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Abstract.

Optical and electrical characterizations of 2 series of polyfluorene copolymers
which are p(F8-co-27DBTO)s and p(F8-36DBT)s including 5 different units’
percentages each are reported. The optical properties of them in solution, film are
characterized principally by using the techniques of absorption and emission spectra.
The effects of changing the concentration of the new unit in the polyfluorene
copolymers are investigated by comparing the absorption and PL emission spectra of
them in solution and solid state.

The preparation of electroluminescent device using these copolymers as the
active layer is reported. The external quantum efficiency and other characteristics
such as brightness and turn-on voltage using the LEDs test system are presented.
The effects of extending the width of spectrum, shifting the EL wavelength and
enhancing quantum yield by the new units are presented.

The variations in external quantum efficiency and EL spectrum of devices with

different thicknesses of the light-emitting layer are reported and analysed.
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Chapter 1 Introduction.

1.1 Introduction.

Since  the first display based upon  conjugated  polymers
(poly(p-phenylenevinylene), PPV) (show structure) as the light-emitting layer was
reported by Burroughes et al in 1990', research on conjugated polymer for display
applications has become a active and advanced research area.

Conjugated polymers have a wide range of applications, for example, flat panel
display, polymer lasers, solar cells etc >**°. But perhaps the most important direction
of research with conjugated polymers is their application in electroluminescent
devices.

Polymer LEDs have many advantages compared with conventional inorganic
LEDs. Polymers are easy to fabricate in the solution state and hence devices can be
easily made by deposition of layers of polymers on a substrate using spin coating,
inkjet printing and roll-to-roll processing techniques®. Polymers can be used to cover
large areas, hence flat and large area displays with large viewing angles is a real
possibility. The mechanical properties of polymers make it possible to fabricate
flexible and portable displays. Polymer materials are normally not expensive which
makes it possible to produce devices for various applications at a low cost.

Other very important and attractive feature is related to the optical properties of
the system, polymers are tunable, which means the physical properties and emission
wavelength can be modified by simple chemistry, such as changing the structure of
the polymer chain, adding dopants into the polymer system, making co-polymers and
SO on.

However, there are still many unresolved questions with this technology today,
such as full-color stability and the low quantum efficiency in polymer LEDs. This can
be solved partially by using techniques including addition of phosphorescent dyes’,

white emitting polymer blends with color filters, hole transport layers and electron
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injection from metals with low work functions. Another very important and promising
approach is to use co-polymers in combination with the main light-emitting polymer
units. The added units can have an impact on the PL and EL spectral positions and
enhance the efficiencies through energy transfer from the main polymer and direct
carrier trapping in devices.

Of the numerous polymers been used so far, polyfluorenes are a particularly
promising electroluminescent polymer for light-emitting diodes because of the
thermal and chemical stability, good solubility in common organic solvents and high
fluorescent quantum yields in the solid state®. But a stable blue-emitting polyfluorene
is still a challenge for polymer synthesis. Rigid-rod polyfluorene has a tendency
toward a liquid crystalline nematic type of packing arrangement in the bulk and thus
is inherently prone to chain aggregation that leads to a red-shifted emission’ and to a
reduction of quantum efficiency'’. This is referred to as the B -phase. Many efforts
have been made to depress the formation of the ordered segments ( B -conformation).
Different kinds of disorder units have been introduced into the polyfluorene
conjugated system, such as carbazole'', end-capping'’, polyphenylene dendrimer
substituents'®, distyrylbenzene'®, 5,7-dihydrodibenzoxepine and dibenzothiepine'.
The co-polymers exhibit better spectral properties than the polyfluorene
homopolymer.

During recent years, Dibenzothiophene (DBTO) has been reported to be the most
abundant compound in petroleum. Because the sulfur in dibenzothiophene can be
easily converted to sulfoxide'®, sulfone'’, and sulfonium derivatives'®, polymers
containing dibenzothiophene moieties should be interesting in that they may similarly
be converted to various functional polymers.

To explore if the DBTO unit can effectively improve the PL and EL properties of
pure PF, Professor Martyn Bryce and co-workers at the chemistry department in
Durham has developed two new series of PF co-polymers. The motivation of this
work is to see whether these two series of PF co-polymers can enhance the quantum
yield and luminance of PF LEDs. Another important aim is to investigate if the PL
and EL color can be tuned towards white by adding the DBTO and DBT unit into the
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PF backbone randomly.

LEDs currently dominate the exit sign market and many cities have adopted
them as a replacement for incandescent lamps in traffic signals. In the architectural
market, the development of a visible/white light LED has alerted lighting designers to
new possibilities with this light source. White light LEDs, however, currently do not
produce enough lumen output to make them competitive with many general light
sources. Thus a lot of work should be done on them. More and more attractive
materials have been invented, and more and more fabricating methods have been
created as well. These two series of PFO co-polymers are also prospective in the
field of white light LEDs.

These 2 series of polyfluorene co-polymers are p(F8-co-28DBTO)s and
p(F8-co-37DBT)s. In the 28 series, dibenzothiophene (DBTO) unit is introduced
through the 2,8 position into the poly(2,7-(9,9-dioctyl)fluorene backbone, and in the
37 series, DBT unit is introduced through the 3,7 position into the PFO backbone.
Different DBTO and DBT unit ratios in the polymer composition are incorporated to
study the trend of properties. The results show that the EL spectra range can be
expanded very well in devices and the external quantum efficiency and luminance of
device can be improved by adding these units to form a new charge transfer state. In
addition, the EL color can be shifted from dark blue to light blue and green-blue
obviously, but not white. However, the result is still encouraging. And also there is
potential to motivate and defend the future work on these co-polymers.

This thesis is divided into 6 chapters. Chapter 1 provides the necessary
background theories. Chapter 2 described the basic knowledge of conjugated
polymers, co-polymers, polyfluorene and the two series of PFO co-polymers
investigated in this thesis as well. Chapter 3 gives a summary of the experimental
methods and apparatus required for investigating the photoluminescence (PL) and
electroluminescence (EL) properties of these two series of co-polymers. Chapter 4
presents the optical characters of the two series of polyfluorene co-polymers in
solution and solid state. Chapter 5 presents the measurements and analyses of the
electrical characters of these polyfluorene co-polymer light-emitting devices. Chapter
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6 gives a conclusion of the PL and EL characters of these polyfluorene co-polymers
with different concentrations of new units and with different light-emitting layer (LEL)

thicknesses.
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Chapter 2 Theory.

2.1 Molecular orbital theory and Electronic structure of organic

mateials.

A valence-bond theory used to be involved because the arguments about atomic
orbital focus on the bonds formed between valence electrons on an atom. But the
valence-bond model can not explain the molecular formation very well. The best it
can do is to suggest that these molecules are mixtures, or hybrids.

However, by using a more sophisticated model of bonding based on molecular
orbitals, this problem and many others can be overcome. Molecular orbital theory’ is
more useful than valence-bond theory because the orbitals reflect the geometry of the
molecule to which they are applied. But this carries a significant cost in terms of the
ease with which the model can be visualized.

As a start, we can simulate the single atomic orbitals using quantum. The first
five solutions of the wave equation for an electron associated with a proton can be

shown in the figure below:

O @53 o

1s

2Py %Px

Figure 2-1 The first five shapes for an electron associated with a protonz.

In a bonded system these orbits will be mixed together to form a hybrid orbital.
Take the most common used model carbon system for example, the hybrid orbital is

called sp” hybrid orbital. As shown in Figure 2-2, the sp’ orbital is a mixture of the 2s
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Absorption is a general process that can occur in atomic as well as molecular
systems, and can occur either in gas phase, liquid or solid state. Generally, when light
of the correct energy is incident on the sample, photons will be absorbed by the
sample, and cause an excitation to a higher excited state. The process results in a

transition from a ground state to a higher energy state.
2.2.1.1 Fermi’s golden rule.

From quantum mechanics, Fermi's golden rule'! gives the transition rate between
two eigenstates of a quantum system using time-dependent perturbation theory, which

means it's an approximation.

We consider the system to begin in an eigenstate |1> of a given Hamiltonian
H, . We consider the effect of a time-independent perturbing Hamiltonian H’.
The one-to-many transition probability per unit of time from the state |1> toa

set of states | f ) is given, to first order in the perturbation, by:
T 2 i 2 )
inr T <f| |’>| P (Equation 2-1)

Where p is the density of final states, and < S | H ’| i) is the matrix element of

the perturbation, H’, between the final and initial states.

Fermi's golden rule is valid when H' is time-independent, |i) is an eigenstate

of the unperturbed Hamiltonian, the states | f > form a continuum, and the initial

state has not been significantly depleted (eg, by scattering into the final states).

The most common way to derive the equation is to start with time-dependent
perturbation theory and to take the limit for absorption under the assumption that the
time of the measurement is much larger than the time needed for the transition.

Here we also use the electric dipole approximation. In the electric field
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E(F,t)=E,sinwt-e*" we consider the exponential term and the following

approximation can be made:

e =1+(il€-?)+uE'F +

2!

We notice that the term (E -F ) is only non-zero over the extent of the interacting

atom, roughly 1 A. In contrast, k = 27” ~107 A" for optical or near UV radiation.

Hence (l; .F)~107, and so we replace e*7 by 1. This is known as the electric
dipole approximation.
As H'=—e E(F,t)-F~—e-F =[i, »E, we reformulate Fermi’s Golden rule to

the following time independent property
, 27 A2 . e
T, ;= E; 7|< f | ﬂ12| 1>’ L where y; is the transition dipole moment..

2.2.1.2 Oscillator strength.

The intensity of a UV-Visible absorption band is a function of the oscillator
strength and of the energy of the absorption band.
The strength of the optical absorption is called the oscillator strength!®. It is a

measure of the strength of an electric dipole transition compared to that of a free

electron oscillating in three dimensions. It is given by

f= 46, m, -c-In(10) | Y (Equation 2-2)
N, -é*
Whereg, is the permittivity of free space, m, is the electron mass, ¢ is the

speed of light, e is the charge of an electron, and 4 is the integrated area of the
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absorption peak.

Theory also provides a connection between the oscillator strength f,, and the

transition dipole moment, g, :

2 (Equation 2-3)

8z°m,c| -
fnmz[ ].V”m-#"m

3e’h

Here v,, is the transition in wavenumbers [em™]. This is a very important

change from a microscopic property to a macroscopic property.

To define the transition dipole moment u,,, we first need to factorize it

according to the contributions to the molecular wavefunctions from the electrons and

the nuclei. The molecular wavefunction y is given below.
v = Ne = No¢ (Equation 2-4)

Where ¢ is the electronic spatial wavefunction, ¢ is the electronic spin

wavefunction, and N is the nuclear wavefunction. The electronic dipole moment

vector fi operates only on the electronic spatial wavefunctions, and so the electronic

spin and nuclear wavefunctions can be taken out of the transition dipole moment

integral. This is shown in the equation below.

How =W lE|W ) = (0, |E|0n ) (B, |80n) (N, |N,0) (Equation 2-5)

From this equation we can see that the transition dipole moment can be regarded

as the product of the electronic transition moment <¢”|ﬁ|¢m> , the electron spin

overlap integral (g, |4, ) and the nuclear wavefunctions overlap integral (N, |N,,).

2.2.1.3 Absorption in organic molecular systems.
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In the molecular system, photons will cause an electronic excitation of the
molecule when light of the energy corresponding to the transition energy is incident
on the sample. In an organic molecule, this energy is required to promote an electron
from the HOMO to the LUMO or higher antibonding orbital.

Another consideration that should be taken into account is the effect of coupling
of molecular vibrations on the electronic transition. These vibrations can couple with
the electronic transition producing a series of additional energy levels in the ground
state and excited states. The following figure shows how light can be absorbed by
molecules in any of the vibrational levels of the ground state (n = 0) and be excited to

any vibrational level of both the ground state and the excited state.
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Figure 2-9 Diagram of optical absorption.

From this figure we see that the excitation takes place from the n = 0 vibrational
level of the ground state, and is most likely to occur from the most probable
conformation of the molecule. This point is at the equilibrium nuclear co-ordinate

position. The vertical transitions take place to the excited state vibrational levels with
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The Franck-Condon principle'? is a rule in spectroscopy and quantum chemistry
that explains the intensity of vibronic transitions. Vibronic transitions are the
simultaneous change in electronic and vibrational energy levels of a molecule due to
the absorption or emission of a photon of the appropriate energy. The principle states
that during an electronic transition, a change from one vibrational energy level to

another will be more likely to happen if the two vibrational wave functions overlap

that is defined as (y, |w,) more significantly.

2.2.2.2 Stoke’s losses and Stoke’s shifft.

The general mechanism underlying luminescence is the absorption of photons of
certain energy by a luminescent material, which is then excited from the ground state
to an unstable high-energy state. Then it will undergo another process called
vibrational relaxation'* (or Stoke’s losses). It means a loss of vibrational excitation
energy by the molecular entity through energy transfer to the environment. The
molecular entity relaxes into a vibrational equilibrium with its environment.

As the compound falls back to its lower energy level, it luminescences by
emitting a photon of lower energy than the photon that excited the compound due to
the loss of energy through relaxation as intraband transition. Being lower in energy,
the emitted light has a longer wavelength than the exciting light; the difference
between these two wavelengths is known as the Stoke's shift'>.  Anti-stoke shift: the
emission of photons having shorter wavelengths than absorbed photons due to

incorporation of thermal energy such as phonons.
2.2.3 Non-radiative decays.
2.2.3.1 Internal conversion.
Internal conversion (IC) '® is an excited state process. It is the isoenenergetic

radiationless transition between two electronic states of the same multiplicity. When
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the transition results in a vibrationally excited molecular entity in the lower electronic
state, this usually undergoes deactivation to its lowest vibrational level, provided the

final state is not unstable to dissociation.

2.2.3.2 Vibrational relaxation,

Vibrational relaxation'’ means the loss of vibrational excitation energy by a
molecular entity through energy transfer to the environment caused by collisions. The

molecular entity relaxes into vibrational equilibrium with its environment.

2.2.3.3 Conformational relaxation.

Nowadays, fluorescent conjugated polymers have become more and more widely
researched for their applications in light-emitting diodes'®. However, they are a
complex class of materials with a high degree of energetic disorder. Either breaks in

the molecular structure or wormlike fast fluctuations'® 2

cause this. Energy in the
excited state will undergo a non-radiative decay back to the ground state. This
non-radiative process is called the conformational relaxation.

In the fluorescent conjugated polymer systems, after vibrational relaxation the
polymer’s structural and energetic disorder drives further relaxation mechanism”" %,
This will cause additional Stoke’s shift as well as breaks in the mirror symmetry
between the absorption and photoluminescence spectra. And because of this

additional non-radiative decay process, more energy will be lost.

2.2.3.4 Quenching.

The radiative processes in polymers are not always so efficient. Sometimes both
the singlet fluorescence and triplet phosphorescence may become quenched through
some external influence. Normally quenching will cause a result of energy lost. For
24,25

example energy transfer to a non-radiatively decaying state
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In addition, there are a lot of particles cause quenching. These particles are called
quenchers or scavengers. One of the most important quenchers for example for

triplets is oxygen.
2.2.4 Photoluminescence quantum yield.

Photoluminescence quantum yield (PLQY) is a very important measurement for
investigating the sample’s optical properties. It is defined as the ratio of the number
of photons emitted by the sample to the number of photons absorbed by the sample. It

is presented by the following equation.

g, = e (Equation 2-6)
n

abs

n,, is the number of the photons emitted from the sample, and 7, is the

emi

number of the photons absorbed by the sample.
Another important definition of the PLQY is

¢ —k}) I (Equation 2-7)
= = quation 2-
p k? + E k, r;

k} is the natural fluorescence rate coefficient, » k, =k, =k} + ks +k,

ks is the rate coefficient for intersystem crossing and k. is the rate coefficient for

1
Yk

2.2.5 Homogenous and inhomogenous broadening.

1

0—
and T, =—.
k;

internal conversion, 7, =

In polymer systems, absorption and photoluminescence are more complex than a
single molecule spectrum. In general, the bands of an absorption spectrum never are
infinitely narrow or vibrational, i.e. they are always broadened. This band broadening
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can be divided into two types: the homogenous and the inhomogenous broadening.
The homogenous broadening is determined by the lifetime of the states that take part
in the transition, while the inhomogenous is caused by the motion of the particle
(Gaussian broadening), differing intermolecular and other mechanisms.

As the inhomogenous broadening is a result of the local environment, this
broadening is not observed in the gas phase. The homogenous broadening is
independent of the matrix of the molecule, and is therefore the same for all

(chemically identical) molecules.

2.2.6 Electronic state and fluorescence.

2.2.6.1 singlet and triplet electronic state.

First we need to define the total spin vectors and total quantum number S of an

electronic state shown as the equations below.

S= ZS‘} =5 +5,+5 +... (Equation 2-8)
- 1

The magnitude of S =[S(S+1)]z# (Equation 2-9)

And S=s5, 45,5 +5, —Lu.|s, — 5| (Equation 2-10)

If $=0 , 80 S =0, and this state is called the singlet state. If S =1, then
S =#1,0, the total spin quantum of this state has three values, thus this state is called

the triplet state.

2.2.6.2 Fluorescence.

The photoluminescence usually contains two parts, which is fluorescence and
phosphorescence. Fluorescence occurs due to the radiative decay from a singlet

excited. Since there is no change of spin multiplicity, the transition is strongly allowed
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with the result that it occurs on relatively fast timescales. The emission process is

shown in Figure 2-11.

Figure 2-11 Diagram of fluorescence?®,

2.2.7 Inter-system crossing and phosphorescence.

2.2.7.1 Inter-system crossing.

Intersystem crossing (ISC)*’ is an excited state process. It is the isoenergetic
radiationless transition between two electronic states having different multiplicities. It
often results in a vibrationally excited molecular entity in the lower electronic state,
which then usually deactivates to its lowest vibrational level.

2.2.7.2 Phosphorescence.

Phosphorescence occurs due to the radiative decay from a singlet excited from

triplet state. Since the spin multiplicity is changed, the transition is much less intense
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than fluorescence and occurs less rapidly than fluorescence. The emission process is

shown in Figure 2-12.

[ncident

Phospherescence

ISC = InterSystem Crossing

Figure 2-12  Diagram of phosphorescencezs.

2.2.8 The Jablonski diagram.

The process discussed so far can be summarized in a so called Jablonski diagram

shown below in figure 2-13.
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dipole-dipole interactions. As a result of these interactions, new energy states can be
formed between different polymer chains, and this will have an impact on the

electronic transitions.
2.3.1.1 Electron-electron interaction.

An entirely classical model for electron-electron interaction is based on the
electrostatic capacitive charging energy. It is the intermolecular or intramolecular

interaction between two or more electrons on the same or different polymer chains.

-1

The strength of the interaction depends on the distance of the electrons in a r

dependence. It is shown in the equation below.

E=2% (Equation 2-11)
4re,r

2.3.1.2 Electron-dipole interaction.

Dipole-dipole interaction is the intermolecular or intramolecular interaction
between electron and molecules or groups having a permanent electric dipole

moment. The strength of the interaction depends on the distance between the electron

and dipole ina r ? dependence, and relative orientation of the dipole.

E= % (Equation 2-12)
e ¥

2.3.1.3 Dipole-dipole interaction.

Dipole-dipole interaction is the intermolecular or intramolecular interaction

between molecules or groups having a permanent electric dipole moment. The
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strength of the interaction depends on the distance in a r’ dependence, and relative
orientation of the dipoles. The term applies also to intramolecular interactions
between bonds having permanent dipole moments. For molecular systems this is also

the most important interaction.

E= ,ul_,uz3 (Equation 2-13)
dme,r
2.3.2 Aggregates.

2.3.2.1 Physical aggregates.

In densely packed polymer systems, it is possible to form energy states between
different polymer chains caused by interchain affections. These are termed interchain
aggregates and can affect the absorption and emission properties of polymer systems.

A physical aggregate is a physical dimer composed by two molecules spatially
close enough to allow overlap of their wavefunctions. It will form new states in the
polymer system.

The formation of a physical aggregate result in a dramatic change of the
absorption spectra. The peak of the absorption spectrum is usually red-shifted and the

spectrum is broadened.
2.3.2.2 Excited state aggregates or excimers.

Excimers are dimers that only exist in the excited state, because the ground state
is dissociative. So unlike the case of aggregates, there is no direct optical excitation of
the excimer from ground state and accordingly no change in the absorption spectrum.
But because the excimers form a lower energy state without vibronic states, the

emission of the excimer is red-shifted, broadened and featureless.
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2.3.3 Solitons.

Su, Schreiffer and Heeger et al *>* have described the presence of several
pseudo particles with properties similar with those in inorganic semiconductors.
These particles are known as solitons, polarons and bipolarons travelling freely in the
conduction bands.

Solitons are only found in degenerate ground state polymers. There are two kinds
of solitons, which are neutral soliton and charged solitons. And it has been shown that
the degenerate ground state polymer’s conduction occurs due to charged solitons.

Solitons are mid-gap states and can form new energy levels between the HUMO

and LUMO levels of the polymer where they form.

2.3.4 Polarons.

In non-degenerate ground state polymers, solitons can not be energetically stable,
and they will be accompanied by an anti-soliton. This bound soliton anti-soliton pair
is called a polaron. If there is a charge on the polymer chain, it will induce a structural
relaxation of the chain, and hence form a particle known as a polaron.

Polarons are not mid-gap states, and they will form two energy levels near the

HOMO and LUMO levels of the polymer chain.

2.3.5 Bipolarons.

If there is further charge input to the polymer, two polarons with opposite
charges may meet and become bound by the coulomb interaction. This process gives

the formation of a bipolaron.
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Bipolarons will form two energy levels closer to the centre of the band gap of the
polymer chain than the two states formed by polarons.

Most luminescent polymers have a non-degenerate ground state, and charge
injection into polymer diodes has been said to occur on polaron levels, so in these
three particles, polarons and bipolarons play a very important role in the field of
PLEDs. When bipolarons with opposite charge are formed, they will decay to

33,34

excitons and the excitons will undergo a radiative decay to emit light.

2.3.6 Excitons.

Bassler and co-workers suggested that in the polymer chain, the excitation is
localised to a short length of the polymer chain, and the excitation is considered to be
the formation of an exciton from a bound electron hole pair®. Once exciton is formed,
it will undergo a radiative process and release a photon.

There are three different kinds of excitons, which are called Frenkel excitons,
charge transfer excitons and Wannier excitons>®. Frenkel excitons are the ones that
the electron and hole are on the same molecular. To charge transfer excitons, the
electron and hole are separated on two different molecules, so the exciton is
transferred from one molecule to another one. The Wannier exciton has a electron and
hole separated by a large distance, so the intrachain exciton may even form if the
electron and hole are not on the same polymer chain.

And another important feature is the two types of spin states of the excitons,
singlet state and triplet state. The singlet and triplet states have a ratio of 1:3, which
means the singlet only takes a small portion of 25% while the triplet takes 75%. The

two kinds of spin states are shown in Figure 2-14 below.
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Figure 2-14 Two spin states in excitons.

The ratio calculation is given as:

Singlet state:
1
5=0,5, =0 ﬁﬁwmm)
Triplet state:
(Equation 2-14)
s, =-1 : (] |¢¢> )
s=14s,=0 — T~L>+|~LT>
5. =1 27y

This ratio is pessimistic, because due to the spin conservation rule, triplets nearly
can’t decay radiatively to the ground state, and thus a big part of 75% efficiency will
be lost, although it can be solved partially by adding a heavy metal atom which
provides perturbation leading to the spin-orbit coupling effect thus the so-called

phosphorescence will be produced from the triplet states.

2.4 Electronic energy transfer and charge transfer.

2.4.1 Forster energy transfer.

The most important non-radiative energy transfer process is the Forster energy
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transfer (dipole—dipole energy transfer) *” which will be described here.

The Forster energy transfer is a mechanism of excitation transfer that can occur
between molecular entities separated by distances considerably exceeding the extent
of their van der Waals radii. The donor dipole transfers its energy to the acceptor
dipole, which has a similar resonance frequency. This process occurs in the

weak-coupling limit. The typical process is shown in Figure 2-15 below.

L ’
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Figure 2-15 Forster energy transfer between the donor and acceptor.

One of the necessary conditions for this energy transfer is that the emission
spectrum of the donor should overlap with the absorption spectrum of the acceptor.
And another necessary condition is that the distance between the two dipoles
moments fall within the Forster radius. The Forster radius is the distance at which

energy transfer is 50% efficient. Efficiency of energy transfer is shown below.

kET

=— BT (Equation 2-15)
kpp +k, +k

Where k,, means the rate of excitation energy, k, means the rate of

fluorescence, k' means the sum of all other deexcitation processes.

The overlap integral J,, of the absorption spectrum of the acceptor and the

emission is shown in the figure below.
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is the distance between the centers of the respective of Forster energy transfer’”.

(2). The rate is proportional to the strength of the oscillators of the donor and
acceptor. The rate constant (k) of fluorescence of the donor effectively provides a
measure of the strength of the donor oscillator. The strength of the acceptor oscillator
is provided by the molar absorption coefficient of the acceptor transition that matches
the energy of the donor excited state.

(3). The rate depends on the orientation of the transition dipole moments of the
donor and acceptor. This is presented by a constant x°. A collinear geometry
provides the largest a value of 4; a parallel but not collinear geometry provides a
value of 1, and orthogonal orientations give a value of 0.

(4). The rate depends on the energy matching of the oscillators. The extent of
energy matching can be assessed by the overlap of the emission spectrum of the donor

with the absorption spectrum of the acceptor.

The transfer rate constant £, is given in Equation 2-16.

Q, k> [9000 In(1 o)] :
k.. (r)= - J(A uation 2-16
ET ( ) rDr6 1287r4Nn4 ( ) (Eq )
Where Q, is the luminescence quantum yield of the donor molecule, » is the

refractive index of the medium, N is the Avogadro’s number, x° is the relative

orientation of the donor and acceptor transition dipole moments, 7, is the radiative

lifetime of the donor, r is the distance (cm) between donor and acceptor, and J(4)

is the spectral overlap (in coherent units cm®mol ™) between the absorption spectrum

of the acceptor and the fluorescence spectrum of the donor.

2.4.2 Dexter transfer.

For a shorter-range process requiring donor-acceptor separation of less than 1 nm,

45



another type of transfer may occur, which is known as the Dexter electron exchange
transfer*’. It requires quantum mechanical tunneling of electrons between the donor

and acceptor. The process is given in Figure 2-17 below.
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Figure 2-17 Dexter transfer between the donor and acceptor.

It is the dominant mechanism in triplet-triplet energy transfer. The transfer rate

constant k,,, is given by:
h 2 5 .
k. (r)= —PJet’ (Equation 2-17)
(27)

Where r is the distance between donor and acceptor, L and P are constants
not easily related to experimentally determinable quantities, and J is the spectral
overlap integral. For this mechanism the spin conservation rules are obeyed.

It will preserves the total spin of the system, buy change the spin state of donor
and acceptor, so it allows triplet-triplet energy transfer from donor to acceptor. This
process is called the triplet-triplet singlet-singlet annihilation shown in Equation 2-18

below.

L+T, > (Tl +Tl)1,3,5 I (SO +Tn)>(S0 +Sn) (Equation 2-18)

46



From this equation we can see that after the exchange of the electron between the
two triplet states, the result state can form in three different ways due to the total 4
spin states of the two original triplets, which is singlet, triplet and quintuplet states.

Thus the final states may also be two kinds as shown above.

2.4.3 Charge transfer (CT) state.

A charge transfer complex (CT complex) is defined as a pair of molecular groups,
where one is electron-donating (donor) and the other is electron-accepting (acceptor)
and where there is a partial transfer of electronic charge from the donor to the
acceptor in an excited molecular state. This is often realized in conjugated copolymers,
which consist of two or more different repetitive units.

CT complexes have a transition between the excited molecular state and a
ground state and almost all CT complexes have unique absorption bands in the
ultraviolet-visible (UV-Vis) region. The interaction between donor and acceptor is not
only a charge transfer interaction but also electrostatic force and sometimes
interaction. The interaction between donor and acceptor is usually much weaker than
interactions of the hydrogen bond and the covalent bond, but it is useful for
constructing crystal structures.

In some polymers where the charge transfer complexes exits, a new energy state
called the charge transfer (CT) state will form*!. For example, strong CT state can
form in some benzene structures with one or more C atoms replaced by an
electron-acceptor or electron-donor unit. The distribution of electrons on this new
type of electron state can be approximately presented like D+-Ph-A- (D: electron
donor, Ph: benzene ring, A: electron acceptor).

Normally this new electron state is lower than the old molecular excitation state
because of the energy losing during the transition process from the donor to the
acceptor excited states. This is why we get the CT emission red-shifted. And during
this new CT state molecules are much more active and polar than the molecular
excitation state. In addition, time-domain THz technology can measure electric field
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Electron injection into PLEDs is usually achieved by using non-transparent metal
electrodes*, such as Al, Ca or Ba. The metal workfunction should be low so that it is
easier for electrons to be injected.

However, normally low workfunction metals are very reactive with the air, so

every work should be done in a vacuum environment.

2.5.2 Hole injection.

Hole injection is usually achieved in forward bias by using a high workfunction
material. And the hole injection electrode should be a transparent or semitransparent
one for the light beam to come out. The necessity for transparent electrodes limits the
thickness and hence the conductivity of the polymer.

The most commonly used material is ITO (indium tin oxide) glass. And
poly(ethylenedioxythiophene) (PEDT) has also been used between the ITO layer and

polymer layer to improve the performance of polymer LEDs.

2.5.3 Charge transport.

When charges are injected into polymer HOMO and LUMO levels, they will
transport by charge carries in the form of polarons though the polymer LEDs.

Normally hole (positive carrier) mobility is different with electron (negative
carrier), so the transport balance is not very perfect. The hole mobility in polymers
has been shown to be highly field dependent*>*. The mobility of the positive charge
carrier is very important because most organic materials are very good positive charge
carriers. Thus most charge carriers in polymer LEDs are positive charge carriers. If
the charge transfer balance is not good enough, it will reduce the device efficiency
obviously. To solve this problem we often add a hole-transport layer and
electron-transport layer into polymer LED:s.

The hole mobility is shown below.
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H, (E)= H, (O)e"/E = ,uoe('(_r]e(’ﬁ) (Equation 2-19)

-where E is the applied electric field, u, (0) is the mobility at zero field, A

is the activation, u, isa prefactorand y isa material dependent coefficient.

2.5.4 Polaron combination.

Charge carriers (polarons) migrate through the device and then meet with their
oppositely charged counterparts. The position where this process happens is mainly
decided by the relative mobilities of the two charges in the material which forms the
device®.

When the polarons combine at a certain site, a polaron-exciton is formed, and

will become a singlet exciton or triplet exciton described before.
2.5.5 Exciton migration.

Once the polaron-exciton is formed, it will migrate from short conjugation length
chain segments with higher energy to longer ones with lower energy. The migration
becomes slower with time, as there are fewer energetically available sites the exciton
can migrate to.

It is also necessary to point out that sometimes the exciton may also migrate to
quenching sites, and hence reduce the efficiency of the polymer LEDs. The
migration occurs on a sub picosecond timescale. And the migration of the
charge-neutral exciton is not assisted by the field, which implies that the migration
will move the exciton only short distances away form the position where it was first

formed.
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2.5.6 Radiative Decay.

As referred to before, the are two kinds of excitons, which is singlet exciton and
triplet exciton. The electron and hole in the singlet exciton can then recombine and
emit light, which is called the fluorescence or luminescence. The triplet exciton’s
recombine and the emission of phosphorescence can also be achieved by more and
more new techniques such as spin-orbit coupling effect by adding a heavy metal atom
in the polymer system. Light emission is suppressed near the metal/polymer interface,
and the presence of the interface seems to have an effect up to about 60 nm into the
polymer film*> 4.

However, not all the light can come out from the polymer after it is generated.

Some is waveguided due to the internal and total reflection of the film. The amount of

light that actually escapes in the forward direction is believed to be a factor 2n’

lower, where n is the refractive index of the polymer, than the amount of light

generated inside the film*®.
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head-to-head, or tail-to-tail.

Since a copolymer consists of at least two types of repeating units (not structural
units), copolymers can be classified based on how these units are arranged along the
chain. These include:

(1). Random copolymer:

-A-A-B-B-A-A-A-B-A-A-B-B-A-B-A-A-A-B-A-A-A-B-B-

2). Alterriating copolymer:

-A-B-A-B-A-B-A-B-A-B-, or -(-A-B-),-

(3). Block copolymer:

-A-A-A-A-A-A-A-B-B-B-B-B-B-B-A-A-A-A-A-A-A-B-B-...

(4). Graft copolymer:

-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-

|
B-B-B-B-B-B-B

(5). Star copolymers

(6). Brush copolymers

Today, the usage of copolymers as the light-emitting layer is a very important
and successful way in the field of organic PL and EL, because the added units can
normally effectively change the PL and EL peak positions and enhance the
efficiencies by energy transfer from the main polymer and direct carrier trapping in

devices.

3.3 Polyfluorene and relative copolymers.

Since the EL of conjugated poly(p-phenylenevinylene) (PPV) sandwiched
between an anode and a cathode of appropriate work functions was first reported in
1990, knowledge of EL polymers and polymer light emitting diodes have expanded
rapidly’.

Currently, polyfluorene (PFO) with their high solid-state fluorescence quantum

56



yields, exceptionally high solubility and strong thermal and electrochemical stability,
are very promising candidates for blue LEDs. The molecular structure of polyfluorene

is shown below in Figure 3-2.

R = CgHy7

Figure 3-2 Molecular structure of polyfluorene.

However, PFO exhibit relatively low charge transport ability. PFO have excellent
hole mobility, but their mobility and injection of electrons are much lower than holes.
So the transport of positive and negative carriers is greatly unbalanced. This will
reduce the LED efficiency seriously. In order to overcome this, the common approach
is to incorporate electron donor or electron acceptor segments into the side chain or
backbone of the conjugated polymers. And after Ohmori et al reported the first report
of electroluminescence from polyfluorene in 1991°, more and more based on
polyfluorene and its derivatives followed.

Today work on polyfluorene LEDs has focused on achieving emission colors
across the entire visible range and improving device stability. Methods of tuning the
emission color include adding molecular dopants in polymer systems, attaching
emissive moieties and so on.

During these methods, fabricating fluorene-based copolymers is also a very
important and effective one. As opposed to making devices with red, green and blue
emission, the technique of achieving pure white emission is also a good idea.
Copolymers of fluorene based on the theory of charge transfer (CT) states have been
used for this idea. That is just the main subject of this thesis.

In addition, by adding rigid moieties, intermolecular interaction between
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polymer chains can be prevented and the molecular rigidity of the polymer can be
preserved. This leads to high glass transition temperatures and improved thermal and
spectral stability. And because excimers formation is prevented, stable emission colors

can be achieved. These will be described in more details in Chapter 4 and 5.
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Chapter 4 Materials and Experimental Methods.

4.1 Sample Preparation.

4.1.1 Polymer structures.

The polymers for this investigation are two series of polyfluorene (PFO)

co-polymers, which are p(F8-28DBTO)s and p(F8-37DBT)s. In the 28 series,

dibenzothiophene (DBTO) unit is introduced through the 2,8 position into the PFO

backbone, and in the 37 series, the DBT unit is introduced through the 3,7 position

into the PF backbone. Each of them contains 5 kinds with different ratios of the

co-polymers. The chemical structures of these co-polymers are shown in Figure 4-1

and 4-2 below.

L

H17Cs CeH17

n

p(F8-co-27DBTO)-2%: x=98%, y= 2%
p(F8-co-27DBTO)-5%: x=95%, y= 5%
p(F8-co-27DBT0)-10%: x=90%, y=10%

~+ p(F8-co-27DBTO)-20%: x=80%, y=20%

p(F8-co-27DBTO0)-30%: x=70%, y=30%

Figure 4-1 Chemical structures of p(F8-28DBTQ)s.

HizCs  CehHi?

p(F8-c0-36DBT)-2%: x=98%, y= 2%
|+ p(F8-c0-36DBT)-5%: x=95%, y= 5%
p(F8-co-36DBT)-10%: x=90%, y=10%
p(F8-co-36DBT)-20%: x=80%, y=20%

p(F8-co-36DBT)-30%: x=70%, y=30%

n



Figure 4-2 Chemical structures of p(F8-37DBT)s.
From these 2 figures, we can see that these two series of copolymers are the
compounds of PFO and different concentrations of DBTO, DBT units.
These two series of polyfluorene copolymers were supplied by Irina I
Perepichka, Igor F. Perepichka and Maksym in chemistry department, University of

Durham.

4.2 Optical absorption and fluorescence spectroscopy.

4.2.1 Optical absorption spectroscopy.

An absorption spectrum is a measurement of how much light has been absorbed
in a wavelength range by a sample such as solution or film. The relative amount of
absorption at each wavelength is governed by the relative strength of the optical

transition, which follows the Beer-Lambert law'. See Equation 4-2 below.

I, =1, (Equation 4-2)

I, is the incident intensity of the light beam, /, is the intensity of the light that

has transferred from a sample of length /, « is the frequency dependent absorption
coefficient, and C is the concentration of the absorbing species.

And the absorbance of the sample can be defined as

OD = lg[i—o] = gCl (Equation 4-3)

1

€ is the molar absorption coefficient and is equal to _Z
In(10)

The absorption spectrum is recorded on a Perkin Elmer Lambdall-19
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spectrophotometer.

4.2.2 Fluorescence spectroscopy and corrections.

Fluorescence is a measurement of the spectral properties of light that has been
emitted from the emitting sample. It is based upon usage of spectrofluorimeters,
which allows excitation of the sample at any wavelength in the visible~near UV range.
These generally have a UV-VIS excitation source (eg Xenon lamps) which can
produce excitation light in the 250-650 nm range with an excitation monchromator.
The detection is based upon a collection by the emission through an emission
monochromator in combination with a photomultiplier tube.

In addition, we have to correct the fluorescence spectrum after we get it from the
Fluoromax-3 spectrofluorimeter, since the detector sensitivity varies as the light
wavelength changes. To do this we multiply the spectrum with a correction file that

have been generated using a calibrated lamp.

4.2.3 Photoluminescence quantum yield measurements.

Photoluminescence quantum yield (PLQY) is a very important measurement for
investigating the sample’s optical properties as it measure the light emitting efficiency
of the sample material. It is defined as the ratio of the number of photons emitted by
the sample to the number of photons absorbed by the sample. It is represented by the

following equation.

@, = Z—"' (Equation 4-1)

abs

Although the PLQY is defined like this, in fact, we need a more practical

approach for measurements of the PLQY. This will be described below.
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4.2.4 Solution samples.

For measurements of the PLQY for solutions, a comparative methos muct be
used. In this approach we meaure the PLQY of our unknown sample and compare it
against a known standard. The solution samples were prepared by the following steps.
Add each kind of copolymer powder into one bottle of solvent (I used toluene). The
concentration is 1% by weight for all of them.

1.  Put a magnetic stirrer into each bottle of solution, and then leave those on a
hotplate & stirrer till the copolymer powder absolutely dissolved. The
temperature for heating solutions is about 50 °C.

2. Use a lemXlcm quartz cuvette to dilute each solution, until the maximum
absorbance of the absorption spectrum’s peak is about 0.2.

When the above steps are finished, we can begin to measure the absorption and
photoluminescence. And after we get the spectra, we can begin to measure the
solution’s PLQY.

The PLQY of solution is measured by subsequently comparing the integrated
emission spectrum of the solution with that of a standard (reference) solution of
known PLQY. For this investigation, I used 9,10-Dimethylanthracene as the standard
(reference) solution.

The equation for measuring the solution’s PLQY is shown below.

()

(Equation 4-4)

1-1074 ( n, T [F.(1)az
[F.(1)dz

T 1-107% | ny,,

@, is the PLQY of the solution sample, @, is the PLQY of the reference

solution, (1—10”"’4 ) and (1—10"“) are the peak data of the (1-T) absorption
spectrum of the reference solution and solution sample, n, and n,, are the

refractive indexes of the sample and reference solution, .[Fs (A)dA and IF'ef (A)dA
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are the integrations of the photoluminescence spectrum of the sample and reference
solution.

4.2.5 Film samples.

The comparative method can not be used for film samples as there fluorescence
may not isotropic. Films may exhibit extensive wave guiding and to overcome this, an
integrating sphere is used’. The film samples were prepared by the following steps.

1. Put a blank quartz film on the spin-coating substrate, and set the spin speed
as 2500 rpm (rounds per minute) and time as 60 seconds.

2.  Drop small amounts of the dissolved solution onto the surface of the blank
quartz film, and make sure the solution covers the surface smoothly. Then
start spin-coating.

The PLQY can then be obtained as outlined by Pélsson and Monkman. A simplified

equation for calculating the film’s PLQY is shown below.

N, [F(2)dz

O, = (Equation 4-5)

'TN, [R()aa- [P (A

@, is the PLQY of the film sample, N, is the number of photons emitted
from the film sample, and N, is the one of photons absorbed by the film. IF (A)dA
is the integration of the PL spectrum of the film sample. P, (ﬂ)dll is the integration

of the pump light intensity with the sample on the film, while J‘PC (l)dﬂ, is the one

with a clean film (without sample on it). This equation does not take into account
secondary excitation effects but we have found that these are small (~1-5%) so the
approximation is valid.

After we get the fluorescence spectrum of film, we also need to correct it
because the responsibility of the integrating sphere varies as the wavelength of the

fluorescence spectra changes. So we need to correct the fluorescence intensity at
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This layer has a strong ability of transferring holes, which have been injected from the
ITO anode.

Above the PEDT layer it is the light-emitting layer, or in other words, it is the
polyfluorene copolymer layer.

The final layer is the cathode layer. It is made up of 5Snm Ba and then 50nm Al
during all my works in this thesis.

The electroluminescence light-emitting diodes (LEDs) were fabricated by the

following steps.

1. ITO preparation.

(1). Cut big ITO glass (about O.5m2) into small pieces with the size of 1.5cm
1.0cm.

(2). Clean them use DECON then acetone then Isopropanol to wash them for 5
minutes each in order to remove any glass shards and greaseetc.

(3). Set the spin coater to

Stage 1: 280rpm for 10s, this is the smoothing stage.

Stage 2: 2200rpm for 30s, this is the solvent evaporation stage.

Then spin coat the photo resist (S1813) directly from the bottle using a
disposable pipette.

(4). Remove the remaining solvent by soft baking the samples for about 3
minutes at 95°C using the digital hotplate.

And the hotplate is shown below in Figure 4-7.
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2. PEDT (poly(ethylenedioxythiophene)).

(1). Put the ITO glasses on the spin-coating substrate, set the speed as 2500rpm
and time as 60 seconds, and then start spin PEDT.

(2). Put the ITO glasses with PEDT layer on a hotplate and bake them under the
temperature of about 50 degree for about 10 minutes. This is also necessary
because the PEDT is provided in an aqueous solution, and the water will reduce
the device’s efficiency if it is not evaporated.

(3). Take the glasses away form the hotplate and cool them to room temperature.

3. Polymer layer.

(1). Put the cooled glasses on the spin-coating substrate, set the speed and time.
Then put 2 drops of well-dissolved polymer solution on it and start spin.
(2). Put them in a sample box, and note that the polymer layer surface should

face down. Then send them into the glove box.

4. Metal evaporate.

(1). Put the sample glasses and Ba, Al in position in the glove box.

(2). Start vacuum pumping until the inside pressure goes down to about 107
Mbar.

(3). Start evaporating, first 5Snm Ba and then 50nm Al.

(4). Stop pumping and take the samples out.

3.3.2 Thickness measurements.

For the thickness measurement we use a HAMAMATSU L7893 light source and
F20-UV thin-film analyser. The HAMAMATSU L7893 light source and
F20-UV thin-film analyser are shown below in Figure 4-10 and 4-11.
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And the number of injected charges is given by

charges

N —__r (Equation 4-8)
e

I, is the current injected into light emitting diodes, and e is the magnitude of

the electronic charge on one electron.
4.3.5 Chromaticity co-ordinates.

Wyszecki and Stiles provided the important method of measuring the color
property, which is called the chromaticity co-ordinates. The chromaticity co-ordinates
of a color are the ratios of each tristimulous value of the color to their sum'’.

The most common system of chromaticity co-ordinates is the 1931 CIE- (X,Y,Z)

system of color specification. It has three color matching functions, x4, y. and z..

See Figure 4-15.

200 —
LS
1.50
L2
1.0D

Welaht

0.75
0.50

0.25

.00

Wavelength in nanometers

Figure 4-15 CIE color matching functions'.
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From this figure we can see that all of the five absorption spectra have a similar
shape, which shows a full width at half maximum (FWHM) of about 50nm. The
absorbance maxima are around 360nm to 390nm for all copolymers. In addition to the
strongest absorption peak, they all have a second weak peak around 435nm as well,

with a varying degree of strength.

5.1.2 B-phase.

PFO adopts a particular type of conformation in dilute solutions of the poor
solvent below 273 K, which is revealed by the appearance of a red-shifted absorption
peak around 435nm’'. When PFO is dissolved in toluene which is a poor solvent, some
ordered segments, termed S -conformations, coexist with less ordered domains in the
same PFO chain. This is called the £-phase phenomena of PFO in dilute solution.
The transition between the disordered and the ordered PFO conformations is
adequately described by a mechanism that involves two steps: a first, essentially
intramolecular, one from a relatively disordered ( £) to an ordered conformation ( £),
followed by aggregation of chains containing S-conformation domains®.

As we have seen in Figure 4-1, we still get the B-phase phenomena in our five
PF copolymer solutions, which results in the new second absorption peak around
435nm.

Another effect we can see in Figure 4-1 is that as the DBTO’s ratio increases, the
new peak will become slightly weaker. This is due to the addition of more DBTO unit
in the PFO backbone, the formation of ordered segments ( £-conformation) will be
more difficult because of the interaction effect with the new side chain-DBTO.

Returning to the strong absorption peaks around 360nm to 390nm, the important
observation is that, the position of this peak is blue-shifted when the DBTO ratio
increases in solution, from about 385nm to 365nm. This is because when we increase
the concentration of this new side chain-DBTO, the energy gap between the HOMO
and LUMO levels of the copolymer chain will be larger. That leads to the blue-shifted
in the solution absorption spectra.
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And the PLQYs are shown below.

Sample 28-2% 28-5% 28-10% 28-20% 28-30%

PLQY 39% 36% 35% 28% 28%

As we see, in the PL spectra of film, the vibronic structure of PF has been
reduced much considerably compared to the solution state. When the DBTO’s ratio
increases to 20% and 30%, the original well resolved vibronic structure of the PL
spectrum has change into a new broad structure with nearly only one maximum. This
effect originates from the DBTO chain’s interaction as described in the former
previous section 4.2.3 of solutions. In films, the PLQY is in the range 39% to 28%
with increasing the DBTO’s concentration. But the results are still very high
compared with other PF copolymer systems®.

In the PL spectra of films another new phenomena is also observed: this is a
slight red-shift of the PL peak. This originates from the DBTO unit and it is important
because it demonstrates the possibility to change the emission towards white light by
the addition of new side chain into PF polymer backbone in solid state. But more
experiments are needed to confirm this hypothesis and the exact origin of the effect.

The final important phenomena in the PL spectra is that the strong £ -phase
peak in p(F8-co-28DBTO)-2% film, has most completely disappeared in 28-5%, 10%,
20% and 30% films PL spectra. This result has definitely proved at least two facts,
first is that the S-phase actually exits in PF solid state emission spectra, and the
second one is that the DBTO side chain’s interaction can indeed effectively reduced
the B-phase conformation in PF polymer system.

Let us return to the relationship between the absorption and PL spectra of these

copolymers film. These are shown in Figure 5-11 to 5-15 below.
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increases from 2% to 30%.

5.3 Electro luminescence properties.

5.3.1 Electro luminescence spectra and external quantum efficiency (EQE).

5.3.1.1 Electro luminescence of devices at 6V.

The first group of devices has the structure with the light-emitting layer (LEL)
spin coated with the speed of 2500rpm for 60s, which is normally used in device
fabricating. However, the thicknesses of their LEL are not still absolutely the same
because of the different DBTO concentrations in the copolymer. Their thicknesses are

shown below.

Sample 28-2% 28-5% 28-10% 28-20% 28-30%
LEL 25.41nm 25.30nm 24.50nm 24.28nm 23.62nm
thickness

The bias voltage for this group of devices is set as 6V in the beginning. The EL

spectra of them are shown in Figure 5-17.
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The following table shows the summary of the EL EQE of all these three groups
of devices with different LEL thicknesses.

Sample 28-2% 28-5% 28-10% 28-20% 28-30%
2500rpm 0.194% 0.326% 0.535% 0.609% 0.798%
2000rpm 0.280% 0.458% 0.830% 0.924% 1.036%
1500rpm 0.277% 0.442% 0.688% 0.809% 0.926%

From this table we see that the second group of devices with the LEL of
2000rpm for 60s is the best set.

5.3.1.5 Material and thickness dependence of the cathode.

Although the light-emitting properties and thickness of the conjugated polymer
(or the LEL) is very important during the operation of the polymer LEDs, the material
choice and thickness of the cathode also play a rather important role in the devices’
EL properties. The choice of the cathode material and the thickness of it will effect the
EQE and device operating lifetime.

For example, in the MDMO-PPV devices, the initial performance is strongly
dependent on the thickness of the Ba layer; EQE increases as the Ba thickness is
decreased below 1000A. For Ba thickness less than 45A, even down to only 5A of Ba,
EQE is constant within experimental error’.

Experiments also show that if we compared the half life for otherwise identical
devices (prepared from sae batch of MDMO-PPV and deposited under the same
conditions) except with different thickness of Ca and Ba cathodes, we obtain the
maximum operating life for a cathode thickness of approximately 30A for both Ca
and Ba; for devices with cathode thicknesses between 30 and 200A, the half life
decreases as the cathode thickness increases; for cathode thickness larger than 2004,

the half life becomes nearly constant. For thin cathode layers equal to or less than 104,
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the stress life is significantly decreased. A similar thickness dependence for the half
life was observed for devices fabricated with strontium as cathode. The half life for
Sr-cathode devices is larger than for Ca-cathode devices but less than for Ba-cathode
devices with the same thickness. In other words, we find a definite dependence of the
half life on the mass of the cathode metal atom-the heavier metal atom yields the
longer half life*.

Thus we can conclude that for these devices of 28 series, which have the Ba
layer of about Snm as the cathode, the EQE and operating lifetime can even be
enhanced by fabricating a cathode of thinner layer, or by using another kind of

appropriate metal atom that has a heavier mass than Ba as the cathode material.

5.3.1.6 CIE coordinates of the best group of devices.

As described in the PL section (5.2 and 5.3), apart from enhancing the EQE and
luminance, another important aspect for the new DBTO unit is the colour-changing
from blue to white. And as described above (5.4.1.1 to 5.4.1.4), the best group of
devices are the ones with LEL of 2000rpm for 60s at the bias voltage of 6V. The
following table and figure shows the EL spectra CIE coordinates of this best group of

devices.
Sample 28-2% 28-5% 28-10% 28-20% 28-30%
CIE (0.160,0.249) | (0.157,0.297) | (0.156,0.360) | (0.138,0.384) | (0.126,0.409)
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and luminance will also be strongly enhanced by changing the LEL thickness from
2500rpm to 2000rpm.
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And the PLQYSs are shown in the table below.

Sample 37-2% 37-5% 37-10% 37-20% 37-30%

PLQY 81% 81% 76% 81% 77%

As in normal PFO solutions, we can still observe typical PL spectra with clear
vibronic structure in the 37 series PF copolymers. From Figure 6-2 we see that they
both show a 0-0’ peak around 415nm, a 0-1° peak around 440nm, a 0-2’ peak around
470nm, and even a weak 0-3’ peak around 500nm.

As the DBT’s ratio increases, the second, third and fourth PL peaks will again
become weaker and weaker. Especially in p(F8-co-37DBT)-30% solution, the three
other peaks besides the 0-0’ peak have almost totally disappeared in its PL spectrum.
So we can draw the similar conclusion with the DBTO that the DBT unit also can
reduce the vibronic coupling in PL in solution.

As the DBT unit’s percentage increases, we observe that the PLQY doesn’t
change obviously but keeps the same around 80%. And similar with the 28 series, we
don’t observe the £-phase phenomena in the PL spectra of the 37 series in solution,
either.

Again let’s see the relationship between the absorption and PL spectra of these

copolymers solution. These are shown in Figure 6-3 to 6-7 below.
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In this CIE figure we can see that the PL wavelength in film still does not shift
very significantly. And the interest observation is that the colour of
p(F8-co-37DBT)-10% suddenly jumps into deep blue, while the other four still stay in

the light blue area.

6.2.4 Conclusion.

In film state of 37 series, the new unit-DBT becomes to decrease the B -phase
phenomena in their absorption spectra, but still can’t cause the absorption peak
blue-shifted. It can make the PL vibronic structure just a little less significant, and
make the PL peak a little red-shifted. Different with the 28 series, the PLQY of them
will increase from 16% of p(F8-co-37DBT)-2% to 29% of p(F8-co-37DBT)-30%. In
addition, the shift of the colour from deep blue to light blue is not so obvious as the

former film state of the 28 series.

6.3 Electroluminescence properties.

6.3.1 Electro luminescence spectra and external quantum efficiency (EQE).

6.3.1.1 Properties of devices spun at 2500rpm for 60s at 6V,

The first group of devices has the structure with a LEL spun with the speed of
2500rpm for 60s. Still, the thicknesses of their LEL are not absolutely the same
because of the different DBT concentrations in the copolymer. Their thicknesses are

shown below.

Sample 37-2% 37-5% 37-10% 37-20% 37-30%

LEL 24.55nm 24.32nm 23.41nm 23.37nm 23.03nm
thickness
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From these we can see that the EQE and luminance of the group of device at

1500 has decreased again.

The following table shows the summary of the EL EQE of all these three groups

of devices with different LEL thicknesses.

Sample 37-2% 37-5% 37-10% 37-20% 37-30%
2500rpm 0.072% 0.157% 0.293% 0.335% 0.389%
2000rpm 0.238% 0.296% 0.398% 0.557% 0.651%
1500rpm 0.101% 0.266% 0.353% 0.486% 0.603%

From this table we see that the second group of devices with the LEL of

2000rpm for 60s are the best set.

6.3.1.5 CIE coordinates of the best group of devices.

The following table and figure shows the EL spectra CIE coordinates of the

group of devices whose ELE layer is spin coated at 2000rpm.

Sample

37-2%

37-5%

37-10%

37-20%

37-30%

CIE

(0.183,0.401)

(0.172,0.421)

(0.184,0.428)

(0.178,0.439)

(0.170,0.441)
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the DBT’s ratio increases. But the shift tendency is also not so obvious. The main
reason for these is that the DBT unit is not an electron-acceptor unit, so neither the
enhancement in EQE nor the colour shift is so obvious as the DBTO unit. However,
because the DBT can still form a strong CT state, the EQE and luminance are still
enhanced a lot as the percentage goes up. In addition, the EQE and luminance will
also be strongly enhanced by changing the LEL thickness from 2500rpm to 2000rpm,

which is the same with the 28 series.
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Chapter 7 Conclusions.

As mentioned in the former chapters, polyfluorene (PFO) is a particularly
promising electroluminescent polymer for light-emitting diodes because of the
thermal and chemical stability, good solubility in common organic solvents and high
fluorescent quantum yields in the solid state. However, PFO still have some defects,
such as the low electrons transport ability which reduces the LED efficiency, the 8
-phase which causes the unstable light-emitting, the narrow electroluminescence
spectrum which reduces the light-emitting color.

Today, work on PFO LEDs has focused on achieving emission colors across the
entire visible range and improving device stability. Methods of tuning the emission
color include adding molecular dopants in polymer systems, attaching emissive
moieties and so on. In implementing these methods, desingning fluorene-based
copolymers is a very important and effective approach. The dibenzothiophene (DBTO)
is one of these moieties, which has been reported to be a prospective copolymer unit.

In this work, two new series of PFO copolymers have been investigated, which is
the p(F8-co-28DBTO)s and the p(F8-co-37DBT)s. In the 28 series, dibenzothiophene
(DBTO) unit is introduced through the 2,8 position into the
poly(2,7-(9,9-dioctyl)fluorene backbone, and in the 37 series, DBT unit is introduced
through the 3,7 position into the PF backbone. Both the PL properties and EL
properties of these two co-polymer systems have been investigated through
experiments and subsequent analysis. And a series of observations interesting and
promising observations have been made.

Firstly, in the solution state of 28 series, the new unit-DBTO can cause the
absorption spectra to be blue-shift, decreases the B -phase phenomena in the
absorption spectra, cause the PL vibronic structure to be less significant, and increase
the PLQY of the optical system. While the result was obtained that the emission
wavelength changed towards white light for solid state EL, this is not observed in

solution state PL.
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In film state of 28 series, the new unit-DBTO can also cause the absorption
spectra blue-shifted, significantly reduce the £-phase phenomena in their PL spectra
as the DBTO’s concentration is more than 5%, make the PL vibronic structure less
significant to a single broad peak, make the PL peak a little red-shifted, and decrease
the PLQY of them. In addition, the PL emission colour has been change from dark
blue to light blue as the DBTO unit’s ratio increases from 2% to 30%.

And the most important conclusions are in the copolymer light-emitting diodes
(LEDs). The new electron acceptor unit DBTO forms a strong charge transfer (CT)
state and gives off a new strong red-shifted EL peak around 495nm. The relative
intensity of this peak will increase as the DBTO unit’s ratio goes up, while the
position of it will not change. The EL colour has shifted from blue to blue-green as
the DBTO’s ratio increases. And because of the electron acceptor structure of DBTO,
charge transfer speed is enhanced obviously during these devices, which gives the
result of enhanced EQE and luminance. In addition, the EQE and luminance will also
be strongly enhanced by changing the LEL thickness from 2500rpm to 2000rpm.

Secondly, in solution state of 37 series, the new unit-DBT can’t decreases the B
-phase phenomena in the absorption spectra, and can’t cause result in the absorption
peak to be blue-shifted, either. These 2 observations are opposite to the 28 series. It
can only make the PL vibronic structure less significant, which is similar with the 28
series, and keep the PLQY of them the same at around 80%. And the phenomenon
that the emission wavelength to be changed towards white is still not observed in the
solution state like the 28 series.

In film state of 37 series, the new unit-DBT becomes to decrease the B -phase
phenomena in their absorption spectra, but still can’t cause the absorption peak
blue-shifted. It can make the PL vibronic structure just a little less significant, and
make the PL peak a little red-shifted. Different with the 28 series, the PLQY of them
will increase from 16% of p(F8-co-37DBT)-2% to 29% of p(F8-co-37DBT)-30%. In
addition, the shift of the colour from deep blue to light blue is not so obvious as the
former film state of the 28 series.

Finally, in the 37 series of PF copolymer OLEDs, the unit DBT also forms a
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strong charge transfer (CT) state and gives off a new strong red-shifted EL peak
around 495nm. The relative intensity of this peak will increase as the DBTO unit’s
ratio goes up, while the position of it will not change. But the difference with the
former 28 series with the DBTO unit is that the relative intensity of the new red-shift
peak is not so strong as the former one. The EL colour can also shift from blue to
blue-green as the DBT’s ratio increases. But the shift tendency is also not so obvious.

The main reason for these is that the DBT unit is not an electron-acceptor unit, so
neither the enhancement in EQE nor the colour shift is so obvious as the DBTO unit.
However, because the DBT can still form a strong CT state, the EQE and luminance
are still enhanced a lot as the percentage goes up. In addition, the EQE and luminance
will also be strongly enhanced by changing the LEL thickness from 2500rpm to
2000rpm, which is the same with the 28 series.

From all the discussions above, we can get the conclusion that both the 28 series
(DBTO copolymers) and the 37 series (DBT copolymers) can reduce the B -phase
phenomena of PFO both in solution and film, can enhance the EQE and luminance of
the PFO devices a lot, expend the EL spectra and change the EL spectra colours from
blue to blue-green. And we can also improve the LEDs properties by changing the
LEL thickness of them. In one word, as we hoped in the beginning, these 2 series of
PFO copolymers are promising organic electroluminescence materials during the

LEDs technology.




