VxB=

VxE=—§E

ot

Combining these equations the following expression can be reached:

AVE=|1+ e’ Gk
o

2 2 .
me, (a)o - —za)y)

The solution of this equation is a plane wave E = E,¢'®™, with:

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)
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This can be separated into a real and an imaginary part and thus the plane wave

becomes:
E= Eoei(knyﬂhy-wl) - Eoe—hyei(kny—aﬂ) 3.17)

That is, the imaginary part of k gives rise to absorption while the real part represents the

harmonic wave. If the wave-vector is complex, then so is the refractive index:

k:[ﬁ)n (3.18)
C

j(nR +in, ) (3.19)

k, + ik, =(9
C

The real part of the complex refractive index is the usual refractive index describing the

change in the velocity of light, whereas the imaginary part describes absorption.

Substituting (3.18) into (3.16) gives:

2
n =1+ (3.20)

From (3.5), (3.6) and (3.20), we have:

g =n 3.21)

48



Chapter 3: Optical constants of polyfluorene films

The dielectric constant of the material is therefore also a complex quantity. For the
Lorentz oscillator model considered above, the real and imaginary parts of the complex

refractive index will take the form shown in Figure 3.1.
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Figure 3.1: Example of the real (solid line) and imaginary (dashed line) parts of the complex refractive

index for a Lorentz oscillator model

The real and imaginary parts of the dielectric constant are not independent of each
other. They are related via the Kramers-Kronig dispersion relations, which take the

following form:

n(g)-1=2 p[EKE) o 3.22)
r JE°-E

This form explains that absorption at one frequency leads to dispersion in the refractive

index at all other frequencies.

3.2.2 Anisotropy in the optical constants

The above discussion applied to an isotropic medium — one in which the optical
constants do not depend upon the propagation direction of the light. Anisotropic media

also exist, in which the optical properties do depend upon the direction. Here, the
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induced polarization depends upon the electric field according to the following tensorial

relation:
P'=¢, [;(]E (3.23)

where [ x] is the first-order electric susceptibility tensor. The electric induction D is

therefore:

D=¢,[¢]E (3.24)

where [¢]=[1]+[x] is the relative permittivity tensor and [I] is the identity tensor. It

is always possible to diagonalize this tensor and write a relation containing only three

independent coefficients:

o OJfE,
e, 0|E (3.25)
0 E

There are three classes of optical media, based upon the relative values of these
coefficients. If they are all equal, the medium is isotropic. If £, =£, #¢&, then the
medium is uniaxial with its optic axis along z. If ¢ #¢, #¢, then the material is
biaxial.

The permittivity seen by an electromagnetic wave propagating through an
anisotropic material depends upon both its direction of propagation and its polarization.
For example, a wave travelling along the z-direction with E polarized along x will see a

permittivity &,. If it is polarized along y it will see a permittivity £,. A wave

propagating along z with some general polarization can be separated into two parts
polarized along x and y which can be treated independently.
The situation is more complicated for a wave travelling along an arbitrary direction.

Again, the wave can be split into two perpendicularly polarized components. Their
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polarizations and the permittivity they see can be found using Maxwell’s equations. A
simpler way, which is equivalent to solving Maxwell’s equations, is that of the index
ellipsoid.

The index ellipsoid is defined by

2 2 2

x y z
+ + =1 (3.26)
gx /80 gy /80 82/80

This represents an ellipsoid with principal axes parallel to x, y and z, with lengths

2\e. /8,5 2|/, /&, and 2|Je, /&, . The procedure for finding the allowed solutions for a

given direction of propagation is as follows: Take a plane through the origin which is
perpendicular to the direction of propagation and find the intersection between this
plane and the index ellipsoid. This intersection is an ellipse whose major and minor axis
represent the directions of the two allowed polarizations. The lengths of these axes are

2n, and 2n, where n, and n, are the refractive indices for the two allowed solutions.

Uniaxial anisotropy will be of most relevance to the material discussed in this
chapter and so is now described in more detail. The index ellipsoid for a material with

uniaxial anisotropy is shown in Figure 3.2:
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Figure 3.2: Index ellipsoid for a material with uniaxial anisotropy

The ellipsoid has rotational symmetry around z. A beam propagating along a general
direction, at an angle 8 to the z-axis can be split into two components. One of these is
called the ordinary component and is always polarized along OB with refractive index
n,. The other solution is polarized along OA and can take a refractive index between
n, and n,. A material is described as being optically positive if »n, >#, and optically
negative if n, > n,.

It is, of course, not only the refractive index that is anisotropic. Similarly, there will
be anisotropy in the absorption coefficient. The absorption coefficient and refractive

index along a particular axis in the material are linked by the Kramers-Kronig relation,

as described before.
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3.3 Background — ellipsometry

A standard method of obtaining optical constants is that of ellipsometry. This is a non-
destructive thin film analysis technique. It works by measuring the change in
polarization state of light reflected off the surface of a sample. The properties of the
sample may not be found directly, instead, an optical model describing the sample is
built and used to make predictions of the data. This model is adjusted until the
predictions match the experimental values. The properties of the model that we may
adjust include refractive index, absorption coefficient and layer thickness. Thus, we
may find properties of the sample through the solution of an inverse problem.

This section is structured as follows. Firstly, the basic theory of ellipsometry is
presented. Secondly, the experimental set-up is described i.e. the design of the

ellipsometer itself. Thirdly, the general fitting procedure is discussed.

3.3.1 Theory of ellipsometry

Ellipsometry measures the change in the polarization state of light reflected off the

surface of a sample. Consider polarized light incident on a sample, as in Figure 3.3.

lineary polarized light
E p-plane

elliptically polarized light
p-plane
\_ E

' es-plan

Figure 3.3: A beam of polarized light, reflected of a substrate, showing the p- and s-directions

The light can be separated into two perpendicularly polarized components as shown.

One component is polarized in the plane of incidence and is called p-polarized light.
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The other component is polarized in the plane of the sample and is called s-polarized
light. These components have different Fresnel reflection coefficients Rp and Rs.
Ellipsometry measures the ratio of these two values. This is in general complex and can

be expressed in terms of an amplitude part  and a phase part A :

%:tan(w)e’A 327
It is because ellipsometry measures the ratio of two values that it is a very precise and
repeatable technique.

Ellipsometry can be used to determine thin film thickness and thin film optical
constants. It is often possible to determine thickness and optical constants for the same
film simultaneously. The ellipsometer used here was a Variable Angle Spectroscopic
Ellipsometer (VASE). It is spectroscopic because it can perform ellipsometry
measurements over a range of wavelengths, from ultraviolet to infrared. This is
obviously essential where we wish to find the wavelength dispersion of the optical
constants for a sample. It is variable angle because the angle of incidence of the light
may be varied. This is useful for two reasons. Firstly, more data may be acquired from
a sample. Secondly, and most importantly, the experiment may be optimized for a

given sample.

3.3.2 Experimental Set-up

The ellipsometry measurements were made using a J.A. Woollam Co., Inc. Variable
Angle Spectroscopic ellipsometer. This is an example of a rotating analyzer
ellipsometer, which has the following configuration:

source — polarizer — sample — continuously rotating analyzer — detector

The source is a Xe arc lamp, which is stable and emits over the range from the UV to

the NIR. The light from this source is monochromated and coupled to the input
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polarizer by an optical fibre. The polarizers used are Glan-Taylor polarizers which are
linearly polarized to 1 part in 10° and transmit light from 230 to 2200 nm. The analyzer
rotates to find the polarization state of the reflected light. The ellipsometer uses a
stacked detector unit consisting of silicon and InGaAs photodiodes. These are
insensitive to polarization state and linear over a broad range of beam intensities.
Analysis of the ellipsometer operation can be performed using the Jones matrix

formalism. Jones vectors describe the polarization of a beam of light.

E
arbitrarily polarized beam: E = { le (3.28)
Es

Here, E describes the electric vector of a beam of polarized light, with £, and E

representing the p- and s-polarized components respectively. Linearly polarized light is
i

E .
written as {EP ei ¢] where the phase angle is identical for both components. P-polarized
<€

1 0
light and s-polarized light are written {0} and[l} respectively. Figure 3.4 shows

linearly polarized light

Y
,\/y &N
\

! x .o

) %\

\/ \\/t
L ] \l
\/ v/

E®)

Figure 3.4: The electric vector of linearly polarized light, and the variation of its x- and y-components

with time
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If the two components have equal magnitude but are 90° out of phase, then the light is
called circularly polarized light because in the x-y plane, the tip of the electric vector

traces out a circle (Figure 3.5):

CN
ALV

Figure 3.5: The electric vector of circularly polarized light, and the variation of its x- and y-components

E(t)

with time

In general, the magnitude and phase of the two components do not have to have any

particular relationship, and the electric vector traces out an ellipse (Figure 3.6):

Y
/ ’w
/x

Figure 3.6: The electric vector of elliptically polarized light, and the variation of its x- and y-components

E(t)

\/ t

with time

Since lines and circles are just special types of ellipse, all polarized light can be
described as being elliptically polarized. This is why ellipsometry is so-called — the

technique determines the elliptical polarization of the probe beam.
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When polarized light meets an optical component, such as a polarizer or a sample,
its polarization may be changed. Hence, optical components may be described using
Jones matrices. These operate on the Jones vector of the incident light to give the
polarization state of the resultant beam.

The intensity measured by the ellipsometer detector is proportional to the

magnitude of the beam’s electric field squared:
I |E,f (3:29)

The electric vector at the detector can be found by tracking the input beam through the

components of the system:
E,, =[Analyser matrix][Sample matrix |[ Polarizer matrix |[Input beam] (3.30)

For the polarizer matrix, we first rotate the coordinate system so that the axis of the
polarizer is parallel to the p-direction. Thus the beam leaving the polarizer is p-
polarized. The coordinate system must then be rotated back to the p- and s- coordinates
of the ellipsometer. If the angle between the polarizer and ellipsometer was P, then the

beam incident on the sample will have the following polarization:
cosP —sinPj|1
. . (3.31)
sinP cosP ||0
If the sample is isotropic and not too rough, then its Jones matrix may be written:

[Tap 0 ]
- (3.32)
0 Rs

with no off-diagonal elements. Finally, the beam is incident on the analyzer. The

coordinate system is first rotated so that the new p-direction lies along the analyzer p-
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direction. It does not need to be rotated back after transmission through the analyzer as
we are then only interested in the intensity of the beam at the detector and this is
independent of polarization. Writing the angle between the analyzer axis and the plane

of incidence as A, the total Jones matrix for the analyzer is:

1 O. co.sA sin 4 (333)
0 Of||-sind cosd

The total expression for the electric field at the detector is then:
E, - 1 o] co'sA sind | R» 0 c?sP ~sin P1['1 334)
0 O||-sind cosdA|| 0 Rs||sinP cosP ||0
Which can be evaluated as:

E, ___[Rp cos Pcos A+ Rs sin Psin A} (3.35)

0

The intensity of the beam can be calculated to be:

~ 2 ~
Rel _tan?p 2Re| B2 |_tan?p
Rs Rs .

I, cl+i—> cos(24)+——— sin(24) (3.36)
Rel an’P Rel v tan’ P
Rs Rs

Substituting in equation (3.27) leads to:
2, o2

Il BV BP o (24)s 20w cosAtan P 4 hh) 337)

tan” y +tan” P tan” y +tan” P
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which has the form of a Fourier series:
I, <1+ acos(24)+ Bsin(24) (3.38)

Since the analyzer is continuously rotating, the angle A is a function of time. If the
detector signal is measured as a function of time, and a Fourier transform performed,

then the Fourier coefficients a and B will be obtained:

o tan’ iy —tan® P
tan’ y +tan’ P
(3.39)
_ 2tany cos Atan P
"~ tan’y +tan® P

These equations can be solved to give y and A as a function of the Fourier coefficients

and the polarizer angle:

(3.40)
Ji) tan P

J1—g? |tan P|

COSA =

Many of the samples investigated in this chapter are anisotropic. In this case, the Jones

matrix contains off-diagonal elements as follows:

Ry Ry (3.41)
ksp RSS
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The above approach can be used again to find o and p. However, there is much more
algebra involved and the expressions for a and P are considerably more complicated.

It has so far been shown how the ellipsometer finds v and A experimentally. Of
course, it is not y and A that we are interested in, but rather the optical constants and
thickness of the film. Their relation to the Fresnel reflection coefficients and hence to y

and A can be calculated through application of Maxwell’s equations.

3.3.3 Analysis of the data

:’rronsmiﬂed beam

(p 1.-":..

v bboundary
nO """"" .
. q>o§ q)o
incident beam | reflected beam

Figure 3.7: Reflection and transmission of light incident on a boundary

When a wave of light is incident on a boundary, there will be a transmitted wave and a
reflected wave. The intensity of the waves that are reflected and transmitted depend
upon the transmission and reflection coefficients of the boundary. These are functions
of the refractive indices of the two media as well as the polarization of the incident

light, which can be split up into its p- and s-polarized components, as described earlier.
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It can be shown that the reflection coefficients for p- and s-polarized light are:

Do n cos @, —~ 1o cos¢~$,

p== = L (3.42)
M COS @, + no COS @,
7, = Mo.COSy =M c0sg, (3.43)
no coS g, +n cos @,
whereas the transmission coefficients are:
~ 2n0 cos
fyme 20 COSh (3.44)
n1 COS @, + no COS @,
foo 2T0COSHy (3.45)
No COS @), + M Cos @,
. ~ |2 ~ |2 ~ 12 ~ 12
With R, =|rs| , R =[ri|, T, =[r.[ . 7, =[s.

Calculating the reflection coefficients from the refractive indices is straightforward for
a bulk substrate. However, for samples consisting of a film on a substrate, the situation
is slightly more complicated due to reflection of the transmitted beam off the film-

substrate interface, as shown in Figure 3.8.
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Incident R1 R2 R3
beam

R4

Substrate

T 2 T3

Figure 3.8: A beam of light incident on a film on a substrate, and the multiple reflections and

transmissions.

These beams may be summed to find a total reflected beam, and as such find the
pseudo-Fresnel reflection coefficients for the sample.

In general, we will be interested in multilayer samples, consisting of up to three
films layered on a bulk substrate. The pseudo-reflection coefficients of these samples
may be evaluated by summing the multiple reflections, but this becomes dramatically
more computationally intensive as the number of layers increases. WVASE32 employs
an alternative method involving characteristic matrices."™ These matrices relate the
field components at the top of the film to those at the bottom. For a multilayer sample,
multiplying the matrices together in order provides valid results for the pseudo-
reflection coefficients.

It has been shown how the optical constants of a sample relate to the reflection
coefTicients, how the reflection coefficients relate to yw and A and how the ellipsometer
measures y and A. This provides the pathway to finding the optical constants and layer
thicknesses from the measured y and A values. This involves the solution of an inverse

problem — we want to find the sample properties which result in the experimental
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values that are actually measured. The approach is as follows: an optical model is built,
consisting of a number of layers on a substrate and parameterized by the optical
constants of the various materials and the thickness of the layers. This model is then
used to predict experimental data. The model parameters are varied until the predicted
data matches the experimental data as closely as possible. The quality of the match
between the predicted data and the experimental data is represented by the mean-

squared error, defined as follows:

2 2
N mod _ , exp mod __ Aexp
MSE=—L S| YW | (AT 4 (3.46)

where N is the number of (y, A) pairs, M is the number of variable parameters in the
model and ¢ are the standard deviations on the experimental data points. To provide the
best fit between the predicted and experimental data, this MSE must be minimized.
WVASE32 performs this minimization using the Levenberg-Marquardt aigorithm.

A potential problem with the fitting process is that of parameter correlation, where
good fits to the data may be obtained with quite different sets of parameters. One
method of circumventing this problem is to use several samples on different substrates.
This provides additional constraints when the data are fit simultaneously to provide a

unique fit.

3.4 Experimental procedure

The polyfluorene used was poly(9,9-diethylhexyl fluorene) (M, = 7600 and M,, =
15000). This is a low molecular weight PF of about twenty repeat units and is
particularly suitable for alignment. Its synthesis is described elsewhere."* Films were
produced by spin-coating at 2500 rpm from a 12 mg/ml solution. The solvent used was
three parts toluene to one part chloroform. This mixture was used to prevent
crystallization.

For the ellipsometry measurements, the substrates used were silicon wafers with

oxide layers on top. As stated earlier, we require a range of substrates to reduce
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parameter correlation. This was achieved here by having a range of thicknesses for the
oxide layers. The layers were formed on the silicon by wet thermal oxidation.'*’
Briefly, this technique involves baking the wafers in a furnace through which water
vapour is passed. An oxide grows on the surface initially then forms inwards by
diffusion. This oxide was then etched back using buffered hydrofluoric acid to achieve
the desired thickness.

Unaligned films were made via spin-coating directly onto these wafers, whereas the
aligned films were made on wafers that had rubbed polyimide (PI) layers on top. The PI
precursor was obtained from Merck KG and the layers were produced as follows: the
precursor was spun onto the wafer at 2500 rpm, then heated at 85° C for 20 minutes in
air to remove any residual solvent. This was followed by heating for 40 minutes at 300°
C in vacuum, after which the film was allowed to cool. This layer was then rubbed
unidirectionally with a rayon cloth. After spin coating the PF on this layer, the sample
was then annealed at 80° C in an argon atmosphere at low pressure for 10 minutes.

The oxide layers and PI layers were characterized by ellipsometry prior to any
further layers being deposited. In particular, the thickness of the oxide layers and the
thickness and optical constants of the PI layers were found.

Ellipsometry measurements were made on the PF samples for at least three angles
of incidence (from 50° to 70°) over the wavelength range 250-1000 nm. Seven
unaligned and seven aligned samples were tested, each one having a different oxide
thickness.

For direct measurements of the absorption spectra of PF, films were required to be
spun on transparent substrates. Quartz discs were used as the substrates for the
unaligned films. The aligned films were spun onto rubbed PI layers on indium tin oxide
(ITO) glass substrates and annealed as described earlier. For convenience, LCD cells
were obtained from E.H.C. Co., Ltd (Japan) and split in half to provide these alignment

substrates.
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3.5 Results and analysis

3.5.1 Silicon oxide and polyimide layers

The oxide layers were characterized first using a model in which their thickness was the
only variable parameter. Literature optical constants were used for this model.
Excellent fits to the data were found, with the oxide layers having thicknesses over a
range of 100 — 1400 A. The properties of the PI layers were found a procedure similar
to that for the PF, which will be described in more detail later. Briefly, the thickness
and refractive index were first found at long wavelengths where the PI is expected to be
transparent, using a parametric function for the refractive index. Then, a point-by-point
fit was used to find a first approximation to the optical constants in the absorbing
region. Finally, more realistic optical constants were obtained using parametric
functions. The layers were found to have a mean thickness of 338 + 33 A. Figure 3.9
shows an example of the calculated PI optical constants. An example of the
ellipsometric data together with the fit is shown in Figure 3.10. These data were for a
sample with a PI thickness of 373 A on a silicon substrate with an oxide thickness of
618 A.
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Figure 3.9: Optical constants of a rubbed polyimide film, found by ellipsometry.
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Figure 3.10: Ellipsometric data of a rubbed polyimide film on a silicon/silicon dioxide substrate (black

lines) and fit from the model (red lines)

There are several points to note here. Firstly, good fits to the data were achieved using
isotropic models. This is in slight contrast to previous measurements on PI, where the
film was considered to consist of a bulk isotropic lower layer and a thin anisotropic top
layer resulting from the rubbing process.'”” In that work, detailed anisotropic
ellipsometric measurements were made at a single wavelength, allowing a more in-
depth analysis. In our work, the influence of a thin anisotropic top layer is not
noticeable, and the isotropic optical constants found are considered adequate for our
purposes.

Secondly, it was found that better fits to the data could be obtained by allowing

some non-uniformity in the layer thickness. This may correspond to some roughness
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resulting form the rubbing process. The presence of surface non-uniformity is also
indicated by the significant depolarization observed and is not too unexpected given the
somewhat random way in which the rubbing process imparts striations on the surface of
the PI. When a beam of polarized light is incident on an ideal sample, the reflected light
will have a single well-defined polarization state. If the sample is non-ideal (e.g. the
surface is rough, or the layers are not parallel) then the reflected beam will consist of
light of different polarization states, which together form a partially depolarized beam.
The VASE system used here is capable of measuring the percentage of the reflected
beam not in a well-defined polarization state. A typical depolarization signal is shown

in Figure 3.11.

Depolarization (%)

0oV
300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3.11: Depolarization in the ellipsometric data for a rubbed polyimide film on a silicon/silicon
dioxide substrate. Angle of incidence: 60° (solid line), 65° (dashed line), 70° (dotted line).

Thirdly, it was not possible to find a single set of optical constants that would provide
good fits for all the PI layers. This could also be due to the roughness/surface
uniformity being different from film to film, or to slight differences in the fabrication
procedure. Therefore, the optical constants were allowed to vary slightly from layer to

layer within the parametric models.
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3.5.2 Unaligned polyfluorene films

The PF was represented by a uniaxial layer of unknown thickness. The optic axis of this
layer was set normal to the surface. Figure 3.12 shows a typical layer structure and
Figure 3.13 shows the direction of the optic axis. An initial guess to the thickness was
made from previous measurements on film thicknesses using an Tencor Alphastep

profilometer.

Polyfluorene (30 nm)
Silicon dioxide (100 nm)

Silicon (1 mm)

Figure 3.12: Typical layer structure for an unaligned PF sample

oplic axis
z E 3

Figure 3.13: The direction of the optic axis in an unaligned PF film. The optic axis is perpendicular to

the film surface. Directions x and y, parallel to the surface of the film, are arbitrary and identical

The fitting procedure was as follows. Firstly, the spectroscopic range was restricted to
wavelengths above 600 nm. The absorption edge of PF is at approximately 450 nm, so
in the range we were initially considering, the absorption coefficient could be

confidently set to zero, reducing the number of parameters involved in the fitting. The
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refractive indices ny and n, of this layer were then described by parametric functions of

wavelength:

B C
n(/l)=A+7+7 (3.47)

This is Cauchy’s equation. A, B and C are variable parameters. A is the value that this
refractive index will tend towards at long wavelengths, while B and C provide
dispersion. The layer thickness was also set as a variable parameter. The data from the
films were then fitted simultaneously using this model, subject to the constraint that the
optical constants of all PF layers were identical. The thicknesses of the layers, however,
were allowed to be independent.

Excellent fits to the data were achieved using this approach. Film thicknesses were
found to be reasonable close to each other. A mean value of 460 + 30 A was found. The
next step was to extend the range to the absorbing region. Having found the film
thickness and the optical constants above 600 nm, these values could now be fixed. The
procedure for finding the refractive index and absorption coefficient in the remaining
region was as follows. The optical constants for the x- and z-directions were fitted
independently, point-by-point. This means that at each data point, the optical constants
themselves are varied to find the values that give the best fit to the data. This approach
usually yields a very close fit to the data, but the resulting optical constants are
typically not smooth functions of wavelength and may exhibit some artefacts. This
point-by-point fit is therefore only used to obtain a first approximation. To find more
realistic optical constants, we need to replace these by parametric functions of
wavelength.

An effective method of doing this is now described. The optical constants obtained
from the point by point fit are converted to real and imaginary dielectric constants. A
new layer is built using a parametric function for its dielectric constants. This function
will have several variable parameters in it, which are then fit to match as closely as

possible the imaginary dielectric constant of the point by point fit. For polyfluorene, the
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function we use is a sum of several Gaussian functions, with their amplitude, width and
centre as variable parameters.

E-E, E+E, ]’

£ = ZA,.e’[ ) + A,e‘( 5 (3.48)

Since the real and imaginary dielectric constants are linked via the Kramers-Kronig
relationship, finding the imaginary part also provides us with the real part, except for a
single parameter for the long-wavelength offset which is easily found.

Through this method, we can find smooth optical constants which provide good fits
to the ellipsometric data. These optical constants are parametric functions of
wavelength. Improvements to the optical constants can be achieved by fitting the data
again, allowing the parameters in these functions to vary. The optical constants will
remain smooth and realistic. Although the point-by-point fit generally achieves a lower
mean square error, it is felt that these smooth optical constants are more physical and
preferable.

Figure 3.14 shows the anisotropic absorption coefficients found by ellipsometry.
The anisotropic refractive indices of polyfluorene are shown in Figure 3.15. This figure
also shows the absorption coefficient calculated from direct measurements on an
unaligned film on quartz, made using an absorption spectrometer. To calculate
absorption coefficient from the optical density, knowledge of the film thickness is
required. The thickness here was 388 A, as determined by X-ray reflectivity
measurements. It is seen that the results from direct measurement match those from
ellipsometry very closely. The main difference is an apparent absorption tail for the
direct measurement, which may be due to scattering from the sample. This would

indicate that ellipsometry is a superior technique for finding absorption coefficient.
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direction of the optic axis. The optical constants found are shown in Figure 3.19 and
Figure 3.20.

Polyfluorene (30 nm)
Polyimide (40 nm)
Silicon dioxide (100 nm)

Silicon (1 mm)

Figure 3.17: Typical layer structure for an aligned PF sample

optic axis

Figure 3.18: Direction of the optic axis for an aligned PF sample. The rubbing is along the z-direction.
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Figure 3.19: Anisotropic absorption coefficients for an aligned PF film, found by ellipsometry. The solid
line is the absorption coefficient for light with its electric vector parallel to the rubbing direction. The
dashed line is the absorption coefficient for light with its electric vector perpendicular to the rubbing

direction.
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Figure 3.20: Anisotropic refractive indices for an aligned PF film, found by ellipsometry. The solid line

is the refractive index for light with its electric vector parallel to the rubbing direction. The dashed line is

the refractive index for light with its electric vector perpendicular to the rubbing direction.
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Examples of the ellipsometric data for an aligned film are shown in Figure 3.22,
together with the fits achieved. The sample had a layer structure of Si:SiO,:PI:PF with
thicknesses of 1 mm, 87 nm, 33 nm and 51 nm respectively. Depolarization in the
signal was mostly low, though there were peaks of a few percent around 400 nm and
800 nm, rising up to depolarization of up to 10 % at short wavelengths where the

emission from the ellipsometer’s lamp is weak. A typical depolarization signal is shown

in Figure 3.21.
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Figure 3.21: Depolarization in the ellipsometric data for an aligned PF sample. Angle of incidence: 55°
(solid line), 60° (dashed line), 65° (dotted line).

Qualitatively, the generated data fits the experimental data very well. At extreme points
in the data, e.g., the peaks and troughs in v, there are differences of up to a few percent.
However, it is generally difficult to fit these extreme points in ellipsometric data and
given the multilayer structure of the samples, the probable roughness of the PI layers
and the fact that the PF optical constants were constrained to fit seven samples
simultaneously, these differences do not seem unreasonable. This shows that the PF

layers can be sufficiently described by a uniaxial system with these optical constants.
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wavelength much scattering. This results in apparently negative values for the
absorbance at short wavelengths and non-zero baseline at long wavelengths. However,

it is still evident that the spectra are similar to those found from the ellipsometric

measurements.
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Figure 3.23: Optical density spectra for an aligned PF film on a rubbed PI/ITO/glass substrate, found by

transmission measurements.

Polarized fluorescence measurements were made on aligned films deposited on
silicon/silicon dioxide/PI. This was done to provide additional evidence that our films
were indeed well aligned. Samples were excited with unpolarized light. The intensity of
the emission polarized parallel and perpendicular to the film alignment was measured
and corrected for instrument response. Results are shown in Figure 3.24. The ratio of
the intensity of light emitted parallel to the alignment to that emitted perpendicularly is
approximately 8:1. This confirms the high alignment of the films.
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Figure 3.24: Polarized fluorescence spectra for an aligned PF film on a rubbed Pl/silicon dioxide/silicon
substrate. Sample was excited with unpolarized light and emission measured polarized parallel and

perpendicular to the alignment direction.

3.6 Discussion

Table 1 summarizes the values of the optical constants at specific wavelengths.
Considering the absorption coefficient first, it is seen that o unalignea (@bsorption in the
x-direction, perpendicular to the optic axis) is much higher than @, unalignea (absorption
in the z-direction, parallel to the optic axis). The situation is reversed in the aligned

films.

film Ny ng Ny n, Ok o
orientation | (peak) | (peak) | (A=1000nm) | (A =1000 nm) | (cm™) | (cm™)

(peak) (peak)
unaligned 2.15 1.70 1.67 1.65]| 186560 | 29268

aligned 1.58 2.53 1.48 1.67 36000 | 382350

Table 1: Anisotropic optical constants at particular spectral positions for the unaligned and aligned PF

films.
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This can be explained as follows. In an unaligned film, the chains arrange themselves in
a planar structure, with the planes parallel to the surface of the film."*> Some radial
alignment has been observed in polymer films, but the level of this alignment is low.'**
Therefore, light polarized in the z-direction has its electric field vector perpendicular to
the polymer backbone. In the x- direction (i.e. in the plane of the film), there is a
distribution of chain directions, and the electric vector may be at a range of angles to
the polymer backbone. There will certainly be light which is polarized in the direction
along the chain. Since the transition dipole of a conjugated polymer is expected to have
a large component lying along the backbone, this will result in strong absorption for
light polarized in the plane. For light polarized in the z- direction, absorption will be
weak due to the small component of the transition dipole perpendicular to the chain.

In an aligned film, the chains are oriented in the rubbing direction. This is the z-
direction. Light polarized along this direction will have its electric vector along the
chain backbone, and hence there will be strong absorption in this direction. Light
polarized in the x- or y-directions will have its electric field perpendicular to the chains,
hence there will be weak absorption. This is the same situation as for light polarized in
the plane in unaligned films, which is why the absorption coefficient values are so
similar.

The arrangement of the chains in unaligned and aligned films is illustrated in Figure
3.25.

@ ",

—

Figure 3.25: Arrangement of the chains in (a) unaligned films and (b) aligned films.
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Although @ unaignea takes much the same value as 0 aiigneds, WE S€€ that o, giigned IS
significantly higher than a unaiignea. The reason for this is that in an aligned film, light
polarized in the extraordinary direction sees chains that are all oriented in the same
way. All the chains have a strong transition dipole in the same direction as the electric
vector. In an unaligned film, as stated before, light polarized in the ordinary direction
sees a range of chain directions. The transition dipoles will not all be in the same
direction as the electric vector; there will be a range of angles between the two.
Therefore, the mean strength of the transition will be lower. For light polarized at an
angle 6 to a transition dipole moment, the strength of the transition is proportional to
cos’ 0. The mean value of cos® 8 over the range 0-90 degrees is 0.5. It is interesting to
note that this closely matches the results presented here, since the peak value of ay
unaligned 1S approximately half that of o, aiigned.

This behaviour is mirrored in the refractive index. Both unaligned and aligned films
have a refractive index in one direction which is low and weakly dispersive, whilst in
the other direction it is high and strongly dispersive. In both cases, it is high and
strongly dispersive when the electric vector of the light has a component along the
chain backbone i.e. in the direction of the transition dipole moment. This is the
extraordinary direction for the aligned film and the ordinary direction for the unaligned
film. The peak of the refractive index in the extraordinary direction for the aligned film
is higher than that in the ordinary direction for the unaligned film, again reflecting the
alignment of the transition dipole moments. Also, the unaligned film has a much lower
birefringence at long wavelengths than the aligned film, which reflects its more
amorphous nature.

We note similar work in this area. Zen et al have previously applied the Kramers-
Kronig relations to polarized absorption spectra of aligned PF films, to estimate the
dispersion of the refractive indices.'> In the spectral range of the main PF absorption,
similar values were found to those reported here.

Tammer et al have previously reported a higher ordinary refractive index and larger

birefringence for amorphous polyfluorene films.'?

Their values for peak refractive
index were approximately 5 % higher than those in this work, and the birefringence at

long wavelength approximately twice as large. These findings were for a much higher
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molecular weight polymer than was used here. We suggest that this result is due to
longer chains being constrained by their rigidity to lie in plane, while it is easier for

shorter polyfluorene chains to point out of the plane.

3.7 Conclusions

The optical constants of unaligned and aligned polyfluorene films have been found by
spectroscopic ellipsometry. Both kinds of film exhibit uniaxial anisotropy, but with the
optic axis in different directions — normal to the surface in unaligned films, and parallel
to the alignment direction in aligned films. The absorption coefficient for light
polarized in the alignment direction in these films is twice as high as that for light
incident on unaligned films. This is because the direction of the transition dipole
moment is along the chain backbone. In unaligned films there will be a distribution of
these directions, and so the average transition strength in any direction will be less than
for the aligned case, where the dipole moments all point approximately the same way.
For light polarized perpendicular to the alignment direction in aligned films or out of
plane in unaligned films, the absorption coefficient is small and the refractive index is
low and weakly dispersive. The results from this chapter will be employed in the
subsequent chapters of this thesis. It is also hoped that this information will be useful in

the design of polarized polymer light emitting devices.
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Chapter 4: Energy transfer in
polyfluorene films

4.1 Introduction

The colour of emission from a polymer film may be conveniently altered by addition of
a suitable dopant molecule. Energy transfer between the polymer and the dopant results
in red-shifted emission, as the dopant emission will be at a lower energy than that of the
polymer. Such donor-acceptor systems may be useful in fabricating organic LEDs with
a range of emission colours — saturated red, green and blue emission are required for a
full-colour display. Understanding of the energy transfer processes will be useful for
the optimization of such devices. Addition of dopants may be looked at in another way
— they can be thought of as fluorescent probe molecules, allowing investigation into the
transport of excitations within the polymer layer.

This chapter describes experiments performed on polyfluorene films doped with a
red dye, tetraphenyl porphyrin. The films were optically excited and fluorescence
measured in steady-state. The results were analysed using the theory of Forster resonant

energy transfer, modified to take excitation energy migration into account.

4.1.1 Forster transfer

The theory of fluorescence resonance energy transfer (FRET)'*®

was developed by
Professor Theodor Forster, who published his first paper on the subject in 1946. FRET
is transfer of excited state energy from an initially excited donor molecule to an
acceptor. Energy transfer occurs without the appearance of a photon. Instead, it is the
result of long range dipole-dipole interactions. The efficiency of FRET is usually
described in terms of the Forster radius. This is the donor-acceptor separation at which
the probability of FRET is equal to the probability of de-excitation by any other

pathway e.g. radiative and/or non-radiative decay. Therefore, when a donor and
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acceptor are separated by the Forster radius, the rate of FRET is equal to the
fluorescence decay rate of the donor.

The Forster radius can be calculated theoretically by the following equation:

9000k In10 ¢ £, (W)g,(v)
= dv
1287°n'N,, V" 2

0

R 4.1

Here, ¢z is the quantum yield of fluorescence of the donor, » is the refractive index of

the medium, f,(v)is the normalised emission spectra of the donor, £,(v)is the molar

absorption coefficient of the acceptor. «” is a configurational term to take into account

the relative orientation of the transition dipole moments of the donor and acceptor.
x* = (cos 6, —3cos b, cosb, )’ (4.2)

whered, is the angle between the donor and acceptor transition dipole moments,é,, is

the angle between the donor transition dipole moment and the direction vector

connecting the two molecules, and@, is the angle between the acceptor transition

dipole moment and the same direction vector. ° can take a value between 0 and 4. For
a large, randomly oriented distribution of donor-acceptor pairs, the mean value is 2/3.

Since FRET takes place via a dipole-dipole mechanism, only transitions between
states of the same multiplicity may occur i.e. only singlet-singlet or triplet-triplet
transitions are allowed. -

In Forster’s derivation of equation (4.1), the refractive index was taken outside the
integral because it was assumed to be independent of frequency. This is definitely not
the case for conjugated polymers, which feature highly dispersive refractive indices.
This is shown in Figure 4.1. (see Chapter 3 for details on how the anisotropic refractive

indices were measured)
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Figure 4.1: Anisotropic refractive indices of an unaligned polyfluorene film

To take this into account, a modified form of equation (4.1) is proposed, in which the

refractive index appears inside the integral:

9000k In10  pf,(v)e, (v
_ e J‘fu( A )dv

o= 4.3
R 1287°N,,, n*v* “3)

0

The rate of FRET can be expressed in terms of Ry, the separation R between the donor

and acceptor and the fluorescence lifetime of the donor:

kpper = %(%) “4.4)
D

FRET also modifies the time-dependence of the donor emission. FRET is dispersive,
due to the fact that transfer takes place first between donor and acceptor pairs with
smaller separations. Hence, as time increases, the mean donor-acceptor separation also
increases and the rate of energy transfer goes down. For pulsed excitation, the donor

emission intensity decay takes the form of a stretched exponential:
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D Tp

1/2
1,(6) = I° exp [T‘—’ - 2y[iJ } (4.5)

with y = C/C,, where:

3000
° " 27N RS

(4.6)
where 7p is the donor fluorescence lifetime and C is the acceptor concentration. The
critical concentration Cy is defined as the acceptor concentration at which a sphere of

radius Ry contains one acceptor molecule.

4.2.1 Férster transfer applied to conjugated polymer systems

The theory of Forster transfer has often been used to describe energy transfer in
systems of conjugated polymer films incorporating dopant molecules. It has been
applied in various ways, sometimes with adaptations in attempts to take non-ideal
conditions into account.

Even when ideal Forster transfer has been assumed, good agreement between
theory and experiment has been found. Steady-state measurements have been used to
find values for the Forster radius in a number of systems. The experimental values are
reasonably close to the theoretical values predicted by equation (4.1). Several methods
of finding the Forster radius by steady-state measurements have been employed. For
example, Virgili e al investigated a system of PFO doped with TPP.""* A value for the
Forster radius was found by finding the dopant concentration at which the ratio of the
PFO and TPP emissions matched the ratio of their quantum yields. This gave a Forster
radius of 5.4 nm, slightly larger than the value of 4.8 nm expected from equation (4.1).
This was attributed to other factors increasing the distance over which energy transfer
can take place, for example exciton migration.

Ideal Forster transfer has also been used to analyse time-resolved data. This is
generally done by fitting the donor fluorescence decay to the decay expected according

to equation (4.5). The fit parameter is usually the critical concentration, which is a
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function of the Forster radius. The actual concentration can be calculated from the
weight concentration and molecular weight of the dopant molecules. Again, the Forster
radii calculated by this method are reasonably close to the those predicted. For

157 Time resolved

example, Lemmer ef al looked at a system of PPPV doped with DCM.
measurements were made on the PPPV decay as a function of DCM concentration, at
low temperature. The decays were fit according to equation (4.5), taking into account
the non-exponential decay of a pristine PPPV sample (because of defects). The only fit
parameter was the relative concentration and thus the Forster radius. Excellent fits to
the data were achieved and used to extract a value of 4.5 nm for the Forster radius,
larger than the theoretical value of 3.8 nm. They suggested the discrepancy may be due
to exciton delocalisation and migration, mentioning that most of this migration takes
place on a ps to sub-ps timescale. It was also found that at room temperature, the
decays became exponential, suggesting that the long-range energy transfer steps had
been eliminated.

Other time-resolved measurement techniques have also been used. Cerullo et al
looked at Forster transfer in films of TPP-doped PFO, using femtosecond pump-probe
spectroscopy.'*® This technique monitors the state population. Pure PFO films shows
photobleaching and stimulated emission below about 480 nm, and photoinduced
absorption above this wavelength. Photoinduced absorption means that an excited state
is absorbing — the first singlet state here. The lifetime of this state was monitored and
seen to decrease for higher pulse intensities, due to bimolecular annihilation processes.
In a 1.5 % w/w doped film, a positive differential transmission at 450 nm became
negative after about 1 ps. This is due to the photoinduced absorption of the TPP excited
state. At 420 nm, the signal showed photobleaching of the TPP Soret band. At 820 nm,
the signal showed decay of the PF population. The signal at 820 nm was monitored for
a range of dopant concentrations and the lifetime seen to decrease as dopant
concentration increased. These decays were analysed according to a Forster model and
good fits were achieved, yielding a Forster radius of 4.8 nm. This value is in excellent
agreement with theory.

From the above examples, it can be seen that experimental results are reasonably

well described by Forster theory. The discrepancies between theory and experiment are
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attributed to inadequacies in Forster theory when it comes to dealing with conjugated
polymers. Excitons in conjugated polymers are not the point dipoles assumed by
Forster, but are instead delocalised over several repeat units, thus having a size
comparable to the Forster radius. Also, excitons may migrate through the polymer,
either along or between chains, which is not considered at all by Férster theory. These
features are consistent with experimental values larger than the theoretical predictions.

More sophisticated models have been developed with these inadequacies in mind.
To show the presence of exciton migration, List et al investigated a system of m-LPPP
doped with a macromolecule, RS19.'"® They performed steady-state measurements at
low temperature and room temperature as a function of dopant concentration. As
dopant concentration was increased, there was a blue-shift in the host spectra which
they attributed to excitons being unable to migrate to the lowest energy sites before
energy transfer took place. They found that their results deviated from the prediction of
Forster theory. Alternative predictions were made by solving rate equations in the
steady-state, incorporating a general energy transfer rate as a fit parameter. This model
was more consistent with experiment, though it did not explicitly take diffusion into
account. A value of 15 nm for the diffusion length in m-LPPP had previously been
calculated, and they used this value to show that in their 2 % w/w doped system,
excitons could migrate about 3.5 nm. The model was applied to temperature-dependent
measurements and the transfer rate found to be thermally activated with an energy of
16.5 meV. This energy may correspond to vibrational modes of the polymer, which
could provide the additional energy needed for excitons to hop to higher energy
segments.

The presence of diffusion has also been demonstrated by experiments in the time
domain. Herz et al investigated energy transfer in films of polyindenofluorene doped
with covalently attached perylene.¥’ They performed time-resolved site-selective
measurements as a function of temperature. It was found that faster energy transfer took
place when excitation was into the peak of the absorption, rather than the tail. The
effects were more pronounced at low temperature than at room temperature. These
results suggest a strong contribution of exciton migration to the energy transfer —

excitons created in the tail are localised. At room temperature up-hill migration is
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possible and site-selective excitation is prevented. They found an expression relating
the time-dependent ratio of the intensity of the doped to undoped polymer emission to
the time-dependent energy transfer rate. Looking at the time exponent of this transfer
rate reveals the nature of the energy transfer — at long times (greater than 10 ps) it is
shown to be consistent with Forster transfer. At short times it deviates from this
behaviour. This is suggested to be due to either deviations from the point dipole
approximation, or to diffusion reducing the time-dependence of Forster transfer. As a
further note, these observations would explain why previous fluorescence decay
measurements fitted the stretched exponential decay of Forster theory but gave larger
values for the Forster radius than expected.

The issue of exciton delocalisation has also been considered recently. Its effects on
energy transfer have been investigated via computational methods. Wong, Bagchi and
Rossky made quantum chemical calculations to examine the energy transfer process
between PF and TPP, and compared this to the Forster energy transfer analysis.'® They
found that at long donor-acceptor separations (about 100 A) their results matched those
of the Forster analysis. At short distances, there were large deviations and the energy
transfer rate varied as R as opposed to R®. Also, the relative orientation of the donor
and acceptor transition dipole moments affected the energy transfer rate in a very
different way to that predicted by Forster. At long distances, the two approaches were
very similar. It was also found that energy transfer could occur between ‘dark states’
with low oscillator strengths, contrary to the predictions of Forster. The differences
arise because the point dipole approximation does not apply at donor-acceptor
separations comparable to the size of the transition dipole density of the donor/acceptor.
A value of between 4.0 and 4.5 nm was suggested for the Forster radius.

Similar results were obtained from calculations by Beljonne et al.'® They
contrasted the Forster point dipole model with a distributed monopole approach which
took into account the spatial extent of the wave function along conjugated monomers.
Significant differences were found for rates calculated using the two descriptions for
conditions of nearest neighbour transfer, indicating that at those guest-host separations

simple models based on Forster’s theory are no longer applicable.
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4.2 The Forster radius for PF and TPP

The emission spectrum of PF and the absorption and emission spectra of TPP are
shown in Figure 4.2. It can be seen that there is a good spectral overlap between the PF
emission and TPP absorption. According to equation (4.1) there should therefore be
efficient FRET in this system. It was desired to compare the Férster radius predicted by

this equation to that found experimentally.
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Figure 4.2: Polyfluorene emission spectrum (solid line), TPP absorption (dashed line) and emission

spectra (dotted line), with TPP absorption bands labelled.

4.1.1 Experimental procedure

The polyfluorene used was poly(9,9-diethylhexylfluorene) PF2/6 (M, = 147000 and M,,
= 260000). PF2/6 and varying amounts of TPP were first separately dissolved in
toluene. These PF2/6 and TPP solutions were then mixed together to obtain final
solutions of 10mg/ml PF2/6, doped with 0, 0.1, 0.2, 0.4, 0.8 and 1.6% TPP by weight.
Doped and undoped PF2/6 films were obtained by spin-coating these solutions onto

Spectrosil discs, at 2500 rpm. This gave films of 75 + 3nm thickness, as measured on a
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Tencor Alphastep profilometer. Film thickness showed no systematic variation with
dopant concentration.

Steady state emission spectra were measured using an integrating sphere inside a
Fluoromax-3 spectrofluorimeter. The films were excited at 350nm, as PF2/6 absorbs
strongly here but direct excitation of the TPP is avoided. The emission spectra were
corrected for background and instrument response.

The photoluminescence quantum yield of this PF was found following the method
of Palsson and Monkman.'*? Its fluorescence decay lifetime was found from time-
resolved measurements performed by K.S. Wong at Hong Kong University of Science
and Technology, using a Ti-Sapphire laser as the excitation source and a streak camera

as the detection system.

4.2.1 Results and analysis

Figure 4.3 shows the emission spectra of the PF-TPP films, without any normalisation.
It is obvious that the amount of energy transfer increases with increasing dopant
concentration. The intensity of the PF emission decreases as that of the TPP increases.
It was desired to use this data to calculate the energy transfer rate at each dopant
concentration. To find the Forster radius, the absolute rate of resonant transfer must be
calculated and compared with the fluorescence decay rate of the PF. The PF was found
to have a lifetime of 180 ps and a quantum yield of 0.3. Using these parameters, a PF

fluorescence decay rate of 0.0055 ps™' can be calculated.
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1, _ kAo (4.13)
I, Kpp

Figure 4.5 shows the energy transfer rates found by fitting this ratio to the energy
transfer rate at each dopant concentration. The energy transfer rate is equal to the

natural decay rate of the PF at a dopant concentration of 0.37 % by weight.
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Figure 4.5: Rate of energy transfer between PF and TPP as a function of TPP concentration, calculated

by solving steady-state rate equations

It is assumed that the TPP molecules are evenly distributed in a “cubic lattice” inside
the polymer. The density of the PF was taken to be 1 g/cm’. Therefore, at this dopant
concentration, the molecules would have a separation of 67 A. This separation is not
the Forster radius; it is the distance between dopant molecules. At most, a polymer
molecule could be ao/V3 away from a dopant — a distance of 39 A. This value is taken
as the energy transfer distance.

Equation (4.1) predicts a value of 44 A for the Forster radius. If the dispersive
refractive index is taken into account, as in equation (4.3) then a value of 37 A is
predicted. Note that taking the dispersive refractive index into account does not make a

large difference to the predicted Forster radius. Our experimental value lies between the

93



Chapter 4: Energy transfer in polyfluorene films

two values and is reasonably close to other values reported for the same system, as
discussed above.

Both here and in previous work by other authors noted above, this approach gives
reasonable values for the Forster radius in spite of its deficiencies. This may be due to
the fact that it centres around finding the dopant concentration at which the amount of
energy transfer is equal to the level of fluorescence decay of the host. This
concentration is rather high and therefore the effect of exciton migration would be

much diminished.

4.3 Further investigations into the validity of Forster
theory

It was shown in the previous section that the experimental value for the Forster radius
was close to the theoretical values predicted by equations (4.1) and (4.3). However, as
discussed earlier, it is believed that FRET is inadequate to explain energy transfer in
conjugated polymer systems for two important reasons.

Firstly, in Forster theory the excitons are approximated as point dipoles. This is
hardly the case here as excitons are expected to be delocalised over several polymer
repeat units, up to 10 nm in length. Secondly, exciton migration is expected to occur
through the polymer, which could significantly increase the distance excitons can travel
to reach a dopant molecule. The energy transfer is temperature dependent which is at
odds with Forster transfer but thus provide evidence for exciton migration.

With this in mind, the following experiment was performed. PF films were
fabricated containing a wide range of TPP concentrations. The PF was excited and the
acceptor fluorescence measured at low temperature and at room temperature. Assuming
that the exciton migration process is thermally activated, one might expect that at low
temperature there would be little migration and so Forster transfer would dominate. At
very low dopant concentrations therefore, energy transfer to the dopants might be
frozen out at low temperature and only be seen at room temperature when the excitons
may migrate first. At least, this experiment should be able to show how much further

excitons can travel at room temperature than at low temperature.
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4.1.1 Theoretical background

Although these experiments involved steady-state fluorescence measurements, it is
necessary for the subsequent analysis for us to first return to the effect of FRET on the
fluorescence decay profile of the donor. This was given by equations (4.5) and (4.6)
above, with the donor fluorescence seen to become a stretched exponential in the
presence of acceptors. These equations did not take into account exciton motion. This
will now be considered.

Many attempts to address the effects of diffusion in donor-acceptor systems have
been made over the last few decades. It is a complicated problem which does not in
general have an exact analytical solution. Instead, approximations have to be made and
the equations solved in certain limits. Interpolations may then be performed to find a

general solution. Yokota and Tanimoto'®’

performed an analysis using a Padé
approximant method.'® They found that the donor emission intensity decay should be

further modified as follows:

1/2
=1 exp[i—ZBy(—t—J ] (4.14)
Tp Ty
1+10.87x+15.5x2 )"
g |1+10.87x+155x 4.15)
1+8.743x

x=Da 1" (4.16)
a=R;/7, 4.17

where D is the diffusion coefficient.

Equation (4.14) predicts the donor fluorescence decay in response to a delta-
Sfunction impulse. We wish to predict the acceptor fluorescence in steady-state as a
function of acceptor concentration. To this end, we first find the steady-state donor

fluorescence by convoluting equation (4.14) with a step function for each value of C.
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Then, the energy transferred to an acceptor at concentration C will be proportional to
the difference between the donor fluorescence in a pure sample and that in the doped

sample:

Frorior < Fre — Friiobed (4.18)

acceptor donor

A comment needs to be made on this method of convoluting solutions for individual
delta functions. The response is actually non-linear due to the filling up of nearest
neighbours, as mentioned earlier. Therefore, one might not expect our approach to be
valid. However, we believe it represents a close approximation to the actual solution for
the following reasons: there exists an analytical solution for the steady-state donor

fluorescence in the absence of diffusion i.e. for D = 0. This is given by'®:

doped

Fionor :l—s/;yexp(yz)[l—erf(y)] 4.19)

pure
F donor

Comparing the predictions of this equation with those from our model for D = 0, we
find almost identical results. This can be seen in Figure 4.13 below. No similar
analytical solution exists predicting steady-state fluorescence in the presence of
diffusion. However, diffusion is expected to diminish the effect of the filling up of the
nearest neighbours, given that it increases the distance that the excitons can travel: the
density of acceptors a distance R from a donor increases as R?. Therefore since the
model here gives a good match to the analytical solution in the absence of diffusion it
must be expected to yield at least as good matches in the presence of diffusion. It is also
noted that Gosele, Hauser, Klein and Frey'® investigated exciton diffusion and found
similar expressions to Yokota and Tanimoto. In their paper, they noted that the
formulae found could be extended to acceptor fluorescence and to any shape of
excitation by simple linear convolution.

The critical concentration for this system was calculated as follows. The PF density
was taken to be 1 g/em’. Dopant concentrations are measured in % w/w, therefore the

mass of dopant per volume can be calculated. The molecular weight of TPP is 614, so
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the dopant concentration in molecules/cm’ can be found. Ry is taken as 4.25 nm (from
the quantum chemical calculations of Wong, Bagchi and Rossky), and the volume of a
sphere of this radius calculated. Thus, the critical concentration of one acceptor per
“Forster sphere” is found at a weight concentration of 0.57 %. From this we can now

calculate concentration in units of critical concentration for all the samples.

4.2.1 Experimental procedure

The PF used in this experiment was poly (9,9-diethylhexyl fluorene). (M, = 7600 and
M,, = 15000). This is a low molecular weight PF. Films were prepared by spin-coating
PF from a 10 mg/ml solution, with a solvent of three parts toluene to one part
chloroform. This mixture was used to prevent crystallization. For making doped
samples, solutions were prepared by mixing a PF solution with TPP solutions in
appropriate concentrations. Films of the following concentrations were fabricated: 0 %,
0.001 %, 0.005 %, 0.01 %, 0.03 %, 0.05 %, 0.1 %, 0.5 %, 1 %, 1.5 %, 2 % and 4 %
w/w. For measuring the photoluminescence quantum yield (PLQY) of TPP, a film of
TPP in an inert Zeonex matrix was fabricated. TPP and Zeonex were dissolved in
chloroform, at a Zeonex concentration of 50 mg/ml, and a TPP:Zeonex weight ratio of
1:2000.

The fluorescence lifetime of a pure PF film was found using a time-correlated
single photon counting system, as described in Chapter 2.

Steady-state photoluminescence measurements were made using a Jobin-Yvon
Fluoromax spectrofluorimeter. For the temperature-dependent measurements, samples
were mounted in a closed-cycle helium cryostat. Here, samples were excited through
the substrate and emission collected from the front-face at an angle of 45°. It was
desired to record total luminescence over all angles, and to this end the spectra for all
samples were also measured using an integrating sphere. These spectra were compared
to those found using the cryostat. A correction factor was found so that spectra
measured at any temperature in the cryostat could be rescaled to find the spectra as if it
were measured in the integrating sphere. Both emission and excitation spectra were

recorded. For the emission spectra, samples were excited at 380 nm, at the peak of the
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PF absorption. For the excitation spectra, emission was recorded at two wavelengths —
440 nm (the peak of the PF emission) and 650 nm (the peak of the TPP emission). The
excitation light had a bandwidth of 1.5 nm.

The room temperature PLQY of TPP was measured by mounting the TPP-Zeonex
film in the integrating sphere. The film was then mounted in the cryostat and emission
intensity measured as a function of temperature. The results were then scaled according

to the room temperature PLQY to calculate a temperature-dependent PLQY for TPP.

4.3.1 Results and analysis

The decay of the PF fluorescence in the TCSPC experiment is shown in Figure 4.6. The
best fit was achieved with a bi-exponential decay. It is typical for polymer films to
exhibit non-exponential decay due to energy transfer to defects.'®’ For the purpose of
our analysis however, a single decay time is required. The PF fluorescence decay could

be well approximated by a single decay time of 280 ps.
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Figure 4.7: Photoluminescence quantum yield of TPP in a Zeonex matrix, as a function of temperature

Emission spectra from the 0.05 % w/w doped sample were measured from 15 K to 300
K. Figure 4.8 shows the integrated TPP emission from this sample as a function of
temperature. The emission has been scaled according to the temperature dependent
PLQY of Figure 4.7 such that it represents the amount of energy transferred to the
dopant from the polymer. The TPP emission appears to be thermally activated, rising
quickly with temperature above ~150 K. Below this, it is basically independent of
temperature. This implies that at low temperature, the excitons’ motion is not thermally

assisted.
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Figure 4.8: Intensity of TPP emission from a 0.05 % w/w TPP-doped PF film, where the PF was excited,

as a function of temperature

It should be noted that equation (4.1) states that the Forster radius is proportional to the
PLQY of the donor. The PLQY is dependent upon temperature, decreasing as
temperature increases. Therefore, one might expect that the Forster radius is also
temperature dependent and that this might be responsible for the results observed in
Figure 4.8. This is not the case for several reasons. Firstly, if PLQY decreases as
temperature increases, then so does the Forster radius. This would mean that energy
transfer would become /less efficient at higher temperatures. This is not observed. Also,
the origin of the temperature dependence needs to be considered. It is believed to be a
result of migration to keto defect sites, where the PL is quenched.'42 The PLQY in
equation (4.1) is the intrinsic PLQY, in the absence of energy transfer to acceptors, and
is therefore expected to be independent of temperature.

Figure 4.9 to Figure 4.12 show examples of the emission spectra from PF samples

containing a range of TPP concentrations at low temperature and room temperature.
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This is obviously more important at low dopant concentrations and it was necessary to
deconvolute the two components. This was done by normalising all the spectra to the 0-
1 PF emission peak. The spectrum from the pure PF sample was then subtracted from
the spectra of the doped samples. The spectra were then returned to their original scale,
with the result that only the dopant emission remained.

Figure 4.13 shows the integrated TPP emission intensity versus dopant separation.
Dopant separation was calculated from concentration by assuming the dopants to be
arranged in a simple cubic lattice. (This figure is essentially a plot of dopant emission
versus dopant concentration; it is not a plot of energy transfer efficiency versus donor-
acceptor separation) The emission is normalised to the emission of the 1.5 % w/w
sample. Above this concentration, TPP emission actually decreases, which may be due

to aggregation of the dopant molecules.
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Figure 4.13: TPP emission intensity as a function of dopant separation in a series of TPP-doped PF
films. Squares show emission intensity at low T. Circles show emission intensity at room T. The solid
line, dashed line and dotted lines show fits to the data from the Yokota-Tanimoto model incorporating
exciton diffusion, for diffusion coefficients of 0 nm?/ps, 0.43 nm?/ps and 1.44 nm?/ps respectively. The

dash-dot line is the prediction for steady-state acceptor fluorescence according to normal Férster theory
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Three lines calculated using equations (4.14) to (4.18) are also shown on the plot. Each
line was calculated for different values of D. The solid line is for D = 0 nm?/ps, i.e. pure
Forster transfer with no exciton diffusion. This line differs greatly from the
experimental data, showing that the transfer process cannot be Forster transfer alone.
Also shown (dash-dot line) is the prediction for steady-state acceptor fluorescence
according to equation (4.19). As mentioned earlier, this is very close to the fit predicted
by our model for D = 0 nm*/ps. The dotted line and the dashed lines are best fits to the
low temperature and room temperature data, with D as the only variable parameter. D

values of 0.43 +/- 0.15 nm*/ps and 1.44 +/- 0.25 nm*/ps were found respectively. The
PF fluorescence lifetime was 280 ps, so using the relation x,, = (DOT)O'5 gives us a low

temperature diffusion length of 11 +/- 2 nm and a room temperature diffusion length of
20 +/- 2 nm.

This tells us several things. Obviously, it confirms that excitons are more mobile at
room temperature than at low temperature. However, even at low temperature, the
excitons are not completely immobilized. The non-zero diffusion at low temperature
may be due to the fact that the molecules were excited at 380 nm (3.27 eV), some way
above the absorption band edge of the PF. One model of exciton migration describes
diffusion taking place in an inhomogeneously-broadened density of states (DOS).’"'®
An exciton is created with an initial energy dependent upon the excitation energy, then
undergoes downhill migration through the DOS. This can observed as a red-shift in the
emission with time. The transport is dispersive, as there are fewer and fewer sites of
lower energy for the exciton to migrate to. At elevated temperatures, the molecular
vibrations cause segmental site disorder, promoting uphill hopping and reducing the
irreversibility of the migration process. Previously, a localisation energy of 2.93 eV
(424 nm) has been found in PF — excitation below this energy results in the creation of
trapped excitons, as there are no sites of lower energy within range to which they can
hop.

Figure 4.14 shows the TPP emission as a function of excitation energy for one of
the samples: 0.001 % w/w. No differences can be seen for excitation over the entire
wavelength range i.e. no effects due to a localisation energy were observed. There are

several possible explanations for this. Firstly, the optical density of the PF is extremely
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our model, to evaluate the effect of a variable Forster radius. Diffusion lengths of 12.2
nm at low temperature and 21.6 nm at room temperature were found.

These values were calculated using the most extreme change in Forster radius and
yet they are both still within the error of our previous measurements. Obviously, the
effect will not be as large as this - the relaxation takes place over the exciton lifetime
and for much of this time the red-shift will be smaller. Therefore, relaxation and red-
shift does not significantly affect the calculated values of diffusion length here.

The non-zero diffusion at low temperature is therefore attributed to migration to PF
segments of lower energy. It is worth noting that the low temperature diffusion length
of 11 nm is not much larger than the persistence length of PF — approximately 7 nm.”
The conjugation length has also been estimated by Klaerner and Miller just over 8
nm.” The non-zero diffusion length may be a representation of the delocalisation of the
exciton.

These results should also be discussed with relation to the observation of Herz et
al*’ that the energy transfer rate is time-dependent, that diffusion may take place within
the first 10 ps and after that time the energy transfer tends to that of Forster transfer.
The analysis presented here assumes a time-independent energy transfer rate which is
therefore inconsistent with their findings. The two approaches cannot be perfectly
reconciled and given that information is lost in steady-state measurements, one would
have to yield to the more accurate time-domain measurements. What does this mean for
the model here? It describes the data well and so may still have some validity. One
possibility is that the diffusion is averaged out in this model, and that diffusion lengths
found are reasonably accurate even is the diffusion coefficient is not. It is also
conceivable that the model is applicable in the low and room temperature limits; at low
temperature the diffusion coefficient may represent delocalisation of the exciton, while

at elevated temperatures thermally-activated hopping means diffusion still occurs.

4.4 Conclusions

Performing steady-state fluorescence measurements on doped conjugated polymer
films at room temperature and analysing the results with a simple rate equations model

yields a value for the Forster radius close to that predicted by theory and quantum
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chemical calculations. As a first approximation to describing the energy transfer
process, this is a reasonable approach. However, it neglects important factors and is
therefore insufficient. It has been shown here that the energy transfer process is
definitely not Forster transfer alone, even at low temperatures where exciton energy
migration might be expected to be frozen out.

Proper analysis of the energy transfer process requires taking the exciton migration
into account. This has been performed here following the model of Yokota and
Tanimoto, who derived an expression to predict donor fluorescence decay in the
presence of an acceptor when diffusion takes place. This expression was modified to
predict acceptor fluorescence in steady state such that it could be applied to our results.
At room temperature, an average migration distance of 20 +/- 2 nm was found. At low
temperature, the migration distance was found to be 11 +/- 2 nm. This non-zero
diffusion coefficient is likely due to the polymer being excited above the localisation
energy, or it may be a representation of the fact that the exciton is delocalised over a

polymer segment.
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Chapter 5: Fluorescence
anisotropy of polyfluorene films

5.1 Introduction

This chapter is about measurements of fluorescence polarization anisotropy of
polyfluorene films. Unaligned and aligned, pure and doped films were investigated.
Polarization anisotropy measurements provide another way to investigate energy
transfer processes in these systems. Firstly, the polarization of light emitted by a
molecule is parallel to its transition dipole moment, which in polyfluorene lies
approximately along the chain. Energy transfer to chains lying in different directions
will result in emission of light of a different polarization. Hence, the depolarization of
the fluorescence signal is related to exciton migration. Secondly, Forster transfer to
dopant molecules depends on the relative orientation of the transition dipole moments
of the donor and acceptor. Polarization anisotropy measurements on doped systems
might therefore yield some information about this orientation.

Besides processes on the molecular level influencing the polarization of the
emission, optical effects — in particular the transmission of light at material boundaries
— also play a part. This needs to be considered for proper analysis of fluorescence
anisotropy data.

This chapter is structured as follows. The basic theory of polarization anisotropy is
first presented. Then, the results from Chapter 3 are used to investigate changes in
polarization at film surfaces and the effect on anisotropy measurements. This is
followed by a description of some of the characteristics of fluorescence anisotropy of
pure unaligned and aligned films. Finally, fluorescence anisotropy measurements of

doped polyfluorene films are presented and discussed.

109



Chapter 5: Fluorescence anisotropy of polyfluorene films

5.2 Background

The theory outlined in this background has been taken from several textbooks, which
are listed in the references.’®'®'" It is presented here to provide a framework for the

interpretation of the experiments.

5.2.1 Transition dipole moments

The absorption of polarized light by a molecule depends on its orientation. The simplest
quantity describing this dependence is a vector defining a direction within the molecule.
A complete description requires tensors of higher rank, but a vector is adequate here.
This vector is called the transition dipole moment. The strength of absorption of
polarized light by a molecule is proportional to cos’ 8, where 0 is the angle between the
transition dipole moment and the electric vector of the light.

In conjugated polymers, it is expected that the electric transition dipole lies
generally along the chain backbone. It was shown in Chapter 3 that aligned films of
polyfluorene exhibit strongest absorption along the orientation direction. However,
Raman anisotropy measurements on aligned polyfluorene films have shown that the
transition dipole moment does have an off-axis component.'”’

The light emitted by a molecule is also polarized. The direction depends upon the
emission transition dipole moment, which may or may not lie along the same direction

as the absorption transition dipole moment.

5.2.2 Absorption dichroism

Absorption dichroism measurements have already been presented in Chapter 3 of this
thesis. They provide a straightforward way of assessing the degree of alignment of a
sample. Basically, a normal absorption measurement is made but the incident light is
polarized parallel and perpendicular to the orientation direction of the sample. The

dichroism is the ratio of the absorption coefficients:

_ A
D= vy (5.1)
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In an unaligned sample of course, the dichroism will be zero.

5.2.3 Fluorescence anisotropy

Fluorescence anisotropy measurements provide more information than absorption
anisotropy because two light beams are involved. In a general fluorescence anisotropy
experiment, the procedure is as follows. A polarizer (the excitation polarizer) is placed
between the light source and the sample. Thus the sample is excited with polarized
light. A second polarizer (the emission polarizer) is placed between the sample and the
detector. This is used to polarize the emission parallel and perpendicular to the
excitation polarization. The intensity of the emission in each configuration is measured

and a quantity called the anisotropy calculated via:

(5.2)

In most fluorescence experiments, an L-configuration is used. That is, the excitation
and emission beams are at right angles in the horizontal plane. This is illustrated in

Figure 5.1.

Light source

Polarizers

Sample Ny

ly  Detector

Figure 5.1: Labelling of polarization components in an L-configuration fluorescence experiment.
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The z-axis is parallel to the vertical direction, and R can also be written:

=____11:VVV; 2’;; (5.3)
This notation of polarization according to whether the light is polarized vertically or
horizontally will be used throughout this chapter.

It can be shown mathematically that for an unoriented sample, R can only take
values between -0.2 and 0.4. If a molecule has its absorption dipole moment at an angle
0 to the electric vector of the excitation light, then the probability of absorption is
proportional to cos 8. Hence, polarized light creates an anisotropic angular distribution
of excited molecules even in an isotropic sample. This is called photoselection.
Similarly, when a molecule has its emission dipole moment lying at an angle ¢ to the
emission polarizer, the intensity of the measured emission is proportional to cos® ¢.

If the absorption and emission transition dipole moments lie along the same
direction, the fluorescence anisotropy takes its maximum value of 0.4. Any difference
between the two directions results in depolarization of the signal and a decrease in R. A
completely depolarized signal has R = 0 and no difference between the intensities of the
vertically and horizontally polarized light.

Factors which lead to depolarization include rotation of molecules in a solution, an
intrinsic difference between the direction of the absorption and emission dipole
moments in a molecule (the fundamental anisotropy) and energy transfer to other

molecules.

5.2.4 Measurement of fluorescence anisotropy

Measurement of fluorescence anisotropy in solution is reasonably straightforward. In
films however, the L-configuration presents a problem. The film must be set at some
angle to the excitation and emission light paths. In this situation, the transmission of the

light across the film-air boundary is dependent on the polarization of the light: light
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with its electric vector vertical, parallel to the film surface (s-polarized light, TE mode)
experiences a different transmission coefficient to horizontally polarized light which
has its electric vector in the plane of incidence (p-polarized light, TM mode). The
transmission coefficients depend on the angle of incidence and the refractive index of
the film. Hence, the measured anisotropy will in general differ from the actual
anisotropy.

A method of overcoming this problem is to place the film between glass prisms
which have the same refractive index as the film at appropriate wavelengths. However,
it is not possible to obtain spectra like this and there are situations in which it is
impractical to use such a set-up e.g. in a cryostat. Later in this chapter, we examine the
possibility of using the refractive index data from Chapter 3 to correct for these optical

effects.

5.2.5 Samples with a preferred orientation

When the molecules in a sample have a preferred orientation, for example in aligned
polyfluorene films, the anisotropy measurements and their interpretation become more
complex. To begin with, there is an additional parameter — the orientation of the film.
Secondly, the anisotropy no longer has an upper limit of 0.4 but may take any value up
to 1. How anisotropy data relates to the structure of the film is not trivial, as the angular
distribution of the molecules may take many forms. One approach to obtaining
information on the degree of orientation has been employed by Schartel et al.'” They
performed anisotropy measurements on aligned polyfluorene films and analysed the
results using a Legendre expansion method.'”'™ Briefly, the idea is that the angular

distribution may be related to a polynomial expansion according to:

N(6)=> a,P(cosh) (5.4)

a, =(1/2x)[ (20 +1)/2]( B (cosb)) (5.5)
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F cos@ are Legendre polynomials and (E cos 0) is the mean value of P cosé
averaged over the distribution. This mean value is abbreviated as (P). Assuming that

the two opposite directions along a chain axis are equivalent, then ¢, is non-zero only
for even /.

The parameters (P,) and (P, )can be related to experimental observables Iyyy, Iyy,
Invy, Invn, Innv. These are fluorescence intensity measurements with the first subscript
describing film orientation, the second describing the position of the excitation

polarizer and the third describing the position of the emission polarizer. (P,) may also

be obtained from absorption dichroism measurements. To fully describe the angular

distribution, higher order terms (l;) and above are necessary. Unfortunately these may

not be obtained through fluorescence measurements. However, the relationship between

(P,) and (P,) can be compared with predictions of the most likely angular

distribution.'”

5.3 Fluorescence anisotropy values from steady-state
measurements: corrections for optical effects

The problem with performing steady-state fluorescence anisotropy measurements on
films in a commercial spectrofluorimeter is that the excitation and emission paths are at
an angle to the film surface normal. This is because of the L-configuration in most
spectrofluorimeters. This is a problem because the transmission of polarized light at
boundaries depends upon the polarization of light i.e. whether the light is p- or s-
polarized. In films of the type measured here the situation is further complicated by the
anisotropic optical constants of the films. The apparent values of fluorescence
anisotropy will therefore depend upon the angle of incidence of the incident beam.

It was desired to find some correction, such that the polarized light intensity in the
film at the film boundary could be calculated. The anisotropic optical constants for both

aligned and unaligned films were calculated in Chapter 3. By using these optical
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constants in the Fresnel equations for transmission of s- and p-polarized light, it should
be possible to find this correction for any angle of incidence.

The Fresnel equations are:

t, = 2¢0s6 (5.6)
cos 6, +\/ns2 —sin’ @
2n,coso,
t 2 6.7

T 2 _ g2
n,” coso, +\/np —sin” 6,

t; and ¢, are the Fresnel transmission coefficients for s- and p-polarized light
respectively. n, and n, are the refractive indices for s- and p-polarized light
respectively. 6, is the angle of incidence.

The actual power transmitted is related to the transmission coefficients above by the

following relation:

T=n(°°w'jt2 (5.8)

It is a function of angle and refractive index because the cross-sectional area and speed
of the beam change on transmission across the boundary.
For light which is not polarized along the ordinary direction, the refractive index

will be a function of angle of incidence according to:

1

n= (5.9)
\/ cos’¢ sin’¢
PR + -
nD ne

where ¢ is the angle between the light beam and the optic axis, n, is the refractive

index for an ordinary beam and n. the refractive index for an extraordinary beam.
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Corrections were calculated for both aligned and unaligned films. The procedure for
calculating this expression was as follows. Firstly, the path that the light takes has to be

calculated. This is shown in Figure 5.2.

excitation

emission

Figure 5.2: Light path through a thin film in the L-configuration, showing refraction as the light enters

the film, and the necessary angle of incidence as the light leaves the film

6, is the angle of incidence of the beam travelling from air into the film. 6, is the

subsequent angle of refraction. Light is absorbed in and then emitted from the film. To

be incident on the detector, the sum of 6, and &, must be 90°. 6, is the angle of

incidence of the emitted light travelling from the film to air that results in the required

angle of refraction 6, .

Finding this path should be straightforward since the refractive indices of the film
are known. Howeyver, if the light is not polarized along the ordinary direction of the
film, then the refractive index will depend upon the direction in which the light is
travelling. In turn, this direction will depend upon the refractive index of the material.

In this situation, the direction and refractive index were found by an iterative process.
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The direction was estimated first, and the refractive index for this direction calculated.
This refractive index was then used to calculate the direction at which the light would
have to be travelling to reach the detector. If this did not match the estimated direction,
then the direction would be altered slightly and the calculations repeated. This would be
done until the direction and refractive index were mutually consistent.

Once the angles and refractive indices were known, the Fresnel transmission
coefficients could be calculated. The aim was to find correction factors to take into
account the different transmission of vertically and horizontally polarized light at the
film-air boundary. This was done for excitation at 350 nm (refractive index at a
minimum here), 380 nm (the peak of the PF absorption) and 410 nm (refractive index at
a maximum here).

Before proceeding, it is noted that the figures in the following section of mostly
illustrative of the need for correction of the emission spectra in polarized fluorescence
anisotropy measurements. Interpretation of the data is complicated and briefly

discussed.

5.3.1 Unaligned films

A coupling constant for transmission of vertically and horizontally polarized light was

defined as follows:

1. =CI, (5.10)

where L. is the light intensity measured at the detector, C is the coupling constant and
Iynq is the light intensity at the film-air boundary. Since in the unaligned films, samples
were excited with vertically polarized light and the emission polarizer alternated
between vertical and horizontal, coupling constants were found for configurations Iy

and Iyy. Further parameters were the excitation wavelength and incident angle of the

excitation beam. Coupling constants are plotted in Figure 5.3 and Figure 5.4:
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In the figures above, prior to correction it appears as though the fluorescence is almost
completely depolarized. After correction however, it is evident that in the film, the
emission has significant fluorescence polarization anisotropy. This shows that despite
exciton migration, the signal is still not completely depolarized.

One possible reason for this is to do with the L-configuration of the experiment and
the angle of incidence of the excitation beam. It is seen that there are differences in
fluorescence polarization ratio for different angles of incidence. This can be
qualitatively explained according to the angular dependence of electric dipole radiation.
It is well-known that dipoles do not emit along their axis. Let us first simplify the
situation by assuming that all vertical polarized emission comes from polymer chains
oriented vertically in the film. Conversely, assume that all horizontally polarized
emission comes from polymer chains oriented horizontally in the film. If the film is
rotated to vary the angle of incidence, this will not affect the emission from the
vertically-oriented chains (at least inside the film; the effect of transmission at the film
boundary has been taken into account above). However, as angle of incidence is
decreased, the angle that the horizontal chains make with the direction of the detector
becomes more acute. The axis of the dipole moment becomes closer to being parallel
with the detector direction and as such the emission along this direction becomes

weaker.

5.3.2 Aligned films

Out-coupling plots were made for the following configurations: VVV, VVH, HVV,
HVH, HHV. The first letter designates the whether the chain alignment direction is
horizontal or vertical, the second letter designates the excitation polarization and the
third letter designates the emission polarizer position. These five particular
configurations were chosen because they are necessary and sufficient for describing the

alignment of a film in terms of the Legendre polynomials, as described earlier.
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absorbed. (NB. The spike at 395 nm is due to an increase in the xenon arc lamp power
at this wavelength) By this rationale, the excitation spectra for HVH and HVV are most
interesting, being quite different to the others. The fluorescence peaks at a higher
excitation energy and the shape is more symmetrical than the usual PF absorption
spectra.

These results suggest some electronic transition perpendicular to the polymer
backbone. Support for this comes from the absorption coefficients found from the
ellipsometry measurements in Chapter 3. Comparing the absorption coefficients for the
aligned and unaligned PF films, it can be seen that the absorption perpendicular to the
backbone in aligned films is stronger at shorter wavelengths when compared to the
unaligned films.

It is noted that exciting aligned films perpendicular to the orientation direction
results in the usual PF emission spectrum. Therefore, if a different electronic transition
exists here, then it does not give rise to emission. It could be that the state relaxes

quickly to the state whose transition dipole moment lies parallel to the chain backbone.

5.5 Characteristics of the fluorescence anisotropy of

unaligned and aligned PF films

5.5.1 Temperature dependent measurements

It was shown in Chapter 4 that excitons travel further at room temperature than at low
temperature. Since exciton migration is associated with fluorescence depolarization, it
was desired to see if this effect is measurable in steady-state measurements.
Steady-state measurements were performed in a Jobin-Yvon Fluoromax
spectrofluorimeter, fitted with Glan-Thomson polarizers on the excitation and emission
paths. The excitation was at 380 nm and the beam was vertically polarized. Sample
emission was measured horizontally and vertically. The sample was mounted in a
closed-cycle helium cryostat. Excitation was through the back of the sample, and the

sample surface normal was at an angle of approximately 45° to the emission path.
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Emission spectra were measured from 15 K — 300 K and the fluorescence anisotropy
calculated at each temperature.

The experiment was repeated several times and the fluorescence anisotropy was
found not to vary with temperature. This indicates that increased exciton motion at
elevated temperatures does not increase the anisotropy further. From Chapter 4, the
exciton diffusion length at low temperature for excitation at 380 nm is 11 nm. This

distance is therefore sufficient for depolarization of the emission.

5.5.2 Polarized TCSPC measurements on aligned and
unaligned films

Measurements of the time-resolved fluorescence anisotropy were made on aligned and
unaligned PF films. The unaligned film was excited with vertically polarized light and
the intensity of the horizontally and vertically polarized emission measured. The
aligned films were measured in the same way, except that the alignment of the film
provided an additional experimental parameter. The film was oriented both vertically
and horizontally, with the excitation polarized vertically, and measurements made in
both configurations. Results are shown in Figure 5.13, Figure 5.14 and Figure 5.15,

with the calculated anisotropy plotted as a red line.
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occurs on a much faster timescale than the resolution of our apparatus. The fit
parameters shown in the table may reveal the source of this anisotropy decrease.

Recall that polyfluorene chains consist of segments of unbroken conjugation and
excitons are delocalised over these segments. Segments may be of different lengths.
Shorter segments are higher energy sites and have longer fluorescence lifetimes.
Longer segments are lower energy sites and have shorter fluorescence lifetimes.'”
Parallel emission appears to consist of a short decay time and a long decay time.
Perpendicular emission mostly consists of a single, short decay time. This suggests that
emission polarized parallel to the excitation comes from high energy and low energy
sites, whereas perpendicular to the excitation, the emission is from low energy sites.
Emission perpendicular to the excitation comes from excitons that must have travelled
to rotate their dipole moment, lowering their energy in the process. The long lived, high
energy component of the parallel emission may come from excitons which haven’t
moved, because they are trapped.

These measurements also provide the opportunity to calculate the steady state
fluorescence anisotropy from an unaligned PF film. This is difficult to calculate in a
spectrofluorimeter due to the 90° angle between the excitation and emission beams,
meaning that the film must be excited at some angle to its surface normal. The different
transmission of p- and s-polarized light at its surface will affect the observed
fluorescence anisotropy. This is discussed earlier in this chapter. However, here the
emission is measured along the direction of the surface normal and such effects will not
occur. The steady-state fluorescence anisotropy can be calculated from time-resolved

data by the following relation:

o [ 1(1)R(r)ar
[1(r)ar

(5.11)

A value of 0.12 arises. This is definitely non-zero, indicating that the emission is not
completely depolarized in the film, despite the efficient exciton migration taking place.

It is noted that a value of 0.1 for the fluorescence anisotropy for PF in dilute, viscous
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177 This is similar to the

solution at room temperature has been found experimentally.
value found here and would suggest that the excitons in these films are purely
intrachain in nature.

To investigate whether the observed anisotropy was merely an artefact of the
experimental set-up, the measurements were repeated with different excitation
polarizations. The excitation was polarized vertically and at 45° with emission
measured at three wavelengths. For vertical excitation, the high anisotropy values were
again seen. For 45° excitation, the anisotropy is very close to zero. This is what one
expects, as this light with this polarization should create vertically and horizontally
excited chain populations in equal numbers. The residual anisotropy is most likely due
to the fact that the excitation beam was at an angle of incidence of approximately 45°,
meaning that the horizontally polarized component of the light would be transmitted

differently to the vertically polarized component.
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Figure 5.16: Anisotropy decays at three wavelengths, for excitation of an unaligned PF film with

vertically polarized light
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Figure 5.17: Anisotropy decays at three wavelengths, for excitation of an unaligned PF film with light
passed through a polarizer at 45 degrees to the vertical.

As a final point, it is noted that the value found here for the fluorescence anisotropy of
PF films found from front-face collected time-resolved measurements is higher than the
value one would expect from extrapolating the L-configuration steady-state
measurements to equivalent front-face collection (i.e. extrapolating to an incident angle
of 90°. This would suggest that unfortunately our corrections of the data are not

adequate to overcome the uncertainties in the steady-state measurements.

5.6 Energy transfer in unaligned and aligned PF films
containing dopant molecules

Our intention here was to combine energy transfer and film alignment, to investigate
the possibility of making films that provide polarized emission with a range of colours.
The dopant molecules used were tetraphenyl porphyrin (TPP), a planar, red-emitting
dye, and 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM),
a more linear dye with emits with an orange colour. The transition dipole moment of
TPP is mostly in-plane, whilst the DCM is expected to have its transition dipole

moment along its long axis. For polarized emission to occur, the population of
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excited molecules must have a suitable orientation distribution. We intend to show how

such a population may come about.

5.6.1 Experimental

The polyfluorene used was poly(9,9-diethylhexyl fluorene) (M, = 7600, M,, = 15000).
This is a low molecular weight polyfluorene of approximately 20 repeat units, and is
especially suitable for alignment.

Aligned and unaligned PF films were made, with various degrees of doping. Films
were spin-coated from PF solutions of 10 mg/ml at 2500 rpm, and contained the
following weight fractions of dopant: 0.05 %, 0.5 %, 5 % TPP, and 0.025 %, 0.25 %,
2.5 % DCM. As the molecular weight of a TPP molecule is about twice that of a DCM
molecule, these weight fractions correspond to approximately equal molar
concentrations for each dopant. The solvent was a mixture of toluene and chloroform in
the ratio 3:1. This mixture was used to prevent crystallization in the films. Unaligned
films were prepared by spin-coating on Spectrosil discs. Aligned films were prepared
by spin-coating on rubbed polyimide substrates followed by heating at 80°C for 10
minutes in an argon atmosphere.

Absorption measurements were made using a J.A. Woollam Co. VASE
ellipsometer, set up in the transmission mode. This allowed easy acquisition of
polarized absorption spectra. Steady state fluorescence measurements were made using
a Jobin-Yvon Fluoromax spectrofluorimeter, fitted with Glan-Thomson polarizers.
Fluorescence spectra were corrected as appropriate for the polarization response of the
instrument. Film spectra were recorded in an L-format, with the emission measured at
right angles to the direction of the excitation beam. The angle of incidence of the
excitation beam on the films was 60 degrees. Films were excited with unpolarized light,
while the intensity of the emission was measured through a polarizer set vertically or
horizontally. When aligned films were measured, their alignment direction was set
normal to the plane of incidence i.e. parallel to the vertical direction of the emission
polarizer. As described in Chapter 2, the excitation beam is only weakly polarized.

Therefore, anisotropy in the emission would mostly result from the film structure rather
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than photo-selection. Time resolved fluorescence measurements were performed using

a time-correlated single photon counting (TCSPC) system, described earlier.

5.6.2 Results and analysis

The absorption spectra of the unaligned films matched the usual PF absorption
spectra. Addition of the dopant molecules did not affect the spectra, except in the case
of the 5 % w/w TPP doped sample, where the Soret band of the TPP absorption could
be clearly seen. Polarized absorption spectra of the aligned films are shown in Figure
5.18 and Figure 5.19 Since the alignment substrates are absorbing below ~ 400 nm and
the absorption spectra of the polymer perpendicular to its alignment is low, background
subtraction is difficult here. All films showed good alignment, with dichroic ratios of
approximately 10. There was no correlation between doping concentration and degree
of alignment. Again, the DCM absorption could not be observed in any of the samples,
and TPP absorption could only be seen in the heavily doped sample. Unlike the
polyfluorene absorption, the TPP absorption does not show any dichroism, and
therefore we can say that the TPP molecules exhibit no preferential alignment. Since
the DCM absorption cannot be seen, these absorption measurements tell nothing about

any alignment of these molecules.
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here is higher than for the L-configuration steady state measurement. However, this
may be due to the fact that the samples were excited parallel to the alignment direction,
rather than with unpolarized light as in the steady state measurements.

Comparing the lifetime of the PF in the pure and doped samples, it was seen that the
lifetimes in the doped samples was shorter. This is to be expected, as energy transfer to
the dopant opens up another non-radiative decay path. An interesting point to note is
that the lifetime of the PF is shorter in the aligned doped samples than in the unaligned
doped samples. This is true for the PF fluorescence measured polarised both parallel
and perpendicular to the excitation polarisation and is shown in Figure 5.24. This
difference is not simply due to the alignment process, since undoped films exhibit
almost identical lifetimes whether aligned or not. One explanation would be that energy
transfer is promoted in the aligned films, due to an orientation of the PF and the DCM.

Recalling the expression for Forster radius from Chapter 4:

o 9000x*In10 % f,(v)e,(v)
= dv 5.12
R 1287°n*N,,, q’”oj v 612
x* =(cosé, —3cosb), cosd, )’ (5.13)

where d, is the angle between the donor and acceptor transition dipole moments, &, is
the angle between the donor transition dipole moment and the direction vector
connecting the two molecules, and@, is the angle between the acceptor transition
dipole moment and the same direction vector. x° may take a value between 0 and 4.
k? =0 if the transition dipole moments are perpendicular to one another. For a given
direction vector, x* is maximized for parallel transition dipole moments. Examples of

x” values and the corresponding orientation factors are shown in Figure 5.23.
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5.7 Conclusions

A variety of experiments have been described in this chapter, and several conclusions
can be drawn.

Correction factors taking into account the effects of refraction on polarized
emission spectra have been calculated and applied. It was shown that refraction can
greatly affect these spectra and that the effect depends significantly on excitation
wavelength and incident angle.

It has been shown that the excitation spectra of aligned polyfluorene films differs
greatly depending on whether the films are excited with light polarized parallel or
perpendicular to the chain orientation.

The fluorescence polarization anisotropy of unaligned films has been shown to be
independent of temperature. This indicates that even in the absence of thermally
activated hopping, excitons migrate far enough to depolarize the fluorescence.
Fluorescence anisotropy calculations made using TCSPC data and front face emission
found a fluorescence anisotropy of 0.12. This shows that the emission is not completely
depolarized. These TCSPC measurements also suggested that some excitons are
trapped immediately after excitation. This could be the origin of the residual
anisotropy.

Finally, aligned polyfluorene films were doped with molecular dyes. Orange
polarized luminescence from DCM was observed. It was shown that the DCM
molecules align themselves at least partially with the polymer chains. The polarization
ratio was low and certainly not sufficient for use in a device. However, it has been
shown that doping aligned films with energy transfer molecules is a possible method of
achieving polarized fluorescence with a range of colours. Other dopant molecules may

prove more successful.
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Chapter 6: Conclusions

This thesis has described investigations into the optical and energy transfer properties
of polyfluorene films. The subjects described in each chapter are mostly independent of
each other and as such they will be summarized individually.

Chapter 3 described the use of variable angle spectroscopic ellipsometry to find the
optical constants of aligned and unaligned films of polyfluorene. The polyfluorene used
was of low molecular weight and particularly suitable for alignment. To analyse the
ellipsometric data, optical models describing the samples in terms of their physical
parameters were built. These models were used to generate data which could be
matched to the experimental data very well. Since the models could be fit to several
samples simultaneously, this indicates that they accurately described the properties of
these films. Both aligned and unaligned films were found to exhibit uniaxial anisotropy.
The unaligned films had their optical axis normal to the film surface and was optically
negative. There was large absorption and dispersion of the refractive index
perpendicular to the optical axis and small absorption and dispersion of the refractive
index parallel to it. The aligned films had their optical axis oriented in plane, parallel to
the rubbing direction and was optically positive. There was large absorption and
dispersion of the refractive index parallel to the optical axis and small absorption and
dispersion of the refractive index perpendiculér to it.

The magnitude of the absorption coefficients of these films differs. In aligned films,
light polarized in the alignment direction experiences absorption twice as high as light
incident on unaligned films. This is because the direction of the transition dipole
moment is along the chain backbone. In unaligned films there will be a distribution of
these directions, and so the average transition strength in any direction will be less than
for the aligned case, where the dipole moments all point approximately the same way.

The values found for the unaligned films are similar to those previously found by
ellipsometry for a polyfluorene of higher molecular weight. However, the higher
molecular weight polymer exhibited larger birefringence and slightly higher values for

the refractive index. It is speculated that this may be due to longer chains being
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constrained by their rigidity to lie in plane, while it is easier for shorter polyfluorene
chains to point out of the plane. The optical constants of aligned polyfluorene films
have not been measured before by ellipsometry. The values found here compare well
with those found by other workers who measured the absorption coefficients by
transmission measurements and applied the Kramers-Kronig relations to find the
refractive indices.

The results from this chapter were used in the analysis of results presented later in
the thesis. In particular, refractive index values were used in calculations of the Forster
radius. Also, the refractive indices were used in calculations of the Fresnel transmission
coefficients in the section of fluorescence anisotropy. Moreover, knowledge of the
optical constants of polyfluorene presented here will be of use in the design of
polarized polymer light emitting devices; the transmission of light at materials
boundaries depends upon the refractive indices of the material and the polarization state
of the light.

Chapter 4 described steady-state fluorescence measurements on polyfluorene films
doped with a range of concentrations of tetraphenyl porphyrin. These provided a way to
investigate the nature of the energy transfer processes within the polymer. The
tetraphenyl porphyrin could be considered as a fluorescent probe molecule. It was
shown that if the experiments are performed at room temperature and the results
analysed with a simple rate equations model, then a value for the Forster radius close to
that predicted by basic Forster theory can be found. However, there are inadequacies to
this approach. Firstly, it assumes that the excitons are point dipoles which is not
realistic given their delocalisation over a conjugation segment. Secondly, this approach
does not take exciton migration into account. Quantum chemical calculations by other
workers have shown that the exciton delocalisation does not greatly affect the predicted
value for the Forster radius. However, measurements here and elsewhere have shown
that the energy transfer in these systems is temperature dependent. This indicates that
exciton migration does contribute and must be taken into account.

A more complete analysis was developed following the model of Yokota and
Tanimoto, who derived an expression to predict donor fluorescence decay in the

presence of an acceptor when diffusion takes place. This expression was modified to
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predict acceptor fluorescence in steady state such that it could be applied to the results
here. At room temperature, an average migration distance of 20 +/- 2 nm was found. At
low temperature, the migration distance was found to be 11 +/- 2 nm. It is suggested
that this non-zero diffusion coefficient is most likely due to the polymer being excited
above the localisation energy. Downhill migration to low energy segments may
therefore still play a role. Another possibility is that it may be a representation of the
fact that the exciton is delocalised over a polymer segment.

It is noted that recently reported results have shown that in these systems, exciton
migration takes place within 10 ps, and at times greater than this the energy transfer
becomes Forster-like. This is at odds with the model presented here, which assumes
uniform diffusion throughout the exciton lifetime. However, the analysis here fits the
data well. It is suggested that the model averages out the diffusion and recovers
reasonably accurate values for the exciton diffusion length. Another possibility is that it
is applicable in the low and room temperature limits, with ‘diffusion’ at low
temperature being due to exciton delocalisation while at room temperature, thermally-
activated hopping means the excitons do not become immobile.

This work is significant in that exciton migration plays a fundamental part in the
properties of polyfluorene. For example, migration to defect sites in the polyfluorene
can reduce its photoluminescence quantum yield. Efficient operation of solar cells
requires excitons to migrate to a heterojunction so that they may dissociate, and
obviously this must occur within their lifetime. The emission from polymer LEDs
comes from the decay of excitons formed by injected holes and electrons. It is clear
then that exciton migration is of great importance in practical applications.

Chapter 5 aimed to provide further information on the energy transfer processes in
polyfluorene via fluorescence anisotropy measurements. Firstly, the refractive indices
found by ellipsometry were used to calculate correction factors, taking into account the
effects of refraction on polarized emission spectra. It was shown that refraction can
greatly affect the fluorescence anisotropy of these spectra and that the effect depends
significantly on excitation wavelength and incident angle. Fluorescence anisotropy is

also affected by the angle to the film at which emission is measured, a result of dipoles
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not emitting parallel to their axis. This was confirmed qualitatively in these
measurements.

It was also shown that the excitation spectra of aligned polyfluorene films differs
greatly depending on whether the films are excited with light polarized parallel or
perpendicular to the chain orientation. It was suggested that this may be due to an
additional, higher energy electronic transition with its dipole moment perpendicular to
the chain backbone.

The fluorescence polarization anisotropy of unaligned films was shown to be
independent of temperature. This indicates that even in the absence of thermally
activated hopping, excitons migrate far enough to depolarize the fluorescence.
Fluorescence anisotropy calculations made using TCSPC data and front-face emission
found a fluorescence anisotropy of 0.12. Hence, this emission is not completely
depolarized. These measurements were also used to suggest that some excitons are
trapped immediately after excitation. This could be the origin of the residual
anisotropy.

Finally, the possibility of achieving polarized fluorescence with a range of colours
by doping aligned films with energy transfer molecules was investigated. Orange
polarized luminescence from aligned films containing DCM could be observed. It was
shown that the DCM molecules align themselves at least partially with the polymer
chains. The polarization ratio was low and certainly not sufficient for use in a device.
However, it demonstrated that this method has some potential. Other dopant molecules
might be more suitable than DCM for this purpose. It might be expected that more
elongated molecules would result in higher polarization ratios, as supported by the
observation that polarized emission was observed from the linear DCM dopants but not
from planar TPP dopants.

In summary, this thesis has described aspects of polyfluorene that are not only
fundamental properties of the material, but also of importance in its practical

applications.
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