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Abstract

This thesis presents an investigation into a wide range of potential ma-

terials for organic photovoltaic (PV) devices. A variety of optical tech-

niques are used to define physical parameters for each material such

as the photoluminescence quantum yield (PLQY), absorption coefficient

and exciton diffusion length. Electrical characterisation is used to deter-

mine the optimal structure for devices fabricated with these materials.

A number of novel materials are presented in this thesis. These include

new polymers, both soluble and precursor, and a relatively new class

of material, the conjugated dendrimer. These are highly configurable

branching molecular structures that enable fine tuning of material prop-

erties.

Work on polymers presented in this thesis investigates how such ma-

terials can be improved by testing the effect of small changes to their

molecular structure. One of these changes had significant effects upon

the overall material characteristics. The introduction of a dipole across

a polymer successfully created a charge separating material without the

need for an extra species such as C60 to be present.
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ABSTRACT

The introduction of the conjugated dendrimer to PV applications allows

significant scope for molecular engineering. Dendrimers enable tight

control over certain aspects of the molecular properties. Small changes

can be made such as colour tuning or solubility that enable optimisation

to be performed on the molecular level, rather than on device structure.

Such changes produced significantly higher internal quantum efficien-

cies (> 90%) than typical polymer devices and offer the prospect of power

conversion efficiencies in excess of 10%.

Time-resolved luminescence (TRL) spectroscopy was used to characterise

the behaviour of photogenerated excitons within organic films. The in-

vestigation of exciton diffusion length was performed upon two polymers,

each utilising two different time-resolved methods; diffusion to a quen-

cher and exciton-exciton annihilation. It was found that diffusion in

polythiophene films is anisotropic and the photoluminescence lifetime

is dependent upon film thickness. This is explained by the formation of

self-ordered microstructures during the spin coating process. Data mod-

elling was performed which took into account both the thickness varia-

tion and the interaction of excitons with a quenching interface producing

a much more realistic approach than previously published work.
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Chapter 1
Introduction

1.1 Background and Motivation

For centuries man has strived to find efficient, clean and reliable energy

sources. In the modern world there are many sources of energy; these

include coal, oil, natural gas and nuclear power. Each of these has its dis-

advantages, for example, nuclear power produces highly dangerous and

long lasting radioactive waste that requires expensive containment. Fos-

sil fuels not only produce high levels of pollution, but will not last forever

- it is thought that they themselves will expire in roughly 50 years [1].

Furthermore, the carbon dioxide generated when they are burnt leads

to global warming. Because of these drawbacks to more established en-

ergy sources, we look to renewable energy sources which are much pre-

ferred as they don’t produce waste and are readily available. Renew-

1



CHAPTER 1. INTRODUCTION

able energy sources include such things as fusion (should it ever reach

fruition), wind power, hydroelectric generation, geothermal sources and,

of course, solar power. Despite each of these being far cleaner than their

classic counterparts, many of these sources still have their drawbacks.

For example, wind turbines are sometimes disliked by communities as

large wind farms can ruin the views of acres of countryside. Solar power,

however, is one of the brightest prospects for future energy generation

as it is silent and panels can be placed upon walls or rooftops so they

don’t interfere with views or surroundings. Additionally, the sun itself

is the primary source of energy for the whole planet. Solar cells provide

us with a great opportunity to harness this energy source for everyday

use. Solar cells can be placed almost anywhere, not just on the roof of a

building, allowing a much greater flexibility over wind or water power.

This could reduce large areas of space being taken up by wind turbines.

For example, placing solar cells over Arizona would power the whole of

the USA, whereas placing wind turbines over the whole country would

not only be unattractive, but also provide insufficient energy [2]. This

means that ways must be created to capture this light and convert it to

useful electricity in the most efficient, and to some extent, aesthetically

pleasing ways possible.

In order to accomplish this there are several things needed. Primar-

ily, materials need to be fabricated for such purposes. Silicon is a prime

candidate for solar cells as it is plentiful and has a very broad absorption

spectrum. Silicon photocells are well established in energy generation, it

is not uncommon for monocrystalline silicon or gallium-arsenide devices

to obtain conversion efficiencies (see section 2.2.1) of 24% [3–5]. This
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certainly is impressive but the underlying problem with such devices is

the cost of production. Production of high quality monocrystalline sil-

icon uses extremely high temperatures making it very costly [5]. It is

certainly far too expensive for mass marketing and widespread use. A

further disadvantage of silicon and other such crystalline devices is that

they are inflexible and generally very brittle, so they have to be kept

flat or well supported otherwise they will break and be rendered useless.

The most significant disadvantage to silicon is the cost of energy pro-

duction, both in terms of financial and also environmental cost. Silicon

photovoltaics (PVs) need to stay in use for several years to recoup the

energy spent on making them [6]. In addition, there are a large num-

ber of hazardous chemicals needed to fabricate monocrystalline silicon,

and a significant amount of water. Treatment of water both prior to and

after fabrication is very expensive and adds significant cost to the pro-

duction [7]. For these reasons, it is clear that a cheap, clean and easily

processable alternative is found. Organic materials are superior to sil-

icon as they fulfill all of the above requirements and are flexible [8] so

they can be fashioned into practically any shape desired. They are gen-

erally soluble and can be made simply into thin films by various coating

methods. Using such methods, material consumption will be dramati-

cally reduced, keeping production costs down.

There are several ways of making films of organic materials. Spin coat-

ing is a popular way of performing this because it is quick and provides a

film that is of good quality and of known thickness for given conditions.

Additionally, there is also doctor blading [9], where an even film is made

by dragging a blade across a layer of solution. Drop casting [10] can also
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be used to provide thicker films should they be appropriate. Finally, ink-

jet printing can be used for large scale manufacturing purposes. All of

these could be successfully applied to fabricating efficient solar cells for

mass production.

There are further advantages to organic materials in devices. They are

lightweight, cheap to produce and purify, they can be made for specific

needs and most importantly, organic materials can be solution process-

able. Synthetic chemistry is able to produce changes in molecules at the

atomic level [11, 12]. This gives a significant scope for design of materi-

als. For the case of organic LEDs it can mean that a simple change of

structure or inclusion of a specific atom can change the emission of the

device from red to green. The same is true for solar cells. Where a mate-

rial can absorb blue light, it is possible to change the molecules to absorb

redder light, which is much more suited to the solar spectrum [13].

The operation of an organic solar cell involves several key processes.

These are light absorption, charge separation, charge transport and cha-

rge extraction. Consequently, in order to better understand organic ma-

terials for photovoltaic (PV) use, there are many measurements and ex-

periments that need to be performed. Absorption spectra are essential

to investigate a material’s suitability for light absorption, as this infor-

mation is key to the operation of a solar cell device. Time resolved lumi-

nescence (TRL) studies are used to determine the fluorescence lifetime

of a material. This information can then be used to calculate exciton dif-

fusion lengths, another key property of PV operation. A longer diffusion

length is desired to enhance the probability of charge separation. Elec-
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trical measurements are performed to understand the conduction and

transport properties of a material. The consolidation of this information

is required for devices so attributes such as film thickness, contact metal

and materials are all optimised.

1.2 Thesis Structure

This thesis will begin in chapter 2 by detailing the background of and

physical theory involved in organic materials intended for use in pho-

tovoltaic devices. This will include light absorption processes, charge

generation and transport, molecular interactions and material manip-

ulation. It will also detail the theory of device operation and then go

on to describe different device configurations. Molecular photophysics

will be described such as excimer interactions, polaron distortions and

aggregates.

Chapter 3 will describe the experimental procedures used in this work

including time resolved luminescence measurements and electrical char-

acterisation techniques. Photophysical procedures will be described here

as well as material preparation. Device fabrication will be detailed and

also the conditions under which these devices were tested.

Chapter 4 will go on to present results of polymer materials charac-

terised with the methods detailed in chapter 3. It will describe the needs

and design requirements behind each of the materials used, explaining
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(where appropriate) why such materials have been synthesised. Materi-

als are required to separate charge within devices, this chapter will show

that organic materials can easily be designed or modified to achieve this

goal.

Chapter 5 will continue this trend and present data of a new class of

organic materials, conjugated dendrimers. These materials are novel

and of particular interest as they are highly efficient, they can be solu-

tion processed and also designed to absorb or emit specific wavelengths

of light. They can also be blended together without phase separation

resulting in broadband light absorption and emission.

In chapter 6 time resolved luminescence techniques have been used in

order to obtain information about how charge is transported within an

organic film. Results are presented concerning two important properties;

the exciton diffusion length and the 3-D annihilation constant. Both of

these properties are extremely important in understanding the processes

that occur within these materials and also give us insight into how we

might better design devices in the future. A mathematical model will

also be detailed here in order to describe the decay processes that occur

within these films. Surface interactions, film thicknesses and quenching

distances are all found to be factors in these decay processes, with the

decay time being dependent upon film thickness.
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Chapter 2
Background Theory

2.1 Introduction

Plastic materials have existed for decades and are very common in our

everyday lives. Computer housings, bags, car dashboards, packaging

and countless other examples are all made from plastic. It is cheap to

make and easy to mould. However, everyday plastics are all insulators

and therefore are unsuitable for electronic devices. Electronics and the

devices associated with it require conducting or semiconducting mate-

rials. Traditionally, integrated circuits and devices such as diodes and

photodiodes are made from silicon. The disadvantages of using silicon

have been described in chapter 1. For these reasons we look to the rela-

tively new class of semiconductors, the conjugated plastic. Conjugation

itself is not a new phenomenon; it has existed in nature for millions of
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years forming the basis of processes such as photosynthesis. Chloro-

phyll, found in plants, is a conjugated molecule and it is this molecule

that allows solar light to be converted into energy. The synthesis of con-

jugated materials has enabled man to fabricate semiconducting plastics

for specific needs, including photovoltaic and display devices.

This chapter will describe the operation of a solar cell device from light

absorption to charge transport. The requirements of materials will be

discussed, together with charge generation, separation and transport.

The origin of conjugation and semiconductivity in organic materials will

be described. The chemical and physical theory behind atomic and mole-

cular phenomena such as excimers, dimers and polarons within organic

materials will also be discussed. The effect of introducing defects into

structures will be described and how this affects charge transport. The

origins and processes involved in absorption and emission will be de-

scribed as well as quenching and other non-radiative processes. Molec-

ular design will be introduced and its use to determine material proper-

ties and this idea will be then taken further into the design of polymers

for specific needs. The dendrimer concept will be introduced as novel

molecular design resulting in efficient and easily processable materials.

Photovoltaic structure and design will be discussed including monolayer,

heterojunction and Grätzel cells.
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2.2 Photovoltaic Device Operation

Solar cells require several key processes to occur for operation. These

are: light absorption, excition formation (see section 2.3.2), exciton trans-

port leading to charge separation and finally charge transport to the elec-

trodes. The operation of a solar cell is summarised in figure 2.1. Light is

absorbed through a transparent electrode (in the majority of cases this

is the anode, made of ITO). On absorbing a photon, an electron is then

photoexcited into a bound state consisting of the electron and the ‘hole’ it

left behind. It is a bound state due to Coulombic attraction between the

two particles. This bound state is called an exciton. The exciton then dif-

fuses through the active layer until the charges separate (or recombine).

The separated charges then drift to the relevant electrodes, creating a

flow of charge.

Figure 2.1: Schematic showing the stepwise operation of a solar cell. (A)
Light is absorbed. (B) The photon excites an electron and an
exciton is formed. (C) The exciton drifts through the material
until the charges separate. (D) Charges are transported to the
relevant electrodes.
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The ultimate goal of a solar cell is to convert solar light energy into elec-

trical energy as efficiently as possible. This is done in several ways. The

most obvious, and easiest, to achieve is by making cells large to capture

and convert a large amount of light. Whilst not improving the overall

efficiency per unit area, it does enable a large mount of power to be gen-

erated quickly and simply. An improvement upon this is the introduction

of the micro cavity (by using thin films) to prevent (or significantly re-

duce) the amount of light that escapes. One drawback currently is the

fact that there is a large difference in refractive indices between layers

of an organic device. This produces large reflection losses. To prevent

this, it is possible to add anti-reflection coatings to the devices, but this

in turn would add cost to the device production.

2.2.1 Device Efficiency

There are three measurements important to learning how well a device

performs under illumination. These are the power conversion efficiency,

the Incident Photon to Conducted Electron (IPCE) efficiency and the Ab-

sorbed Photon to Conducted Electron (APCE) efficiency. Each of these

provides different information about the performance of a device. For ex-

ample, the conversion efficiency provides overall light power to electrical

power performance, whereas the APCE provides the internal quantum

efficiency of a device.

Two quantities that are important in measuring the efficiency of a device
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are the short circuit current density, JSC , and the open circuit voltage,

VOC . JSC is the photocurrent produced at 0 V under illumination and

is dependent upon many factors including light intensity, wavelength

and material absorption. VOC is the voltage across the device when no

current flows. It is highly dependent upon contact materials with their

respective work functions and also the material(s) used for the active

layer(s) within the cell [1–4].

The device power conversion efficiency, η, is defined as

η = F.F.
VOCJSC

Pin

(2.1)

where F.F. is the fill factor and Pin is the incident light power. The fill

factor is defined as

F.F. =
VMXJMX

VOCJSC

(2.2)

where VMX is the voltage at maximum power, and JMX is the current

density at maximum power. The fill factor gives a good indication of

the performance of the device. Good rectification will provide a high

fill factor. Ideally it should be close to unity. JMX and VMX are shown

in figure 2.2. η gives us how well a cell performs overall but it is also

desirable to know how efficient cells are at individual wavelengths so

that materials can be optimised for light absorption. This is achieved by

measuring the Incident Photon to Conducted Electron (IPCE). The IPCE

is defined as

IPCE = ηc =
Ephisc
Pine

(2.3)

where Eph is the photon energy, isc is the short circuit current (photocur-

rent), Pin is the input light power and e is the unit electronic charge. This
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Figure 2.2: The fill factor of a device is found by finding the largest area
between the I-V curve and the axes and dividing it by the max-
imum area possible (JSC and VOC).

produces a monochromatic efficiency for the device. This information can

then be used in conjunction with other measurements such as absorp-

tion spectra to optimise device and/or material performance. IPCE can

be seen as analogous to the monochromatic external quantum efficiency

of the device.

The Absorbed Photon to Conducted Electron (APCE) efficiency is gained

from knowing the absorption spectrum of the device and the IPCE. This

is then defined as

APCE =
ηc

1− T −R
(2.4)

where T and R are the transmission and reflectance respectively. This

gives the effective internal quantum efficiency for the device. Results

are shown and discussed in chapters 4 and 5.
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2.2.2 Material Requirements

There are several key requirements for a material to be useful for organic

photovoltaic application. These include high, broadband light absorb-

tion, efficient charge transport, solubility (although this is not essential,

see section 3.2.2) and low fluorescence.

Primarily, high, broadband light absorption is desired to be able to make

the most of the solar light. Although, the solar spectrum extends well

into the infra red, see figure 2.3, most (70%) of the light from the sun is

in the optical and near infra-red (300-950 nm) range. This means that

we ideally require absorption peaks centred around 690 nm (1.8 eV) [5,6]

which will provide an optimal bandgap for materials to absorb light.

The absorption of light is only the first step in the process of extracting

useful energy from a solar cell. Once light is absorbed, it needs to be put

to good use. Ideally, this is the formation of an exciton. This is essen-

tial for the subsequent separation of charge. Once an exciton has been

formed there are several processes that can occur, the most undesirable

of which is the recombination of the exciton leading to the re-emission

of a photon, or non-radiative decay processes such as exciton-exciton an-

nihilation (see chapter 6). Ideally the exciton should diffuse through

the film and dissociate into seperate charges, electon and hole. These

charges can then be transported to the relevant electrodes. We require

the exciton to exist for a substantial time (>1 ps, see chapter 6) in order

for diffusion and/or hopping to occur.
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Figure 2.3: The majority of the solar spectrum (A.M. 1.5). There is a small
(<< 1%) contribution beyond 3 µm but this is negligible.

In addition, materials need to be able to absorb significant amounts of

light in a short distance (nm scale). This is characterised as the absorp-

tion coefficient and ideally this should be as high as possible (>105 cm−1).

This means that device film thickness is not as critical an issue for

exction diffusion because large amounts of light will still be absorbed

whilst allowing excitons to diffuse to interfaces without being quenched

within the bulk of the film. If a material does not absorb light strongly,

then the film thickness needs to be increased to compensate. This then

presents the problem of large diffusion length requirements. A thicker

film will reduce the number of excitons reaching an interface to dissoci-

ate and hence device efficiency will be reduced.
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2.3 Semiconductivity in organic materials

The modern field of organic chemistry has been steadily growing and im-

proving ever since man discovered crude oil and began distilling it for its

useful fractions such as kerosene, petrol and bitumen. These materials

have been known about and experimented upon for many decades. They

all have one thing in common with each other, no matter how dense or

volatile the fraction is: they are all based upon carbon atoms. The car-

bon atom is the essential building block for all organic molecules. Carbon

in its pure form exists as three natural allotropes; graphite, fullerenes,

for example C60 [7] and as one of the most precious and hardest sub-

stances on earth; diamond. Each of these are simply made up of a

different arrangement of the carbon atoms and it is these differences

that determine their material properties. Carbon (and silicon) atoms

can join together to form very long chains joined together in different

arrangements of bonds to form large molecules. These arrangements

determine not only the molecular structure, but also the chemical and

physical properties of the molecule. The bond arrangement that we are

most interested in for organic semiconductors is that of conjugation.

2.3.1 Conjugation and electron coupling

Conjugation arises from a specific arrangement of carbon atoms. This

arrangement is a series of alternating single and double bonds within

the molecule. In the case of a polymer, the conjugation is manifested
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along the backbone of the structure, forming the basis of the molecule

and providing the mechanism for a delocalised cloud of electrons. The

simplest example of this is polyacetylene, see figure 2.4. Additionally,

benzene is also conjugated as it has a delocalised electron cloud above

and below the plane of the ring. The process by which conjugation occurs

will be described below.

Figure 2.4: The structure of polyacetylene. Taken from [8].

The electronic configuration of carbon is 1s22s22p2. This means that

there are four electrons in the outer shell of the atom, leaving two s

electrons in the inner shell. Of the four outer electrons, the two s elec-

trons are paired while the two p electrons are unpaired. This allows a

number of possible combinations of bonding orbitals to be formed. The

most basic is that of the case just described where the two p electrons are

unpaired. This is the case for single atoms. However, in order to form

bonds with other atoms and form molecules, the atoms need to form

bonding orbitals. This is achieved my mixing the 2s and 2p orbitals and

is known as hybridisation. When the 2s orbitals are allowed to mix with

the three 2p orbitals, four equivalent orbitals, all energy degenerate, are

created. These are named sp3 orbitals and form molecules such as dia-

mond, methane and all other saturated hydrocarbons. The structure of

these molecules are shown in figure 2.5. In this case the sp3 orbitals com-

bine in such materials to form σ bonds and are more commonly known

as single bonds. Further to this, if two of the three p orbitals are al-
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(a) Methane, CH4, shows a
clear sp3 configuration. Taken
from [9].

(b) Diamond, a macromolecular
structure made up entirely of
carbon atoms all joined by sp3

bonds. Taken from [10].

Figure 2.5: The structures of methane and diamond, methane shows car-
bon covalently bonded to hydrogen with sp3 bonding. Dia-
mond bonds carbon to carbon in the same way.

lowed to combine with the s orbital, again four orbitals result, but with

differences to the four sp3 situation. Combining only two of the three

p orbitals with the s orbital forms three sp2 orbitals. These form three

coplanar orbitals around the nucleus, each 120◦ apart. These also form

σ bonds with other atoms as with sp3 orbitals, but the remaining orbital

lies perpendicular to this plane, known as a pz orbital. This orbital can

then combine with other pz orbitals to form a delocalised cloud above

and below the plane of the σ bonds. This delocalised cloud is known as

the π bond. The combination of a σ bond and a π bond forms another

commonly known bond, the double bond. It is this combination of al-

ternating single and double bonds that leads to electron delocalisation

along the molecule. This alternating combination is known as conjuga-

tion. The σ bonds hold the molecules together, while the pz orbitals com-

bine to form the delocalised π orbitals. This hybridisation of orbitals can
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be shown clearly using the example of aromatics, made up from benzene

rings. Benzene is a conjugated ring of six carbon atoms, with π orbitals

above and below the plane of the molecule. Figure 2.6(a) shows the delo-

calised cloud above and below the plane of a molecule of anthracene. A

simliar example is the case of ethene, shown in figure 2.6(b).

(a) Schematic of the π delocalised cloud above
and below the anthracene molecule. Taken
from [9].

(b) Bonding orbitals between two
carbon atoms. This is the arrange-
ment for an ethene molecule.
Taken from [11].

Figure 2.6: The delocalised π electron cloud over anthracene and ethene.

By combining many atomic orbitals in a single molecule, there are many

degenerate levels formed due to a large number of π bonds formed. In-

stead of describing each individual atomic orbital, it is more applicable

(due to the degeneracy of so many levels) to discuss the molecular or-

bital. This phenomenon arises from the combination of all of the atomic

orbitals within the conjugated structure of the organic molecule. This

combination of atomic orbitals is described as the Linear Combination

of Atomic Orbitals (LCAO). Within a π bond, the electrons are weakly

bound and extend across the entire molecule. Figure 2.7 shows the mole-

cular structure of ethene and 1,3-butadiene and also the π molecular or-
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(a) Molecular structure
of 1,3-butadiene and
ethene.

(b) The π orbitals in 1,3-butadiene.
Taken from [12]

Figure 2.7: Molecular structure of 1,3-butadiene and ethene and the
molecular orbitals within a conjugated organic molecule. The
combination of many π bonds forms molecular orbitals which
are analogous to valence and conduction bands in inorganic
semiconductors.

bitals for 1,3-butadiene. Since there are two electrons within each π bond

and two π bonds, there are four electrons in the π orbital. In the ground

state the 1π and 2π orbitals are fully occupied. These two orbitals are

bonding orbitals. The highest orbital in the ground state, the 2π orbital,

is known as the Highest Occupied Molecular Orbital (HOMO). The 3π∗

orbital is known as the Lowest Unoccupied Molecular Orbital (LUMO).

Transitions between these levels are known as π → π∗ transitions as

both are within the π orbitals. Since the π electrons are in the highest

occupied orbitals, they are most easily excited into the π∗ state.

Nπ orbitals are bonding orbitals and Nπ∗ orbitals are anti-bonding or-
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bitals. This can be seen to be analogous to the valence and conduc-

tion bands in inorganic semiconductors, where the HOMO is the valence

band and the LUMO is the conduction band. Band models have only

provided limited descriptions of optical and electronic properties [13].

The parity of the orbitals is also an important factor as it affects the ab-

sorption and emission of light. In figure 2.7(b) it is clear to see the even

parity of the 1π and 3π∗ orbitals (the sign of the wavefunctions remain

unchanged under inversion) and the odd parity of the 2π and 4π∗ orbitals

(wavefunction sign changes when inverted). This affects the absorption

and emission properties of the molecule. The absorption and emission

will be discussed in section 2.4.

2.3.2 Excitons and Polarons

Excitation within semiconductors promotes an electron from its ground

state, the valence band in inorganic materials, to the conduction band.

The organic equivalent to this is the excitation of an electron from the

HOMO to the LUMO, π → π∗, leaving a hole in the lower level. Since

there is a Coulombic attraction between these two particles, they form

bound states. These bound states known as excitons. Excitons are elec-

tron-hole pairs and are treated as quasi-particles. Excitons were first

described by Frenkel [14]. This was then expanded upon by Peierls [15]

and later by Wannier [16]. There are two distinct types of excitons within

organic materials. The first case occurs when an exciton is formed across

a small number of conjugated units, approximate radius <5 Å, known as

a Frenkel exciton. The second case is for much larger excitons where the
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electron can be delocalised more than an order of maginitude above the

intermolecular separation, usually resulting in a radius of between 40

and 100 Å. This case is referred to as a Wannier-Mott exciton.

Conjugated materials, specifically conjugated polymers in this discus-

sion, are assumed to have conjugation along their entire length during

theoretical treatment. Upon excitation, the molecule will suffer a local

distortion to its structure. This distortion usually extends several bond

lengths. In some cases this distortion is sufficient in reversing the bond

conjugation order. This will raise the energy of the molecule and make it

slightly more unstable. This combination of an excitation and a distor-

tion is known as a polaron. Figure 2.8 shows a schematic of a polaron.

The existence of polarons in a chain produce stress on the structure, dis-

torting it. This distortion is known as the Peierls distortion. Polarons

can move along a conjugated chain and are able to ‘jump’ from chain

to chain due to their charged properties. It is also possible to simulate

Figure 2.8: Schematic of a polaron on a polyacetylene chain. The defect
distorts the chain and destroys the conjugation, but the extra
charge present restores it. The polaron is free to move along
the chain. Taken from [9].

this effect through doping of a molecule. This adds a charge to the mo-

lecule, for example, a hole. This breaks conjugation where the charge is

present. The addition of a further charge, either hole or electron, will

reform the original conjugation configuration forming either a positive
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bi-polaron or a negative bi-polaron respectively [9, 17]. The addition of

a hole to such an arrangement could arise from oxidation for example,

where the material could have come into contact with air for a period of

time. In addition to this, neutral bi-polarons (electron and hole distor-

tions) can be formed, although these are thought to be quickly reduced

into excitons due to Coulombic attraction [17,18].

2.4 Absorption and Emission

The absorption and emission of light within organic materials is similar

to inorganic counterparts. When a photon is absorbed, an electron is ex-

cited to a higher state and some time later it will relax back to its initial

state, emitting a photon as it does so. Figure 2.9 shows the potential sur-

faces for a typical organic molecule. As electron transitions take place

on a timescale of ∼ 10−15 s (compared with those of nuclear interactions

∼ 10−13 s) when the electron is excited, there is no time for nuclei to alter

their spacial relationships. Therefore transitions are drawn vertically

rather than at some angle to the vertical. This is known as a Franck-

Condon transition [9]. After excitation, for example from the HOMO

to the LUMO, the nuclear coordinates are not in equilibrium and this

enables radiationless decay to the lowest vibrational state to occur [9].

After this decay, the electron can then return to the ground state, usually

emitting a photon. This is known as relaxation. Since energy has been

lost as ‘heat’ the emitted photon will be of longer wavelength than that

of the excitation photon. This difference in the peak of the fundamental
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Figure 2.9: Two electronic states, u = upper and l = lower. Several
vibronic states have been included. Vertical lines denote
Franck-Condon transitions (a), b represents a phonon-less
transition and c represents a fluorescence decay. The wavy
line denotes a non-radiative transition from a higher vibronic
state to the lowest LUMO level. Taken from [9].

absorption band and the fluorescence band is known as the Stokes’ shift.

This shift can be seen in figure 2.10.

2.5 Photoluminescence Decay

After excitation, there are two ways that the excited species can decay;

radiatively and non-radiatively (see figure 2.11). These decays will have

a characteristic lifetime varying between materials. From the Einstein

relations we know that the rate of decay of excited states is proportional

to the number of excited states present. Ignoring intersystem decays and

using rate contants for the radiative and non-radiative decays κr and κnr
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Figure 2.10: Jablonski diagram showing an example absorption and
emission spectra. Notice that each vibronic state corre-
sponds to a feature in either spectrum. The Stokes shift is
clearly seen here. Taken from [11].

respectively we have equation 2.5.

dN

dt
= −(κr + κnr)N (2.5)

The decay lifetime is then the inverse of these two decay contants

τ =
1

κr + κnr

(2.6)
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Figure 2.11: Decay mechanisms from an excited state to the ground state.
Adapted from [19].

From this the quantum yield (see section 3.4) is then

Φ =
κr

κr + κnr

=
τ

τr

(2.7)

where τr = 1/κr is the lifetime the luminescence would have in the ab-

sence of non-radiative processes [9,19,20]. This is known as the natural

lifetime [19]. The only measurable values in equations 2.1 to 2.3 are the

lifetime, τ , and the quantum yield, Φ. Thus we need both to determine

κr and κnr. The knowledge of κr and κnr is useful in determining exciton

diffusion lengths, see chaper 6.
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2.6 Intermolecular interactions

In a conjugated film such as those formed when an organic solution is

spin-coated onto a substrate, there are many interactions between neigh-

bouring molecules. These interactions modify the properties of the com-

pound (or single element) in a significant way. The result is quantum

mechanical splitting of levels due to exchange interactions, for example,

electrons can interact between neighbouring molecules. There are two

main types of intermolecular interactions, dimers and excimers. Each of

these will be discussed in turn.

2.6.1 Aggregates (Physical Dimers)

A dimer is used in chemistry to describe a union between two identical

molecules. In organic films this does not happen but a similar process

does. In a polymer film, for example, molecules are closely packed and

have the opportunity to interact. As all of the molecules are the same (or

very similar) these interactions are also known as dimers. To avoid con-

fusion, the former will be known as a chemical dimer (chemical union)

and the latter as a physical dimer (molecular interaction). The physical

dimer is also known as an aggregate. The physical dimer will be dis-

cussed here. Figure 2.12 shows the difference between the two types of

dimer.

Dimers affect both the absorption and the emission of a material. In
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(a) Anthracene physical
dimer. Taken from [9].

(b) Anthracene chemical
dimer, dianthracene.
Taken from [9].

Figure 2.12: Molecular structures of physical (a) and chemical (b) dimers
of anthracene.

general, aggregate spectra are much broader and possess less strong

features than those of monomer spectra [9]. The interactions between

molecules causes a shift in their energy levels. This shift can either be

blue (positive) or red (negative) mainly depending upon the orientation

of the interacting molecules [9]. Figure 2.13 shows the different shifts

in emission due to these interactions. Organic molecules generally pos-

sess dipoles and it is these dipoles that affect the interactions not only

with light, but also between individual molecules. In figure 2.13 one can

see the two simple possibilities of dipoles upon dimer interactions where

dipoles are either arranged parallel to each other, or head to tail. This

results in an energy increase (blue shift) or a decrease (red shift) respec-

tively. The final possibility exists when the two interacting molecules

are at some given angle with respect to each other. This results from

both parallel and head to tail arrangements being possible. The resul-

tant dipoles add vectorially to produce valid orthogonal solutions to the

overlapping wavefunctions to yield both possible energy states. This is

known as band splitting. Excitations can be transferred back and forth

between the two interacting molecules. It can be seen as an wavelike
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Figure 2.13: Exction splitting in dimers of differing geometries. The
orientation of dipoles is shown by short arrows. Dipole-
forbidden transitions are shown by dotted arrows. Taken
from [9].

oscillation [9]. Provided there are no other loss mechanisms, the energy

exchange can proceed indefinitely. Aggregates can be seen when increas-

ing the concentration of molecules in a given environment, for example,

moving from dilute solution to a thin film. Using a dilute solution where

the molecules are relatively far apart there will be few aggregate con-

tributions to a given spectrum. By contrast, there will be a significant

contribution from dimers in a film where the molecules are much closer

packed. An example is shown in figure 2.14 where increasing the concen-

tration of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) gives

rise to an absorption peak due to aggregates.

2.6.2 Excimers

In the previous section aggregates (physical dimers) were described. For

aggregates the molecules are fixed relative to each other and definite ab-

sorption and emission bands can be attributed to them (see figure 2.14).
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Figure 2.14: Increasing the concentration of a PTCDA solution in DMSO
results in the development of an aggregate peak at ∼ 2.2 eV.
Taken from [21].

There is a class of organic compounds that displays a combination of

monomer absorption characteristics and also the broad featureless emis-

sion spectrum shown by physical dimers. This class of compounds dis-

play what are known as excimers. The term excimer is a contraction

of ‘excited state dimer’ and was first used by Stevens and Hutton in

1960 [22]. Excimers are purely excited state as they require an excited

molecule to exist. They do not exist in the ground state as they are dis-

sociative [9]. This means that even if the interacting molecules are free

to move, they do not form physical dimers because the force between the

molecules at dimer separation is repulsive [9]. There are three reactions

in such a system:

S∗
1 → S0 + hνN (2.8)
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S∗
1 + S0 → E∗

1 (2.9)

E∗
1 → S0 + S0 + hνE (2.10)

Where equation 2.8 shows normal decay from the lowest level of the

LUMO (singlet transition) on a single molecule; equation 2.9 shows que-

nching of an excited state, S∗
1 , one one molecule by a ground state, S0,

on a second molecule. This produces excimer E∗
1 . Equation 2.10 shows

excimer emission to the ground state, giving two ground state molecules

and the emitted photon. The starred species denote an excited state.

2.7 Molecular Manipulation

In this section, emphasis will be placed on the importance of material

design for their role in photovoltaics. The choice of material for PV appli-

cations is critical as a simple change to the molecular structure can dras-

tically alter device performance. Chemistry plays an important role here

by synthesising the desired structures suitable for light absorption and

charge transport. Polymer design will be discussed first (section 2.7.1)

starting from the simplest structures and building upon them. The den-

drimer concept will then be discussed in section 2.7.2 describing this

novel approach to molecular design providing highly efficient materials

with a wide range of emission and absorption properties.
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2.7.1 Conjugated Polymers

Conjugated polymers have been investigated for almost 30 years since

Shirakawa synthesised the very first example of semiconducting poly-

acetylene [23]. Since then there have been significant advances in the

synthesis of such materials in order to increase their conductivity, make

them soluble and alter their optical and electrical properties. A good ex-

ample of this is poly(p-phenylene-vinylene) (PPV), shown in figure 2.15.

The addition of the phenyl ring into the polyacetylene backbone increases

the conductivity and changes the absorption and emission spectra [24,

25].

Figure 2.15: The molecular structure of PPV.

As discussed in chapter 1, one of the greatest advantages of organic semi-

conductors over inorganic is the ability to be solution processed. This en-

ables fast production and low cost fabrication. However, polyacetylene

and PPV are both insoluble. In order to facilitate such processes as spin

coating and ink-jet printing, the materials need to be modified to enable

dissolution into solvents. More recent polymers such as poly[2-methoxy-

5-(2’-ethyl-hexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) [6,26–31], po-

ly[2-methoxy-5-(3’,7’-dimethyl-octyloxy)-1,4-phenylene-vinylene] (MDM-

O-PPV) [3–6,26,32–52] (MDMO-PPV is also known as OC1C10-PPV) and

poly[9,9’-dioctyl-fluorene-co-benzo-thiadiazole] (F8BT) [1, 2, 53, 54] are

soluble in a wide variety of organic solvents due to the addition of side
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groups to the polymer backbone (see figure 2.16). Because of such side

groups the molecules dissolve relatively quickly in common solvents such

as chlorobenzene, chloroform, tetrahydrofuran (THF) and toluene.

(a) MEH-PPV. (b) OC1C10-PPV.

Figure 2.16: Molecular structures of MEH-PPV and OC1C10-PPV
(MDMO-PPV).

Further to the solublising additions, there are many other polymers

that can be used for PV devices such as poly[3-hexyl-thiophene-2,5-diyl]

(P3HT) [55–57] and several specially designed polymers that are investi-

gated as part of this thesis. These specially designed polymers have been

synthesised for the specific application of PV devices. The polymers have

been designed for high light absorption, charge separation and transport

properties and solubility in common solvents. Their characterisation is

detailed in chapter 4.
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2.7.2 Conjugated Dendrimers

Designing molecules for a specific purpose is one of the core ideas for or-

ganic devices. For the case of LEDs we require efficient charge transport,

specific spectral luminescence and solution processing. These properties

were successfully manifested in the form of the conjugated dendrimer

by Halim, Samuel and Burn [58]. The conjugated dendrimer is built

up of three main parts; the core, the dendrons and the surface groups,

see figure 2.17. The core controls the emission (or absorption) of light,

the dendrons are responsible for charge transport and molecular sep-

aration and the surface groups control the solubility of the molecules.

This means that, in the case of LEDs, molecules can be synthesised to

Figure 2.17: Schematic of a dendrimer molecule. The core, dendrons and
surface groups are shown. Adapted from [20].

emit red, green or blue light to suit a display device simply by chang-

ing the core of the dendrimer [59, 60] whilst keeping the surface groups

the same. This means that the processing properties remain identical

whatever the colour of emission. The dendrons are positioned around

the core to ‘shield’ it from its neighbouring molecules preventing core-
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core interactions and to space the molecules within the film [58, 61–63].

The size of a dendrimer can be increased by adding to the existing den-

drons, in a fractal fashion. The number of dendron ‘layers’ is known as

the generation number of the dendrimer [61]. Increasing the genera-

tion of the dendrons around the core will increase the separation of the

cores [58, 61]. For the case of LEDs, it is important to reduce core-core

interactions as this produces luminescence quenching [61]. Lumines-

cence quenching is desireable for solar cells to reduce loss mechanisms

by re-emission of light. However, since thin film solar cells are excitonic

devices [64–66] requiring charge separation, core-core interactions can

also be detrimental as excitons could be quenched by these interactions

before charges are separated (see section 2.8.1 for a fuller description).

Chapter 5 details the characterisation of several types of dendrimer and

their usefulness as photovoltaic materials.

Since the physical size of the dendrimer can be finely tuned by altering

the generation number, the mobility and charge carrying properties of

the materials can be adjusted to suit the required purpose. In the case of

solar cells, it is desirable to have materials with high mobilities for both

electrons and holes to maximise charge transport efficiencies. It has

been shown that changing the dendrimer generation has a significant

effect upon the mobility of the material [61].

One of the greatest advantages of conjugated dendrimers is their process-

ability. This enables many different cores to be mixed together without

phase separation [20], providing the ability to absorb a wide range of

wavelengths of light. By blending (mixing) several dendrimers with dif-
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fering cores, we are able to access much more of the solar spectrum for

light absorption. This in turn should yield much more efficient devices.

The results for dendrimer device work are shown and discussed in chap-

ter 5.

2.8 Photovoltaic Devices

The fabrication of efficient solar cell devices are a significant part of ma-

terial characterisation. This section will detail the ideal requirements

of a material for use in PV devices and then go on to describe the op-

erational theory of thin film devices. This will include the processes of

exciton creation from light absorption, the subsequent diffusion of the

excitons through the film, charge separation from exciton dissociation

and finally the transport of these charges through the device. The final

part of this section, 2.8.4, will describe the operation of another config-

uration of solar cell; the Grätzel cell [67]. Grätzel cells are a relatively

new class of solar cell that have provided high efficiency light conversion

(>10%) whilst being thin film organic devices.

2.8.1 Charge Generation, Separation and Transport

Initially within a solar cell, photons are absorbed resulting in the cre-

ation of an exciton. After exciton formation, we require the separation of
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the bound electron-hole pair. This is achieved by fabricating a cell with

differing work functions on the electrodes. Figure 2.18 shows a simple

monolayer device. Charges are attracted to the electrodes due to the

Figure 2.18: Schematic showing the operation and charge transport of
a single layer polymer device. Eg is the bandgap, P+ and
P− are positive and negative polarons respectively. Adapted
from [26].

‘built in’ voltage generated by the different work functions of the anode

and cathode. This ‘built in’ voltage across the cell can provide an elec-

tric potential that is sufficient to overcome the exciton binding energy

(<1 eV) [68–71] and separate the charges. Excitons ‘migrate’ through

the material(s), characterised by the exciton diffusion length, see chap-

ter 6. This process is limited in a single layer (or single material) device

as the potential created is not usually sufficient to overcome this binding

energy, however, the introduction of heterojunctions and bulk heterojunc-

tions can provide a solution, see sections 2.8.2 and 2.8.3.

Charge transport can occur in several ways. The most direct is that of

a polaron movement along a molecule. The defect formed from the ad-
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dition of a charge will force the molecule to reduce its energy. This is

done by pushing the defect to the end of the molecule, taking the cha-

rge with it. From here the possibility of charge hopping is presented.

Since an excited state is essentially a dipole, there can be dipole-dipole

interactions. Oscillating dipoles can induce oscillation in neighbouring

molecules, transferring energy. This is known as Förster transfer. Exci-

tons themselves can also ‘hop’ from the excited molecule to a neighbour,

exciting that instead. Since an excited electron ‘jumps’ from the excited

molecule to the ground state molecule neighbour, a hole must jump the

same way as well to balance the charge. This is known as Dexter trans-

fer. Energy is lost in every hop or oscillation, so this can only occur as

long as it is favourable, giving rise to the characteristic exciton diffusion

length, see chapter 6. Consequently, this leads to a problem of maximum

useful film thickness. If a film is too thick then an exciton (or separated

charge) will most likely not reach a contact before it decays, reducing ef-

ficiency. The alternative to this is having a thin film (∼ 20 nm) but then

the problem of insufficient light absorption arises. If the active layer in

a cell is too thin, there may not be sufficient useful light absorbed. This

could be improved using a material with a high absorption coefficient.

2.8.2 Heterojunctions

Heterojunctions are common in inorganic devices providing such struc-

tures as p-n diodes. The organic analogue to this is the bilayer device.

These have been very successful for LEDs producing high quantum ef-

ficiencies [72], so the same theory was applied to solar cells. This con-
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figuration is ideal for the formation of excitons, which are essential for

cell operation, at the interface between the two organic layers. In the

case of LEDs, subsequent exciton decay led to the emission of photons.

This is undesirable for solar cells as excitons would still need to diffuse

to this interface. This means that light would need to be absorbed within

one diffusion length of this interface. An example of this is shown in fig-

ure 2.19. In this configuration, charges are still limited to moving to the

n-type layer (for electrons) and the p-type (for holes). Charge separation

can still only occur at the p-n interface. The solution to this, and another

benefit of organic materials, is the bulk heterojunction.

2.8.3 Bulk Heterojunctions

Since organic materials are (generally) soluble, they can be blended to-

gether. This means that p-type materials (polymers for example) and

n-type materials (fullerenes) can be interdissolved in the same solution,

see section 3.2.1. When a film is spun from this solution, it forms an in-

terpenetrating network of molecules, both p and n-type. This has a sig-

nificant advantage over the bilayer configuration as charge separation

can now occur over the entire bulk of the film, effectively removing the

problem of exciton diffusion through the entire film thickness. Light ab-

sorption can occur throughout the entire film and, as such, charge trans-

port is benefitted. Figure 2.20 shows a schematic of such a configuration.

It is possible to see that photoinduced charges can hop to their preferred

carriers and then be easily transported to respective electrodes. This de-

vice configuration is used for majority of the device work in this thesis,
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(a) Charge transfer interface in a bilayer device, and typi-
cal device structure.

(b) (c)

Figure 2.19: Schematic diagram of a bilayer device showing photoinduced
charge transfer, (a). The device is represented under open
circuit (b) and under short circuit (c). Adapted from [26].
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(a) Charge transfer interface in a bulk device, and typical
device structure.

(b) (c)

Figure 2.20: Schematic diagram of a bulk heterojunction device show-
ing photoinduced charge transfer within the interpenetrat-
ing network formed from the blend (a). The device is rep-
resented under open circuit (b) and under short circuit (c).
Adapted from [26].
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and results are described in chapters 4 and 5.

2.8.4 Grätzel Cells

Further to the thin film bulk heterojunction devices described in sec-

tion 2.8.3, there is another type of device configuration that can be used,

the Grätzel cell. This device was first conceived by Michael Grätzel in

1993 [67] and they were shown to be highly efficient (over 10% power

conversion efficiency) [67, 73–75]. Unlike bulk heterojunctions which,

Figure 2.21: Schematic diagram of the structure and operation of a na-
noporous Grätzel cell. The TiO2 layer is fused to the anode
and a redox reaction enables the cell to function. Current
flow within the device is indicated by the dashed arrow at
the bottom of the diagram. Taken from [73].

once spun cast, are dry, the Grätzel cell is wet. The structure of a Grätzel

cell is shown in figure 2.21. The construction of such a cell is remark-

ably different to that of a monolayer device. The majority of the volume

of the cell is made from nanocrystalline TiO2 in anatase (sponge-like)
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form. This structure forms a semi-rigid structure with a large surface

area to volume ratio, ideal for efficient charge transfer. The TiO2 film

is spread onto the substrate (usually ITO coated glass) by doctor blade

to create a layer a few micrometers thick [67]. This is then baked to

form the anatase structure which is then soaked in the (usually, though

not always) Ruthenium based dye, N3 [67, 74, 76, 77] (see figure 2.22).

This process is known as sensitisation. The TiO2 soaks up the dye which

forms the light-absorbing material. The remaining contact can either be

a metal (such as aluminium) or another layer of ITO coated glass. The

cell will not work like this however as it relies upon a redox reaction

to function. Upon light absorption the dye is oxidised, transferring its

electrons to the TiO2 layer. In order for the reaction to complete, the

introduction of an electrolyte is necessary, making the cell ‘wet’. This

electrolyte (usually iodine based [74,78]) is in turn oxidised by transfer-

ring an electron from itself to the dye. The redox reaction is completed

by the transfer of an electron from the cathode to the electrolyte.

Figure 2.22: Molecular structure of the ruthenium dye, N3, used in the
majority of dye-sensitised cells.

Despite the high efficiency of these devices, they are restricted in their

use because of the inconvenience of the electrolyte. As it is liquid, the
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cells are wet and thus encapsulation (and transport) is problematic. Cells

can be regenerated should the electrolyte eventually evaporate, but this

does not solve the encapsulation problem. To combat this, there has been

considerable effort put into combining polymers with the TiO2 struc-

ture [79–86]. This has not only the advantage of being ‘dry’, but also

attempts to solve the poor charge transport properties of polymers. Since

the porous structure has a large surface area there is considerable scope

for charge transfer from the polymer to the nanoporous structure [87–

89]. Since the transfer is efficient, device conversion efficiencies in ex-

cess of 3% have been reported [82,86].

2.9 Summary

In this chapter the origin of semiconductivity in organic materials has

been discussed including orbital interactions, bonding species and the

origin of semiconductivity in organic materials. Device operation and

material requirements have been described including exciton formation,

charge separation and charge transport. The role of absorption and

emission in devices has been discussed. Photoabsorption in organic ma-

terials has been described, resulting in the formation of excitons. Chem-

ical defects and polarons have been described. Several common device

structures have been introduced and their operation has been described.

Intermolecular interactions such as dimers have been described. The

role of synthetic chemistry in organic device design has been put forward

and the subsequent nanoengineering necessary for molecular manipula-
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tion has been detailed. The introduction of the dendrimer has been made

as novel molecular design to incorporate processability, emission and ab-

sorption tuning and mobility control.
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Chapter 3
Experimental Methods

3.1 Introduction

This chapter will detail the experimental techniques and methods em-

ployed to characterise the materials used to make solar cells within this

thesis. The processing of organic semiconductors is one of the main ad-

vantages of these materials as it is quick and relatively simple. Material

consumption is low, typically only using milligrams when making a so-

lution. The entire process from spin-coating onto a substrate to metal

cathode deposition using thermal evaporation will be described here as

will the testing procedures that follow fabrication. Time-resolved lumi-

nescence (TRL) methods will be explained and the operation of appropri-

ate equipment, for example the Streak Camera, will be described. Photo-

physical measurements are discussed here including Photoluminescence
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Quantum Yield (PLQY).

3.2 Material Preparation

Materials used in this work can be broken down into three categories.

These are soluble polymers, soluble dendrimers and precursor polymers.

Preparation of each of these will be discussed in turn.

3.2.1 Soluble Polymers and Dendrimers

One of the first common conjugated polymers was PPV. The biggest in-

convenience of this polymer is that, like many of the conjugated poly-

mers, it is rigid and insoluble. This can be overcome by two methods.

The first is the addition of solublising side groups to the chain back-

bone allowed it to be dissolved in common solvents. Two common PPV-

derivatives that are soluble are MEH-PPV and OC1C10-PPV. The sec-

ond is the use of precursor polymers, which will be discussed in sec-

tion 3.2.2. In order to make a solution, a small amount of solid poly-

mer (of order mg) was allowed to dissolve in a chosen solvent, usually

chlorobenzene. The solutions were sirred in all cases to ensure complete

dissolution. Dissolving was performed at room temperature. Dissolution

time varies with molecular weight and number of solubilising groups.

Once a solution is made it can be simply spin-coated onto a chosen sub-
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strate. Polymers generally form more viscous solutions as they have rel-

atively higher molecular weights. Viscosity can be controlled by altering

the concentration of the solution. Due to the varying types of polymers

characterised, the amount of polymer used varied according to molec-

ular weight. Typically, concentrations of approximately 5 mg/ml were

used for device work based on polymers. See chapters 4 and 6 for full

details. Concentrations used were chosen to provide the film thickness

required. The dissolving procedure was identical in every case for all

polymers used. This involved weighing out the desired weight of ma-

terial, transferring it to a sample bottle, adding the desired volume of

chosen solvent via pipette and then adding a magnetic follower. This

ensured good, thorough stirring of the solution.

Dendrimer materials are much lower molecular weights and so in order

to be able to spin a good quality film with reasonable thickness for a de-

vice, typically of order 60 nm or more, then 20 mg/ml of material was

used. This is due to lower viscosity of the resulting solution compared to

that of polymers. There were several dendrimer materials used in this

work but all were of similar molecular weight (Mw ∼ 2000) so concen-

trations were kept constant. The dendrimer materials used and results

gained from them are described in chapter 5.

Organic PVs based on bulk heterostructures need to be fabricated using

blends of two or more materials, which are described in section 2.8.3. A

blend is a mixture of two or more materials in the same solution. Typ-

ically blends were made up of organic semiconductor (polymer or den-

drimer) combined with an electron accepting material. In the majority of
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cases the electron accepting material was [6,6]-phenyl-C61-butyric-acid

methyl ester, [6,6]PCBM (see figure 3.1). [6,6]PCBM is a derivative of

Figure 3.1: Molecular structure of [6,6]PCBM.

C60 and has been functionalised in order to increase charge separation

properties and also to improve solubility. It is widely used within or-

ganic solar cell devices [1–25]. In the case of polymer blends, ratios of

polymer:PCBM were typically 1:4 by weight (usually 5:20 mg/ml) and

1:2 for dendrimers.

3.2.2 Precursors

As mentioned in section 3.2.1, there is more than one way to produce a

conjugated polymer film. The first has been described, involving soluble

conjugated polymer spun from solution. However, not all polymers will

dissolve due to a lack of solubilising groups. A solution to this problem

is to use a soluble precursor polymer [1, 26, 27]. These materials were

first introduced to combat the insolubility problem by Greenham and

Friend [28,29].
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(a) Molecular struc-
ture of Chloro precur-
sor of MEH-PPV.

(b) Molecular structure
of Xanthate precursor of
MEH-PPV.

Figure 3.2: Structures of two precursor polymers used in this thesis. The
side groups solublise the polymer and are removed when
heated under vacuum.

Precursor polymers are structurally very similar to their soluble coun-

terparts but lacking the solublising side groups. In order for them to

be soluble, they are non-conjugated and possess a removable solubilis-

ing group. In this work they were either chloro groups (a single chlorine

atom) or xanthate groups (a sulphur based group). Both of these vari-

ants are shown in figure 3.2. To remove this side group and conjugate

the polymer, thermal conversion is needed. During this process the side

group leaves the polymer chain as shown in figure 3.3. When this occurs,

the leaving group also removes a hydrogen atom from the neighbouring

carbon atom to which it was bonded. This leaves behind a vinylene (dou-

ble bond) linkage on the chain and creates the conjugation required.

Figure 3.3: The thermal conversion of a precursor polymer. Upon heating,
the side group leaves the backbone leaving a vinylene linkage
behind.
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The solution was spun cast onto substrates and placed in an evacuated

(2×10−3 mbar) oven and baked for an extended period. The tempera-

ture of this bake depended upon the side group. For chloro group re-

moval the conversions were performed at 130◦C, the xanthate groups

required higher temperatures, performed at 230◦C. All conversions were

performed over eight hours. An advantage of using a precursor mater-

ial enables the fabrication of multilayered devices using several polymer

materials. A second layer could be spun on top of a converted precursor

(which is insoluble) without interdissolving occurring.

3.3 Absorption and Fluorescence Measurements

The absorption of light is one of the key processes within solar cells so it

is one of the most useful measurements taken during characterisation.

It can tell us a significant amount of information about which parts of

a molecule absorb which wavelengths of light and by how much. This

is essential information when designing molecules for PV applications.

Simply by varying a side group on a polymer, for example, can have

dramatic effects upon the absorbing properties of the molecule. Such

differences are discussed in chapter 4.

Absorbance was directly measured on organic films using a Varian Cary-

300 UV-Vis Spectrophotometer. This was a straightforward measure-

ment using two identical substrates, one with the organic film on, the

other kept clean and used as a reference. This way, samples could be
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on varying substrates but only the absorbance of the film would be mea-

sured. A baseline scan was taken before samples were measured using

two blank substrates. Absorbance (optical density) is calculated by com-

paring the measurement beam to the reference beam. Both samples are

illuminated with the same intensity. The sample beam will be dimmer

(assuming absorption has occurred) than the reference beam when com-

pared. The spectrometer measures transmission, given as

T =
Isample

Iref

(3.1)

where Isample is the light intensity measured through the sample and Iref

is the intensity after the reference. Absorption of the sample films is

then calculated by using the relation

A = − log(T ) (3.2)

where A is the absorbance of the film. Reflection is not accounted for in

the absorbance measurements. Since the refractive index for a sample

is higher than that of air, there will be no accounting for the reflection

caused by the interface between organic material and the substrate. The

instrument correction only allows for reflection at a clean substrate/air

interface.

For a quartz substrate reflection losses are approximately 4% per surface

at normal incidence. Reflection losses are dependent heavily upon the

materials at the interfaces due to the differing refractive indexes of the

organic layers. For most of the organic materials used in this work the

refractive index, n, is unknown. For approximations, unless otherwise
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stated, n for organic layers will be assumed to be 1.8 for all wavelengths.

This is comparable to MEH-PPV [30].

Photoluminescence (PL) measurements were performed using a Jobin-

Yvon Fluoromax 2 fluorimeter. Samples were illuminated with a mono-

chromated Xenon source and the emission was recorded through another

monochromator by a photomultiplier tube in photon counting mode. Rea-

dings were subsequently corrected for the quantum efficiency of the pho-

tomultiplier tube within the spectrometer (correction supplied by Jobin-

Yvon). It is desired that photovoltaic materials should not fluoresce as

this is an energy loss mechanism.

3.4 PLQY

The photoluminescence quantum yield (PLQY) is defined as

Φ =
number of photons emitted

number of photons absorbed
(3.3)

PLQY measurements were performed using an integrating sphere [31,

32]. An integrating sphere is a hollow sphere internally coated in a

highly reflective but diffusing material. The light output at one aper-

ture of the sphere is proportional to the total light produced by a sample

within the sphere. The PLQY gives an upper limit on the EL efficiency

within an organic layer [31]. PLQY measurements are performed pri-

marily for emissive materials but it is also a useful measurement for PV

67



CHAPTER 3. EXPERIMENTAL METHODS

materials. For emissive purposes, such as LEDs, a high PLQY is desired.

The opposite is true for photovoltaics. Light emitted after absorption will

provide a loss mechanism for such devices and is therefore undesirable.

In this case a low PLQY is desired.

Organic samples were spin coated onto quartz disks of diameter 12 mm.

Samples were made with suitable thickness to achieve optical densities

of >0.3. This enabled a significant amount of absorption (>50%) to en-

sure a large fraction of the absorbed photons are measured accurately.

Samples were illuminated by approximately 0.05 mW of laser light. Un-

less otherwise stated, all PLQY measurements used a laser excitation

wavelength of 488 nm. Samples placed in the integrating sphere were

under a nitrogen flow to prevent oxidation of the films.

3.5 Time-Resolved Luminescence

Time-resolved luminescence (TRL) measurements were carried out in

order to investigate exciton dynamics within polymers and the results

and discussion are presented in chapter 6. Samples were illuminated

(kept under vacuum, ∼ 2×10−5 mbar) with a frequency doubled output

of a Ti:Sapphire femtosecond laser (800 nm doubled to 400 nm) and the

emission was resolved by a Hamamatsu streak camera, see section 3.5.1.

Figure 3.4 shows a schematic for the experimental setup. Chapter 6

describes two experimental methods requiring TRL; exciton diffusion to

an interface and exciton-exciton annihilation.
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Figure 3.4: Experimental setup for time-resolved luminescence experi-
ments.

3.5.1 Streak Camera

A streak camera enables time-resolved measurements to be taken. The

operation of a streak camera is shown in figure 3.5. Light emitted from

Figure 3.5: Schematic of the operation of a streak camera. Adapted
from [33].

a sample is dispersed by a spectrograph and is then incident upon a pho-

tocathode where it is converted into electrons. These electrons are then

accelerated by a scanning electric field along the streak tube. These
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electrons hit a phosphor screen and the photons emitted by this are de-

tected by a CCD camera. The time resolution of the streak camera was

∼ 1-2 ps and originates from the electric field scanning up and down

the tube. This causes the electrons to be accelerated and strike the an-

ode at different positions. From this we get a 2D image of the intensity

containing both temporal and spectral information.

3.5.2 Lifetime measurement

Once a streak camera image was obtained, the fluorescence lifetime was

calculated by first integrating across the spectral window. This decay

Figure 3.6: Typical lifetime curve for MEH-PPV. Sample was illuminated
at 400 nm with 40 µW at 50 kHz.
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curve was normalised to the peak of the output. ‘Time zero’ is placed

at the point on the rise of the curve where the (normalised) intensity is

equal to 0.5. A typical output is shown in figure 3.6. Once the curve

has been aligned properly, the lifetime, τ , is then calculated by fitting

an monoexponential or biexponential decay. Using a logarithmic scale

(base e) the decay curve, assuming no quenching, should be a straight

line. The lifetime is then found at the point where this line falls to 1/e of

the peak. This is the lifetime discussed in section 2.5.

3.6 Device Fabrication

Device fabrication can be broken down into several parts. These are:

substrate preparation, active layer (which includes anode preparation)

deposition and finally, contact evaporation. Each of these will be dis-

cussed in turn.

3.6.1 Substrate Preparation

Substrates were prepared using Indium Tin Oxide (ITO) coated glass

cut into 12 mm squares. These were then etched using concentrated hy-

drochloric acid (HCl, 37%). The etching was achieved by covering the

required area, a central strip 4 mm wide, with tape extending beyond

the edges of the substrate. Once prepared, the substrate was placed into
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a bath of HCl for approximately 10 minutes to allow the bare ITO to

be etched off. After etching had occurred, the substrates were washed

briefly in excess cold water to remove the acid. Substrates were then

dried in nitrogen. To clean the substrates, they were immersed in Ace-

tone and ultrasonicated for 12 minutes. They were then dried in ni-

trogen. The process was repeated using Isopropyl Alcohol (IPA) for a

further 12 minutes. Substrates were then dried in nitrogen. If needed,

substrates were then ashed in oxygen for six minutes at ∼ 10−2 mbar.

3.6.2 Active Layer Preparation

The active layer(s) of the device are the simplest to prepare. Before

this layer was made, the anode was prepared. After substrate prepara-

tion, a dual layer of poly[3,4-ethylene-dioxy-thiophene]:poly[4-styrene-

sulphonate] (PEDOT:PSS, Baytron-P) was spun at 2000 rpm onto the

ITO. This ensured a good covering of the anode and enabled good wetting

of the substrate due to PEDOT smoothing the ITO roughness. PEDOT

thickness was ∼ 60 nm. Once spun, the PEDOT was allowed to dry in air

for 15 minutes. The active layer was then spun onto the PEDOT layer,

spin speeds varied depending upon desired film thickness but were usu-

ally 1600 rpm for devices. This gave an active layer of ∼ 80-100 nm for

polymers and ∼ 60 nm for dendrimer films. Films were then placed into

an evaporator immediately after spinning to ensure as little degradation

as possible. PEDOT was used in all devices fabricated from a polymer as

it smooths the substrate and provides a more stable anode. PEDOT was

also used in all dendrimer devices, unless otherwise stated.
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3.6.3 Contact Evaporation

Thermal evaporation was performed at 1×10−6 mbar. Calcium was evap-

orated onto the active layer at 0.1 nm/s to give a thickness of 10 nm. Alu-

minium contacts were then evaporated at 0.3 nm/s to give a thickness of

100 nm. Devices were then left to cool before removal and testing. A

schematic of a typical device is shown in figure 3.7. Contacts were 2 mm

wide, producing devices 4×2 mm to provide and active area of 8 mm2.

Each substrate had four devices on, as shown in figure 3.7(b).

(a) Schematic of a typical organic PV device.

(b) Schematic showing contact arrangement within a typical de-
vice. Adapted from [34].

Figure 3.7: Schematics showing device structure and contacts. Not to
scale.
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3.7 Electrical Characterisation

Characterisation of a device is the final step in assessing the usefulness

of a material for PV applications. Testing devices is necessary to see

if any of the characterisitics, such as film thickness, material proper-

ties or device structure, affect the device significantly. When optimising

devices, there are many factors that can be varied. These include film

thickness, contact thickness, contact metal(s) and also anode properties.

The ashing of the ITO anode, for example, will change the work function

of this material, changing the effectiveness of the device.

This section will describe the processes and techniques involved in the

final testing procedures. Aside from photophysical measurements, all

characterisation performed was electrical. This characterisation falls

into two primary types; broadband (solar) testing and monchromatic

testing. These will each be described in turn.

3.7.1 Solar Simulator Characterisation

Device testing to calculate the energy conversion efficiency, η, was per-

formed under a solar simulator, purchased from KHS, Germany. Output

was A.M. 1.5 (global) at 100 mW/cm2. The output spectrum of the simu-

lator is shown in figure 3.8. It should be noted that the simulator output

extends beyond that shown here, but the useful light is within the re-

gion displayed, since this is where the materials tested absorbed light.
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Figure 3.8: Spectrum of the Solar Simulator output (solid line) and the
A.M. 1.5 Solar Spectrum (open circles).

Devices were placed in a holder with sprung-loaded contacts to ensure

a good contact and also to ensure that the aluminium cathode was not

damaged during testing. This holder was then placed in a chamber and

evacuated to ∼ 10−5 mbar. The testing chamber is shown in figure 3.9.

Devices were tested individually by placing a voltage across the device

and measuring the current generated by the light. Typically the volt-

age applied ranged from -2 to +2 V. The time between each voltage step

was typically 200 ms, with each step being 0.02 V. Results are shown in

chapters 4 and 5.
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Figure 3.9: Sample chamber illuminated under the solar simulator.

3.7.2 IPCE and APCE Measurements

To test the Incident Photon to Conducted Electron (IPCE) efficiency of

the cells, they were each tested under monochromatic light. Using a

Xenon lamp source, cells were illuminated with light from 300 to 800 nm

in steps of 1 nm. The experimental setup is shown in figure 3.10. The

photocurrent generated at 0 V was then recorded. The power at each

wavelength was calculated by first illuminating an NPL calibrated pho-

todiode placed where the sample would be. Simultaneously, another pho-

todiode was placed near a quartz window, to capture a small fraction of

light reflected from this window. The readings from both photodiodes

were recorded. By using the current generated by the NPL photodiode it

was possible to calculate the monochromatic power for each wavelength.

This way, by using the reference photodiode, the exact power incident on

the sample was known for each wavelength.
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Figure 3.10: Schematic of the IPCE setup. Light was collimated because
it was highly divergent emerging from the monochromator.

3.8 Summary

This chapter has detailed the experimental procedures used in this work.

The preparation of materials has been described, including the prepara-

tion of precursor polymers. For devices, the cleaning and preparation

of substrates has been described, going on to device fabrication tech-

niques and finally contact evaporation. Experimental characterisation

techniques have also been described, including absorption and fluores-

cence measurements, TRL experiments and PLQY measurements. The

operation and use of experimental equipment such as a Streak Camera

has been described. Measurement techniques have been given present-

ing sample results where appropriate. All of these techniques are used

in the work presented in this thesis.
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Chapter 4
Photophysical and Electrical

Studies of Polymers

4.1 Introduction

The use of conjugated polymers in PV devices is widespread, not only

because of the number of different polymer materials available, but also

because they are heavily studied organic semiconductors. They have

been in existence since 1977 when Shirakawa et al. discovered semicon-

ductivity in polymers [1]. In the following 30 years, conjugated polymers

have been successfully used as light emitting materials, ultimately lead-

ing to the fabrication of LEDs. Device efficiencies were initially low, but

have steadily risen as our understanding of materials, device structures

and electrode optimisation has increased [2, 3]. Material understand-
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ing is key to producing suitable conjugated polymers for a particular

purpose, such as light emission for LEDs or light absorption for PV de-

vices. This includes the understanding of charge transport, exciton for-

mation and interactions with light. In furthering our knowledge of these

properties, significantly more efficient materials have been synthesised.

This evolution has produced many variants of original polymers (such as

MEH-PPV being a variant of PPV) and also a wide range of new poly-

mers (such as polyfluorenes) for a broad number of uses. More recently,

they have been applied to light absorbing roles such as solar cells and

photodiodes [4–7].

Conjugated polymers are well-suited to solar cell applications as they

have strong, broadband light absorption. They have been shown to dis-

play high efficiency (∼3%) when blended with electron transporting ma-

terials such as PCBM [8–11]. The versatility of polymer materials for

PV devices makes them ideal candidates for this purpose. As discussed

in chapter 2, they can be modified in order to improve conduction, sol-

ubility and absorption (and emission) colour. The additional groups can

include methyloxy and hexyloxy for solubility control. Additionally, thio-

phene and/or fluorene rings can be included for absorption and emission

tuning. Should one require tighter molecular packing, it is possible to

remove the solublising groups altogether. This will result in an insolu-

ble (or very low solubility) polymer prepared using a precursor film. The

preparation of precursors was discussed in chapter 3.

In developing new materials for polymer photovoltaics there are a num-

ber of issues that need to be addressed. These include light absorption,

84



CHAPTER 4. PHOTOPHYSICAL AND ELECTRICAL STUDIES OF
POLYMERS

exciton diffusion, charge separation and charge transport properties.

Polymers are hole transporters. Unfortunately, as discussed in previ-

ous chapters, monolayer devices are not usually suitable for producing

efficient light conversion due to their low exciton separation ability and

poor charge transport. Monolayer polymer devices produce low efficien-

cies, typically 0.001%- 0.01%. To improve this situation, the addition of

electron acceptors/transporters such as C60 (and derivatives thereof) is

employed.

In order to improve charge separation, novel polymers have been devel-

oped specifically for PV applications. This chapter focusses on one such

polymer. The addition of suitable side groups onto the polymer chain

creates a dipole across the polymer molecule. This dipole enhances the

separation of charges from an exciton. In addition, because of such a di-

pole, the absorption properties will be affected providing the opportunity

for tuning the material to absorb desired wavelengths. This effect can be

seen in comparatively lower PLQY and reduced fluorescence from TRL

measurements. These results will be discussed in section 4.2.2.

This chapter presents results for electrical and photophysical measure-

ments performed upon a number of novel polymers. The following sec-

tion begins with the motivation behind these new polymers and will then

present results from these materials, discussing them in terms of success

in their desired functions.

I would like to acknowledge Olivier Gaudin for the measurement of the

absorption coefficient of MEH-PPV by ellipsometry. I would also like to
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thank Paul Burn and his group at the University of Oxford for synthe-

sising the polymers used in this work. Specifically, I would like to thank

Dr. Bimlesh Lochab for the novel dipole polymers and Dr. Graham Web-

ster for DM-PPV synthesis. Data taken as part of the charge separating

work was performed in collaboration with Aaron Barkhouse using the

polymers supplied by the Burn group.

4.2 Polymer Materials

Two of the most common materials studied over the last decade or so

are MDMO-PPV and MEH-PPV. They have been extensively studied in

device applications, including LEDs [12], PVs [8] and lasers [13]. They

have been widely studied and characterised, which makes them good

choices for device materials. The current literature reports device per-

formance in excess of 2.5% for MEH-PPV and MDMO-PPV blends with

PCBM [8, 11, 14, 15]. The absorption, absorbance and PL spectra of

MEH-PPV are shown in figure 4.1. In this chapter, there are several

conjugated polymer materials that have been investigated. Each of the

these polymers is based upon poly[phenylene-vinylene] (PPV). The fo-

cus in this work is centred upon material characterisation to determine

which molecular attributes affect such properties as luminescence effi-

ciency, absorption coefficients and exciton quenching properties.

One of the more significant problems facing conjugated polymers at pre-

sent is their charge separating and transporting abilities. Within conju-
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Figure 4.1: Absorbance (A, black line), Absorption (1−10−A, red line) and
PL spectra (open circles) of MEH-PPV.

gated polymers, excitons are strongly bound (typically the exciton bind-

ing energy lies between 0.3 and 1 eV [16–18]) which results in neutral

excitations. This means that charge separation from bound states is less

effective, which in turn results in lower device efficiency. Currently, one

solution to this problem is the use of blends in the active layer of a device.

The mixing of a hole transporter (polymer) with an electron transporter

(fullerene) increases the probability for excitons to separate and charge

to be transported. The difference in HOMO and LUMO of the two ma-

terials allows charges to be separated and move relatively freely to the

relevant electrodes. This process has been investigated here in terms of

charge separation by introducing a dipole across the polymer backbone

which is intended to enhance charge separation from the excited state.
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The conjugated polymer in a solar cell device is seen as the ‘workhorse’

as it is the material primarily responsible for light absorption (although

within a blend the electron transporter will also absorb light, but the

majority of this light is ultraviolet, which is scarce in the solar spectrum).

There are, therefore, a number of material requirements. Firstly, light

needs to be absorbed. This is obviously fundamental to a solar cell. This

means that the absorbance of the (polymer) material in question needs

to be high (A >0.3) in the green/red (500-800 nm) area of the optical

spectrum (and, indeed if possible, far into the infra red) since this is

where a significant proportion of the light from the sun is situated.

Currently there are polymers that absorb blue/green or blue-green/green-

red light but not both (MEH-PPV and P3HT respectively). However,

the bandgap of these materials is still too large (>2.2 eV). Ideally, the

bandgap of such a material should be ∼ 1.8 eV [10, 14, 15, 19] as this is

a good compromise between suitable absorption and the minimisation of

internal loss through phonons and other non-radiative processes. Sev-

eral low bandgap materials have been synthesised for this purpose such

as the polymers poly[N-dodecyl-2,5-bis(2’-thienyl)pyrrole-(2,1,3-benzothi-

adiazole)] (PTPTB) [9, 19, 20], poly[5,6-dithiooctylisothianaphtene] (PD-

OST) [21] and poly[2,7-(9-(2’-ethylhexyl)-9-hexyl-fluorene)-alt-5,5-(4’,7’-

di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PFDTBT) [7, 14]. However, these

materials have not yet produced devices with high (>3%) efficiency. A

further complication of these low bandgap polymers is their difficulty to

synthesise. They are not only time consuming to synthesise, but also the

resulting devices require considerable care in order to maintain the VOC

and efficiency [14,20].
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Light absorption can also be enhanced by increasing the absorption co-

efficient of a material. This could be achieved by increasing molecular

packing within the film by removing solublising side groups from a mo-

lecule. Side groups take up a relatively large amount of space within a

film and this space could be put to better use by increasing the density

of conjugated material. This idea has been manifested in the synthesis

of the polymer poly[2,5-dimethoxy-1,4-phenylene-vinylene] (Dimethoxy-

PPV, DM-PPV) [22]. The loss of side groups provides the opportunity

for tighter molecular packing, affording the possibility for higher light

absorption due to more absorption sites within the film. Section 4.2.1

presents results for this material.

Charge separation (and its subsequent transport) within a conjugated

polymer film is essential to the operation of a PV device. This can be per-

formed in two ways. The first is to use an electron accepting/transporting

material (such as C60). This approach have been used by Sariciftci et al.

and Yoshino et al. [15,23,24]. The alternate approach to this the method

taken in this thesis, is to attempt to increase charge separation on the

polymer molecule itself by introducing a strong dipole across the con-

jugated backbone. Once charge has been separated due to this dipole,

the hopping and/or diffusion of charges can then occur. Additionally, as

charges are separated on the molecule as opposed to separated by the po-

tential difference between the two transporting species within a blend,

the possibility of a single species performing as an active layer presents

itself. These possibilities are investigated in section 4.2.2 where two new

polymers are introduced specifically designed for these purposes.
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4.2.1 Dimethoxy-PPV

In order to increase device efficiency, one of the most obvious improve-

ments that can be made to a material is its ability to absorb more light.

This can be done in a number of ways, including changing its light ab-

sorbing centres (from, for example, phenyl to thiophene rings) or the

doping of the material with elements such as Iodine to change the shape

of the absorbtion spectrum. Additionally, one could simply increase the

molecular density of the material in an attempt to absorb more light.

The latter case has been chosen here because it is straightforward to

(a) Precursor form of DM-PPV. (b) Conjugated form of
DM-PPV.

Figure 4.2: Molecular structures of DM-PPV. The material is insoluble in
conjugated form so it needs to be converted from precursor
form.

alter a conjugated polymer by removing its side groups. This is the sit-

uation for poly[2,5-dimethoxy-1,4-phenylene-vinylene] (Dimethoxy-PPV,

DM-PPV). This is another PPV derivative, very similar to MEH-PPV and

MDMO-PPV, but lacking the solublising groups. The molecular struc-

ture of DM-PPV is shown in figure 4.2. Since the molecule has no solub-

lising groups, it is synthesised and supplied in precursor form (Xanthate

precursor) and is prepared as described in chapter 3. Once prepared,

it is similar in appearance in thin film to MEH-PPV and MDMO-PPV.
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Films are generally of good quality, with little aggregation visible.

DM-PPV has been briefly studied previously in terms of synthesis and

conversion routes [25] and the optical properties of a converted film [26].

The work performed here was to test for tighter molecular packing, in-

creasing the suitability for PV applications. Photophysical character-

isation was also performed since films have been prepared differently

to those reported previously. The polymer used in this work was pre-

pared using the xanthate precursor route, whereas the material studied

by Halliday et al. [25] utilised a number of leaving groups, involving dif-

ferent conversion processes (heat or acid + heat). This in turn produced

a range of bandgaps. Figure 4.3 shows the absorption and PL spectra

Figure 4.3: Absorbance (A, black line), Absorption (1−10−A, red line) and
PL spectra (open circles) of DM-PPV.
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for DM-PPV. The absorption spectrum is very similar to that of MEH-

PPV, as desired. The PL spectra is also very similar to MEH-PPV. This

indicates that the solublising side groups are not responsible for light

absorption or emission. In order to test whether DM-PPV absorbs more

light per unit film thickness than MEH-PPV, the absorption coefficient

is needed. This was calculated by measuring the film thickness with a

Dektak profilometer and using the absorbance spectrum. Equation 4.1

shows the relationship between light intensity and absorbance.

I = I0e
−αd (4.1)

using

A = − log(T ) (4.2)

gives

− log

(
I

I0

)
=

αd

ln 10
(4.3)

so

α =
A ln 10

d
=

A

d log(e)
(4.4)

where A is the film absorbance, d is the film thickness, I is the intensity

at d, I0 is the incident light intensity and α is the absorption coefficient.

Using 4.4, the calculated absorption coefficient for DM-PPV is α = 2.14×

105 cm−1 at absorption maximum (472 nm). For MEH-PPV, the measured

absorption coefficient at absorption maximum (497 nm) is α = 2.04 ×

105 cm−1 and α = 1.83×105 cm−1 at 472 nm. There is a clear difference at

at 472 nm, in favour of DM-PPV. There is a 17% increase in absorbance

purely by removing the side groups from the MEH-PPV molecule. This

could translate into a significant device performance increase if DM-PPV
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were to be used in a device. However, comparing the peaks, there is

a blue-shift of the spectrum. This is undesirable for PV applications

since redder absorbing materials are favoured. This could imply that the

removal of side groups has in fact blue-shifted the absorption. This is a

surprising result since the inclusion of (asymmetric) side chains tends

to produce curled or twisted chains, which can blue-shift absorption [27,

28]. Having no or symmetric substitution would lead to much straighter,

more conjugated chains which would imply redder absorption.

In addition to this, comparing the entire absorption spectrum of DM-

PPV to that of MEH-PPV, there is little difference between the two. In-

tegrating across the spectra of each material and normalising each film

to the same thickness (30 nm) reveals that there is an almost identical

(<< 1% difference) match between absorbed light across the spectrum.

This implies that there is little or no difference in the absorption of the

film as a whole, even if certain parts have been improved. The UV peak

will be contributing to this which perhaps skews the result slightly. How-

ever, overall there is no improvement. If one ignores the effect of this

UV peak then there is an increase in absorption in the visible part of the

spectrum, as desired. This accounts for the 17% improvement.

The PLQY of DM-PPV was also measured in order to compare it to MEH-

PPV. The PLQY was measured to be ∼ 5%. This is considerably lower

than MEH-PPV (∼ 13%). A possible reason for this is the tighter mole-

cular packing. This would encourage chromophore-chromophore inter-

actions, providing a quenching route for excitons generated in the film,

reducing the PL efficiency.
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An estimate for the increased packing can be made quite simply. The

physical size of the polymer backbone is approximately 2 Å [28]. The

benzene ring can be seen as the widest point on the backbone, making

it 2 Å across. The side chain is approximately twice this size, being six

carbon atoms in length, rather than the three forming the width of the

benzene ring. Therefore the length of the side chain is approximately

5-6 Å. This is most likely a slight overestimate since the atoms will be in

close contact with each other in a single bond. However, this removal of

the side chain will significantly decrease the physical width of a molecule

by up to 0.5 nm, approximately a 66% reduction of the total polymer

width. This means that we could expect an increase of up to 66% in the

absorption coefficient. Since the result gained is 13%, it is not beyond

this (somewhat crude) estimate and therefore not unbelievable.

The presented results can also indicate a poor quality film or one with

low conjugation. Upon inspection of the absorption spectrum of DM-

PPV, it is noticed that the UV peak (200 nm) is noticeably taller than

the ‘optical’ peak (472 nm). This is a feature of the precursor conver-

sion process. Precursor polymers have no conjugation and are therefore

UV (or very blue) absorbing. During conversion the absorption spec-

trum of precursors becomes much redder (i.e. the ‘optical’ peak becomes

more significant) and simultaneously, the UV peak shrinks as there is

more conjugation created [29]. The spectrum of DM-PPV here implies

that there has been an incomplete (or poor) conversion process. This

conclusion is supported by a blueshift compared to MEH-PPV and the

relatively poor PLQY. This could mean that the conversion time was not

long enough. Conversion conditions are determined by the material sup-
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pliers. Further investigation of this material and conversion conditions

may yield better results.

4.2.2 DPFEH-PPV and NDPFEH-PPV

One of the most significant processes in the operation of a PV device is

that of charge separation. There are currently two dominant ways of

achieving this; either at an interface with a layer of organic or inorganic

semiconductor [30] or with dispersed molecules with a different ionisa-

tion potential within a blend [31]. The disadvantage of the former ap-

proach is that excitons need to diffuse a long way (> 30 nm) through the

organic layer to reach the interface. This is unlikely, since most organic

semiconductors have diffusion lengths of approximately 10 nm (see ch-

apter 6). The latter approach is more common for PVs, and has produced

high efficiencies [4, 11, 15], but includes materials that are expensive to

produce (PCBM).

There is an alternative to these methods. Instead of using two materials,

it is possible to synthesise polymers to absorb light and separate charge

on the same molecule. This is the approach taken here. PPV derivatives

have been synthesised to test whether light can be absorbed and charges

can be effectively separated on the same molecule, without the need for a

dopant. Figure 4.4 shows the molecular structures of these novel mate-

rials. By introducing a strong dipole across the molecule, it is possible to

induce charge separation. This was achieved by introducing a fluorene
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(a) DPFEH-PPV. (b) NDPFEH-PPV.

Figure 4.4: Molecular structures of DPFEH-PPV and NDPFEH-PPV. Ma-
terials differ only by the nitro group on the base of the fluorene
group.

group with a nitro (NO2) group at the base. To test whether the presence

of this group leads to enhanced charge separation, the same polymer

was synthesised without this nitro group. The polymers are both based

upon PPV and their IUPAC names are poly[2-(9,9’-dipropyl-fluorene)-

5-(2’-ethyl-hexyloxy)-1,4-phenylene-vinylene] (DPFEH-PPV) and poly[2-

(3-nitro-9,9’-dipropyl-fluorene)-5-(2’-ethyl-hexyloxy)-1,4-phenylene-viny-

lene] (NDPFEH-PPV).

In order to test whether charge separation was occurring, several mea-

surements were performed. These include absorption and PL spectra,

PLQY, TRL spectroscopy and determination of the absorption coefficient

for each material. This gives a complete photophysical view of the ma-

terials. Absorbance, absorption and PL spectra for both polymers are

shown in figure 4.5 and TRL results are shown in figure 4.6. Photo-
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(a) DPFEH-PPV.

(b) NDPFEH-PPV.

Figure 4.5: Absorbance (A, black line), absorption (1− 10−A, red line) and
PL (open circles) of DPFEH-PPV and NDPFEH-PPV.
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physical results are summarised in table 4.1. Upon examining these

Figure 4.6: TRL decays of DPFEH-PPV (black circles) and NDPFEH-PPV
(red circles). There is a clear difference between the two.

Polymer PLQY Abs. Peak τ (ps) α (×105 cm−1)
DPFEH-PPV 8% 460 nm 140 1.66

NDPFEH-PPV ∼ 1% 449 nm 36 1.56

Table 4.1: A summary of the results for photophysical characterisation of
the polymers DPFEH-PPV and NDPFEH-PPV.

results, there are a number of observations. Firstly, the absorption spec-

tra are noticeably different. There is a similar peak around 450 nm in

both cases, this is produced by the PPV backbone. There is a signifi-

cant contribution from the NO2 group around 350 nm. It is assumed to

quench the contribution from the fluorene group as the peak at 300 nm

in DPFEH-PPV is no longer present in the polar molecule. The PL spec-

98



CHAPTER 4. PHOTOPHYSICAL AND ELECTRICAL STUDIES OF
POLYMERS

tra are also slightly different. Initial PL measurements of DPFEH-PPV

proved to be poor and were later re-performed in (separate) later work

by Aaron Barkhouse [32]. The shape of the spectrum has a significant

shoulder at around 550 nm. In the case of NDPFEH-PPH, the PL spec-

trum is similar to MEH-PPV.

The quenching process could be due to an intramolecular charge transfer

process, as can be seen from the reduction in PL lifetime and PLQY.

This is supported by light-induced electron spin resonance (LESR) work

performed by Elizabeth Thomsen [33] which shows charge separation

occurring across the NDPFEH-PPV molecule.

Devices from these polymers were also fabricated to test their charge

separating ability, and to test their suitability as PV materials. IV curves

are shown in figure 4.7. Reasonably high values for VOC were observed

for neat polymer films, while this decreased when PCBM was added.

Since these were neat films, the expected VOC would be the difference be-

tween the work functions of the two metal contacts (approximately 2 V)

which is seen. Device characteristics are shown in the graph insets. De-

vices consisted of a standard configuration (ITO/PEDOT/Active/Ca/Al)

(see chapter 3) with an active layer of approximately 100 nm.

From this presented data there are a number of conclusions that can

be made. Primarily, the polymer with a nitro group added successfuly

separates charge on the molecule as desired. This is supported by the

lower PLQY, faster PL decay and improved device performance in neat

film. This indicates that the desired effect is occurring. However, when
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(a) IV curves for neat polymer films.

(b) IV curves for polymer-PCBM blends.

Figure 4.7: IV curves for devices fabricated from DPFEH-PPV (black) and
NDPFEH-PPV (red).
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placed into a blend, the non-polar molecule, DPFEH-PPV, is superior by

a factor of two. This could possibly indicate that the nitro group is too

strong an electron acceptor as it inhibits the transfer of an electron to

the PCBM once the exciton has been separated, effectively acting as an

electron trap. Charge transfer can occur directly to PCBM from DPFEH-

PPV as there is no (or a very small) dipole across the molecule. This

is reflected in a (relatively) high device efficiency. This is not the case

for the polar molecule, NDPFEH-PPV. Once charge is separated, it is

possibly being hindered by the highly electronegative nitro group so the

electron cannot easily hop to the PCBM molecule. Since the nitro group

is acting as an electron trap due to its high electron affinity, it will reduce

efficiency within the device. Further investigation into this effect will be

performed by reducing the electron affinity of the added group, but is

beyond the scope of this thesis.

4.3 Summary

This chapter has presented results for preliminary characterisation for

a number of novel polymers as potential materials for PV devices. It has

introduced possible improvements that can be made to molecules by al-

tering different aspects of their structure and tested these modifications

with some success. The removal of solublising side groups from a mo-

lecule of MEH-PPV possibly results in tighter molecular packing which

in turn leads to a higher absorption coefficient. This is beneficial for PV

devices where a significant amount of light needs to be absorbed. The
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scope for molecular design to give photoinduced charge separation has

also been investigated. This is to enable charge separation on a single

molecule without the need for adding an electron acceptor. The mod-

ifications in this case were successful, but the possibility of the effect

being too strong has been suggested due to the electron trapping nature

of the nitro group used. In both cases, the molecular manipulation of

PPV derivatives has successfully resulted in improvement of material

performance.
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Chapter 5
Photophysical and Electrical

Studies of Dendrimers

5.1 Introduction

Over the last 25 years, the evolution of organic materials as semicon-

ductors has produced a wide range of molecular structures. These range

from high molecular weight (Mw > 105) polymers such as OC1C10-PPV [1]

down to small molecules such as Ir(ppy)3 [2, 3]. Each of these materi-

als has unique properties which can be applied to specific requirements.

For example, polymers are solution processable which makes fabrication

much easier. Since this high degree of flexibility exists due to molecu-

lar manipulation, (see section 2.7) it is possible to create a molecule to

perform a certain task. By progressively changing aspects of a material
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and characterising these changes, it is possible to create a material that

is highly efficient and very well suited to its purpose. These incremental

changes not only allow further understanding of organic semiconductor

behaviour, but using this knowledge can allow us to improve upon ex-

isting materials, or even create completely new classes. This methodical

approach to material synthesis has been successfully performed recently

by Halim, Samuel and Burn and resulted in the creation of the conju-

gated dendrimer [4]. The structure and design of conjugated dendrimers

is described in section 2.7.2. The dendrimer molecule consists of three

main parts: the core, dendrons and surface groups, to control light emis-

sion or absorption, spacing and processability respectively.

The synthesis of conjugated dendrimers has presented the possibility

of colour tunability for both absorption and emission whilst still retain-

ing simple processability. This extremely useful attribute has enabled

simple fabrication of high efficiency LEDs [5] producing blue, green and

red emission simply by changing the core (chromophore) of the material.

Further tuning can be achieved by using conjugated dendrons. The con-

jugation can either be kept between the dendrons and the core (redshift-

ing the emission and absorption) or broken, which will raise the energy

of the molecule, blueshifting the absorption and emission (electron de-

localisation occurs in the case of IrG1 whilst keeping conjugation. This

has a similar effect to breaking conjugation, see section 5.2.2). Ideally in

the case of solar cells, it is desirable to have a red absorbing material due

to the abundance of red photons in the solar spectrum. Until now, how-

ever, the majority of conjugated dendrimer materials have been green or

red emitting in order to work towards RGB emission for LEDs. This lim-
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its the absorption to shorter wavelengths such as green, blue or, in the

case of blue emitters, UV. Certainly absorbing blue and UV light is not

useful for PV devices as there are very few photons of this energy in the

solar spectrum. There is, therefore, a need to synthesise red absorbing

dendrimers.

A further advantage to using dendrimer materials is the lowered risk

of phase separation when using a blend. Blends of dendrimers could be

used to cover the whole spectrum (materials permitting) in order to cre-

ate a device that would harvest as much light as possible. Until now

only blue or green absorbing dendrimer materials existed which is lim-

iting, but as demonstrated in section 5.2.5, work has been performed to

synthesise and test ‘redder’ materials in the form of cyanine dye deriva-

tives. The combination of red, blue and green absorbing materials with-

out phase separation would be a great advantage to light absorption,

ultimately leading to more efficient devices.

The work presented in this chapter investigates several conjugated den-

drimers (primarily dendrimers used in previously published work on

LED devices) both as neat films and as blends with PCBM. Since den-

drimers have been shown to be efficient materials for LEDs, they were

investigated as potential materials for PV applications. Materials used

range from porphyrin dendrimers to the much newer (and more efficient)

iridium cored dendrimers, and further onto the newest dendrimer ma-

terials; those based upon cyanine dyes which have been specifically de-

signed for solar cell purposes.
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5.2 Dendrimer Materials

Due to the flexibility of the intrinsic molecular design, there are many

possible dendrimer materials that could be synthesised. In simple terms,

it is merely a case of ‘swapping’ cores in order to change the absorption

(or emission) properties since this is the chromophore. By keeping the

dendrons and surface groups constant, this (ideally) keeps the charge

transport and molecular interactions consistent, whilst also maintain-

ing solubility properties. This way, the effect of the core can be observed

(almost) independently through each molecular variant, providing an op-

portunity to compare cores directly. The following results present work

performed upon 1st generation (G1) dendrimers in order to directly com-

pare the properties of the cores. Materials range from porphyrins to

metallic cored complexes and onto novel dye variants. Devices were fab-

ricated and tested as described in chapter 3 using neat film and also

blended with PCBM in a 1:2 ratio (dendrimer to PCBM) unless other-

wise stated.

5.2.1 Porphyrins

Porphyrin materials have existed for millions of years in the Haem cycle

of animals and in the form of chlorophyll in plants, the organic material

responsible for photosynthesis. The molecular structure of chlorophyll is

shown in figure 5.1. The fundamental part of the molecule is essentially

a porphyrin ring, with a magnesium atom in the centre. This is very
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similar to Haemoglobin; the main difference in this case being the iron

core, rather than magnesium. Since this porphyrin ring is so effective

Figure 5.1: Molecular structure of chlorophyll. There are two types, a and
b. The differences are in the side group, R.

at providing plants with energy in nature, it is certainly worthwhile to

investigate it for power generation purposes. To this end, a porphyrin

cored dendrimer was synthesised to test its effectiveness. The molecular

structure of this material is shown in figure 5.2(a). This porphyrin had

no metal core initially. Later it was modified into the structure shown in

figure 5.2(b) by adding a zinc atom, the reason for which will be discussed

below.

Initially, the porphyrin dendrimer was designed as a red emitter [6–9],

so its absorption spectrum was mainly ‘blue’ (300-500 nm) [7]. This pro-

vided a good starting point for investigation because the absorption of

the molecule would be in the optical region which is desirable for PV ma-

terials. The measured absorption spectrum for the free base porphyrin is

shown in figure 5.3. Film thicknesses were approximately 60 nm. There

is a significant, narrow absorption peak at ∼ 430 nm. This spectrum

is similar to that found in the work by Frampton et al. and Pillow et

al. [9, 10]. Results from testing the devices under A.M. 1.5 simula-
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(a) Free base porphyrin den-
drimer.

(b) Zinc porphyrin dendrimer.

Figure 5.2: Molecular structures of the porphyrin dendrimers used in this
work.

tion show poor performance as solar cells, both as neat film and doped

with PCBM. Typical IV curves are shown in figure 5.4. Efficiencies were

approximately η = 1 × 10−4 %. This is certainly not useful for any ap-

plications. As one can see, there is only a modest improvement in the

performance to η = 1.5 × 10−4 % by adding PCBM (in contrast to the ef-

fect of PCBM on polymer materials). This was possibly due to a slight

mismatch in HOMO and LUMO levels within the device, causing elec-

trons and/or holes to become trapped on one of the species within in

the device. The approximate HOMO and LUMO levels of the device are

HOMO ∼ 5.4 eV and LUMO ∼ 3.7 eV [11]. Poor performance is ex-

pected in neat films as discussed in chapter 2 but the lack of significant

improvement by doping was surprising. The low efficiencies are most

likely due to at least two contributing factors. Firstly, the material does

not absorb a significant amount (∼ 0.5% absorbed) of solar light which

will reduce the efficiency. Secondly, if excitons are formed, it is unlikely

that electrons will be transported to the electron acceptor (PCBM) due
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Figure 5.3: Absorbance (A, solid line) and absorption (1 − 10−A, open cir-
cles) of the free base porphyrin dendrimer. Neat film is shown
in black and blends with PCBM are shown in red.

to the LUMO levels being similar, see figure 5.5. Since no difference in

LUMO levels exists between the two species, there is little inclination

for electrons to move from porphyrin dendrimer to PCBM. This substan-

tially inhibits the transport within a device, which is observed directly

by an almost zero change in efficiency. For these reasons, the porphyrin

was then doped with zinc in order to change the LUMO and possibly

obtain higher efficiencies.

The absorption spectrum for the zinc porphyrin is shown in figure 5.6.

One can see from the spectrum that there is little difference between the

neat films of the two materials. The addition of zinc to the core has red-
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Figure 5.4: IV curve for free base porphyrin devices. Neat film (black line)
and blend with PCBM (red line) were both tested.

Figure 5.5: HOMO-LUMO schematic for free base porphyrin device. En-
ergies are shown in eV relative to vacuum level [1,11].
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shifted the feature at 525 nm to 560 nm and has slightly enhanced the

peak at 300 nm. This suggests that the LUMO has in fact been lowered

to allow lower energy absorption. The addition of PCBM significantly in-

creases the absorbing power of both films and red-shifts the 425 nm peak

by approximately 20 nm. IV results show a reduced performance for

Figure 5.6: Absorption spectra for both porphyrin dendrimers. Zinc core
is shown as solid lines and free base is shown as open cir-
cles. Neat films are shown in black and blends with PCBM
are shown in red.

the zinc porphyrin, by almost a factor of approximately 10 times smaller

than the free base porphyrin producing efficiencies of η = 1 × 10−5 %.

A similar decrease in performance in the blend was observed. However,

PCBM did improve the device performance compared to neat film, but

only by a factor of 3, similar to the free base porphyrin case. This poor

performance could be explained by the redshifted spectrum. The low-
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Figure 5.7: IV curve for zinc porphyrin devices. Neat film (black line) and
blend with PCBM (red line) were both tested.

ering of the LUMO of the dendrimer would decrease the likelihood of

charge transport from dendrimer to PCBM. The dendrimer would act as

a charge trapping site, disallowing electrons or holes to move to the ac-

ceptor. This would reduce both charge separation and charge transport

(The energy levels of the Zn porphyrin are currently unknown). These

effects, coupled with poor light absorption, show that using porphyrins

as PV materials is unfortunately an ineffective exercise in this case.
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5.2.2 Ir(ppy)3

The development of conjugated dendrimers over recent years has pro-

duced a great variety of materials for light emitting purposes. The most

promising of which has been a dendrimer based upon the Ir(ppy)3 mole-

cule [2, 3]. This produced the IrG1 (Iridium cored, 1st generation) den-

drimer. The molecular structure of the IrG1 material is shown in fig-

ure 5.8. Light emission is produced through phosphorescence, rather

Figure 5.8: Molecular structure of IrG1.

than fluorescence. This increases the maximum possible internal effi-

ciency from approximately 25% (singlets only) to almost 100% by emit-

ting from triplet excitons as well. LED devices have been fabricated with

external quantum efficiencies of up to 16% using this dendrimer mater-

ial [12–14]. The dendrimer was chosen for solar cell devices due to the

long PL lifetime of phosphorescent materials. This holds the potential

for highly efficient charge extraction as the excitons exist for a compara-

tively longer time, providing more opportunity for charge separation. As

with other dendrimers in this thesis, the blends were made 1:2 in favour
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Figure 5.9: Absorbance (A, solid line) and absorption (1 − 10−A, open cir-
cles) of the IrG1 dendrimer. Neat film is shown in black and
blends with PCBM are shown in red.

of PCBM. Film thicknesses in this case were approximately 60 nm for

neat film and 220 nm for the blend. The absorption spectrum of the IrG1

is shown in figure 5.9. The majority of the absorption of the (neat) mole-

cule lies in the UV, but there is a small part that overlaps with the solar

spectrum. The addition of PCBM increases the absorption significantly,

although most of this still lies within the UV domain.

IV curves for typical devices are shown in figure 5.10. Neat film devices

fabricated showed no performance as photocurrents and open circuit

voltages were almost zero. The addition of PCBM significantly improved

the performance. Fill factor was measured to be 0.3 with VOC = 0.85 V
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(a) Neat film IrG1 devices.

(b) IrG1 and PCBM blend devices.

Figure 5.10: IV curves for neat film (a) and blend (b) devices from IrG1.
Curves show a number of devices from the same fabrication
batch. Variations probably arise from differing pixel sizes.
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and JSC = 0.43 mA/cm2. Device efficiency was calculated to be 0.11% for

blend devices.

On comparison of the absorbance (or absorption) spectrum and the per-

formance curves for the IrG1 blends, it is noticed that there is a (rel-

atively) high performance gained from a small amount of absorbed so-

lar light due to a blue absorption spectrum. This raises the possibility

of high internal efficiency of the IrG1/PCBM blend system. Comparing

this result to a typical literature OC1C10-PPV blend device (efficiencies

typically greater than 2% [1]) and taking into account the absorption of

a film of the polymer material, it is observed that there is a significantly

higher proportion of solar light being absorbed in the polymer blend de-

vice due to the redder absorption spectrum. This leads to the possibility

of high internal efficiency within the dendrimer devices used here.

Testing the internal efficiency of the devices required measuring the In-

cident Photon to Conducted Electron (IPCE) efficiencies. This procedure

is described in chapter 3. This provides an analogue to the LED exter-

nal quantum efficiency of the devices. The internal efficiency (Absorbed

Photon to Conducted Electron, APCE) requires the optical constants of

each layer of the device to be taken into account. The optical constants

were measured using ellipsometry by Chris Yates. A model was then

constructed to calculate the contribution of the active layer. The model

is based upon a matrix method devised by J.S.C. Prentice and assumes

incoherent interference [15]. Each layer requires its optical constants

(extinction coefficient, k, and refractive index, n) to be known. This can

then be used to calculate the reflection, transmission and absorption for
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Figure 5.11: Contour plot showing the absorbing areas of an IrG1 blend
device. There are obvious areas of high absorption, such as
in the blend layer and in the ITO layer. The cell is split into
layers (from left to right) Glass, ITO, PEDOT, Blend and the
Al cathode.

each layer or interface. This is performed quite simply within the matrix

model, with each matrix representing either an interface or an absorbing

layer. All matrices are then multiplied together to give a profile for each

wavelength. The resulting output produces a 3D surface. This is shown

in figure 5.11 as a contour plot. One can see that the most significant

amount of the absorption is performed by the blend layer within its first

100 nm. This indicates that the device can (or should) be made much

thinner. There are also significant contributions from the other layers

across the entire spectrum. ITO is highly absorbing in the optical which

will detriment the cells performance. One can also see absorption in the
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Figure 5.12: Absorption profiles for the IrG1 blend device layers. The lay-
ers correspond to ITO (blue), PEDOT (black) and the active
blend (red). The curve shows absorption of light incident on
each individual layer, rather than the incident light on the
whole cell. Reflections are not shown.

aluminium and PEDOT layers, although to a lesser extent. Integrat-

ing each of these layers then provides the absorption profile (1 − T − R)

for each layer. These are shown in figure 5.12. By using equation 2.4,

the blend absorption profile was then combined with the IPCE results to

calculate the APCE. IPCE and APCE results are shown in figure 5.13.

On inspection one can see that the IPCE is high (peaks at 40%) but this

does not take into account reflection loss and light that is not absorbed.

The APCE is much higher, as expected, calculated to be in excess of 90%.

This result clearly shows that this blend of IrG1 and PCBM is highly

efficient, both internally and externally, yielding a (moderately) high ef-
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Figure 5.13: IPCE (black line) and APCE (red line) curves for a typical
IrG1 blend device clearly show that the devices are highly
efficient at converting solar light into conducted charge.

ficiency device that absorbs relatively little light.

The results show dendrimers may be interesting materials for solar cells

as well as for LEDs. It has been demonstrated that the IrG1 dendrimer

is highly efficient and further work on dendrimer solar cells would be

certainly worth pursuing. The only disadvantage at this time is that the

IrG1 molecule itself does not absorb a significant proportion of the solar

spectrum. If such a molecule could be synthesised, combining high effi-

ciency with broad absorption, it is conceivable that organic thin film PV

devices could be fabricated to yield power conversion efficiencies compet-

itive with other thin film devices with relative ease.
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5.2.3 Ir(ppy)3 Carbazole

Due to the success of the IrG1 molecule in LED devices, a further varia-

tion of the Ir(ppy)3 molecule was tested to investigate whether the irid-

ium core is responsible for the observed high internal quantum efficiency.

Dendrimers in LED devices are usually put into a host material such as

Figure 5.14: Molecular structure of the IrCz.

4,4‘-bis(N-carbazolyl) biphenyl (CBP) or polyvinyl carbazole (PVK). This

is analogous to blending a polymer such as OC1C10-PPVwith PCBM in

solar cells, where the PCBM effectively acts as a ‘host’ as it is more abun-

dant in the mixture. The improvement applied to the successor molecule

was the incorporation of the CBP or PVK host active group, the carbazole

group, into the dendrimer structure. This would improve hole transport

within the molecule, ultimately leading to much more effective charge

extraction, especially when combined with PCBM. The molecular struc-

ture of the Iridium Carbazole dendrimer (IrCz) is shown in figure 5.14.

As one can see in the structure, the carbazole group is incorporated into

the dendrons instead of the standard biphenyl structure in IrG1.
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The absorption spectrum of IrCz is shown in figure 5.15. The spectrum

is similar to that of IrG1 due to the Ir(ppy)3 core. Devices fabricated

Figure 5.15: Absorbance (A, solid line) and absorption (1 − 10−A, open
circles) of the IrCz dendrimer. Neat film is shown in black
and blends with PCBM are shown in red.

from IrCz had similar properties to IrG1 devices, although they were

slightly less efficient overall. Neat film devices showed efficiencies of

∼ 3× 10−5% which is very low. Blending with PCBM increased efficiency

significantly, by almost three orders of magnitude to 0.02%. However,

these devices were still preliminary and little or no optimisation had

been performed. IV curves are shown in figure 5.16. Due to the IrCz

blend devices being (relatively) successful, they were tested for IPCE

efficiency, similar to IrG1 devices. The IPCE results are displayed in
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(a) Neat film IrCz device.

(b) IrCz and PCBM blend devices.

Figure 5.16: Typical IV curves for neat film (a) and blend (b) devices from
IrCz. The graphs have been produced separately due to the
difference in magnitudes. There is a significant improve-
ment when PCBM is added.
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Figure 5.17: IPCE of IrCz blended with PCBM.

figure 5.17. In contrast to the IrG1 devices, the IrCz blends appear to

be an order of magnitude less efficient. The IPCE results (maximum of

2.5%) seem to be comparatively lower than with IrG1 devices. However,

these devices are preliminary at present. It is not unrealistic to expect

an improvement for both measurements with device optimisation. The

conversion efficiency is an order of magnitude lower (due to further opti-

misation needed) and the corresponding IPCE is an order of magnitude

lower. Given a comparatively similar performance to the IrG1 blend, it is

perhaps also conceivable that the IrCz blend is at least as internally ef-

ficient as the IrG1 blend, but this would need to be checked with APCE.

Unfortunately, the optical constants for IrCz and blends thereof are cur-

rently unknown so a model could not be built to calculate the APCE. It
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is highly likely that further work on the IrCz material would yield very

promising results for devices.

5.2.4 Bisfluorene

A further example of a dendrimer applied to solar cell devices is the Bis-

fluorene dendrimer. Instead of a metal-ligand core structure, the Bis-

Figure 5.18: Molecular structure of the Bisfluorene dendrimer.

fluorene dendrimer has a pair of joined fluorene groups capped at each

end by stilbene dendrons. This dendrimer is primarily used for emission

of blue light in LED devices. The molecular structure of the Bisfluorene

dendrimer is shown in figure 5.18. The absorption spectra for neat film

and blend with PCBM are shown in figure 5.19. There is little absorption

in the optical regime for the bisfluorene dendrimer so achieving a high

efficiency was unlikely. Nevertheless, since the other dendrimers have

proven to be highly efficient at charge separation (yielding high internal

efficiencies) it was still worth investigating the material.
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Figure 5.19: Absorbance (A, solid line) and absorption (1 − 10−A, open
circles) of the Bisfluorene dendrimer. Neat film is shown in
black and blends with PCBM are shown in red.

IV curves for Bisfluorene devices are shown in figure 5.20. As one can

see from the curves, there is no PV activity seen in either neat film or

blend. This is most likely due to the poor light absorbing power of the

dendrimer. This result supports the need for redder absorbing materials

to take advantage of the solar spectrum. The absorbed photon energy

is high for the Bisfluorene material and it is ideally desired to harvest

the highest number of photons, rather than the highest energy photons.

Since one absorbed photon produces one exciton, it is much preferred to

absorb red and IR photons as they are comparatively more numerous in

the solar spectrum.
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Figure 5.20: Typical IV curves for neat film (black) and blend (red) devices
from Bisfluorene under solar simulation.

5.2.5 Cyanine Dyes

The results presented in the previous sections discuss materials that

are primarily used for light emission and have a blue or green absorp-

tion spectrum. This is undesirable for a high conversion efficiency solar

cell. The research towards synthesising redder absorbing materials has

progressed relatively well for polymer materials, yielding such polymers

as PTPTB [16–18], PDOST [19] and PFDTBT [20,21] (see chapter 4). All

of these polymers are designed to absorb lower energy photons because

they are more numerous in the solar spectrum. The same approach has
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(a) PCD03-10

(b) PCD03-18

(c) PCD03-19

Figure 5.21: Molecular structures of the Cyanine dye dendrimer materi-
als. The core is the same in all cases.

been taken with a brand new group of conjugated dendrimers. By chang-

ing the cores of the dendrimer structure, it has been possible to synthe-

sise materials that absorb red light rather than green or blue. Three

novel materials based upon cyanine dyes will be discussed in this sec-

tion. The results presented here are preliminary and no device opti-

misation has been performed in any way. Currently, no IUPAC names

have been created for these materials so they will be referred to by their

batch numbers, PCD03-10, PCD03-18 and PCD03-19. The molecular

structures for the new materials are shown in figure 5.21. They progress
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Figure 5.22: Cyanine dye neat film absorbance spectra.

from a simple core structure (PCD03-10) to a full dendrimer (PCD03-19).

Preliminary photophysical measurements have been performed for each

material. Absorbance spectra for neat films and blends are presented in

figures 5.22 and 5.23. From each of these spectra one can see that there

is the desired absorption peak in the red part of the spectrum as desired.

However, there are a number of issues with the spectra at present.

Firstly, it is obvious that there is a high amount of reflection and/or scat-

tering from the films during the measurement giving rise to the high

zero level at around 700 nm. Spectra were measured four times each

to verify that they were not bad readings. Unfortunately, Fresnel cor-

rections cannot be applied as the refractive index of the materials is
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Figure 5.23: Cyanine dye-PCBM blend absorbance spectra.

unknown. Any possible scattering is attributed to the relatively poor

quality of the films. The films looked slightly ‘foggy’ on inspection but

this could most likely be solved by changing solvent. For the cyanine dye

dendrimers the solvent was chlorobenzene to maintain consistency with

device work. Chlorobenzene was chosen as PCBM is most soluble in it

compared to other common solvents.

The second issue with the absorption spectra is the relatively low absorb-

ing power of the films. This is attributed to low film thickness (< 30 nm)

due to low molecular weight. Higher concentrations could not be readily

made due to low amounts (few mg) of supplied material. Nevertheless,

the spectra show absorption in the desired part of the spectrum which is
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promising for solar cells. PL spectra are shown in figures 5.24 to 5.26

Figure 5.24: PL of PCD03-10 neat films (black) and blend with PCBM
(red).

for neat films and blends. The PL spectra show desired attributes for

applications in PV devices. Comparing each of the materials one can see

that the emission is redder with increasing molecular weight (PCD03-

10 increasing to PCD03-19) which is expected due to longer conjugation

lengths. In addition, the inclusion of PCBM reduces the PL intensity as

expected as the photogenerated excitons will be quenched by the pres-

ence of the electron acceptor. This is seen in all cases.

Given the promising results for initial photophysics, the materials were

used to make devices. Device structure was as described previously.
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Figure 5.25: PL of PCD03-18 neat films (black) and blend with PCBM
(red).

Three combinations of active layer were tried, neat film without a PE-

DOT layer, neat film with a PEDOT layer and blend with a PEDOT layer.

The reason for using PEDOT is its stabilising properties. The presence

of PEDOT appears to make the devices more robust, less prone to short

circuits and also it appears to increase the open circuit voltage.

Neat film devices had limited performance (as expected and similar to

previous dendrimer results) both with and without PEDOT present, al-

though there was a noticeable improvement when PEDOT was used both

in short circuit current and open circuit voltage. It was decided that PE-

DOT would be used with the blends due to this improved performance
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Figure 5.26: PL of PCD03-19 neat films (black) and blend with PCBM
(red).

seen with PEDOT. The following figures show IV curves for devices un-

der illumination by solar simulation.

The addition of PCBM to the active layer significantly improved the per-

formance, although there was little change to VOC . This may be depen-

dent upon contact materials or simply a limiting factor of the materials

themselves. However, performance was increased by two orders of mag-

nitude, from a few×10−4% to around 0.01% (comparable with other den-

drimer devices). This provides a realistic opportunity for optimisation of

device structure and active layer blend concentration. This optimisation

however is beyond the scope of this thesis.

137



CHAPTER 5. PHOTOPHYSICAL AND ELECTRICAL STUDIES OF
DENDRIMERS

Figure 5.27: IV curves for PCD03-10 neat film devices.

Figure 5.28: IV curves for PCD03-10 neat film devices (PEDOT).
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Figure 5.29: IV curves for PCD03-10 blend devices.

Figure 5.30: IV curves for PCD03-18 neat film devices.
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Figure 5.31: IV curves for PCD03-18 neat film devices (PEDOT).

Figure 5.32: IV curves for PCD03-18 blend devices.
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Figure 5.33: IV curves for PCD03-19 neat film devices.

Figure 5.34: IV curves for PCD03-19 neat film devices (PEDOT).
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Figure 5.35: IV curves for PCD03-19 blend devices.

General observations for the device curves include the shape and reli-

ability of the curves. Overall performance improved with the addition

of PEDOT and the inclusion of PCBM in the active layers. In my ex-

perience of fabricating devices, I found a general trend of improvement

and stability in devices with the addition of PEDOT. Neat films without

PEDOT proved to be difficult to measure as they would quite often short

out during, or shortly after, testing. Neat films alone also generally pro-

duced a large number of failed devices due to short circuits, although

this is most likely linked to thin active layers. Spin coating thicker ac-

tive layers should improve the device yield. There is also concern over

the low value for VOC (∼ 0.2 V) for all devices, even those with PEDOT

and PCBM. This will most likely be improved by optimising both blend

ratio, film thickness and contact metal choices.
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The cyanine dye materials investigated here show promise as potential

materials for dendrimer solar cells. Even in these preliminary testing

stages, the devices show comparatively good performance. Device effi-

ciencies are still low, approximately 0.01% for blend devices, but this can

certainly be improved as discussed above.

5.3 Discussion

For the majority of the dendrimers studied here, there has been an over-

all degree of success in applying the range of materials to PV devices. It

has been especially successful since all of these materials (with the ex-

ception of the cyanine dyes) are primarily applied to light emitting roles,

rather than light absorption.

For the case of the iridium materials (those based upon Ir(ppy)3) it has

been shown that they are both highly efficient at charge separation and

transport, a property of the dendrimers that places them as an ideal

candidate for solar cell device materials. Currently, the only drawback

is that, despite their high internal efficiency, they are limited to the

amount of the solar spectrum that is absorbed. Since they are designed

to be green emitters, they absorb blue light, which is unsuitable in a PV

device. The addition of an electron transporting host is still needed for

the IrG1 molecule. This new carbazole molecule also produced high (ex-

ternal) efficiency and is a promising candidate for PV applications. It

is conceivable that with the correct choice of core, a molecule could be
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synthesised to absorb redder light, whilst keeping the high efficiency of

the Ir(ppy)3 dendrimer molecule.

The use of ellipsometry has provided a powerful tool in determining the

internal efficiencies of these devices, and also information regarding the

optimal device structure. Since the absorbing layers can now be mod-

elled accurately, we can determine how thick a film should be to absorb

as much light as possible whilst maintaining charge transport and exci-

ton diffusion properties. In addition, combining the modelling with IPCE

measurements provides an accurate estimate of the internal quantum

efficiency (APCE) for devices. Currently it has been performed only on

IrG1 but the technique could be used upon any material.

Since chlorophyll has been sucessfully providing plants with the means

to convert solar energy for millions of years, it would seem that it would

be worthwhile to incorporate the same or a similar structure of molecule

into a solar cell. This was performed by using a porphyrin ring core (as

opposed to Ir(ppy)3). Unfortunately, the results were poor, providing lit-

tle or no exciton charge separation which ultimately resulted in very low

device efficiencies. This was caused by the similar LUMO levels of the

active materials. The attempt to increase the LUMO by metallising the

core resulted in even worse performance by providing an electon/hole

trap resulting in recombination instead of charge separation. In addi-

tion, the absorption spectrum for the porphyrin dendrimer was not ideal,

despite a significant peak in the green.

The modification and further understanding of materials over the last
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few years has given rise to a methodology of synthesising materials for

needs. This methodology has been applied here providing a whole new

family of dendrimer materials which have been successful when used in

PV devices. The cyanine dye materials described above have (although

only in preliminary work) been successfully tested as solar cell materi-

als, both in neat film and blended with PCBM. The successful shift in

absorption spectrum, whilst keeping the dendrimer structure (core, den-

drons and surface groups) provides proof that the dendrimer concept is

indeed valid. The materials can be modified to suit a purpose simply by

changing the core without changing the processability.

5.4 Summary

This chapter has introduced a number of dendrimer materials and shown

that they are suitable for use as solar cell materials. Dendrimers have

been shown to be highly efficient (> 90%) at charge separation and sub-

sequent transport, verified by APCE measurements. Porphyrin materi-

als have been investigated but proved unsuccessful due to charge trap-

ping on the dendrimer. A new group of dendrimers has been introduced,

based upon cyanine dyes. They show potential to be excellent PV ma-

terials due to their suitable absorption spectra and (in dendrimer form)

could be highly internally efficient similar to the IrG1 dendrimer.
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Chapter 6
Exciton Transport in Organic Films

6.1 Introduction

The absorption of light in a photovoltaic device is essential to its opera-

tion. Absorbing light generates singlet excitons. Since thin film devices

(as described in chapters 3, 4 and 5) are excitonic in operation [1–3] it

is desirable to understand the behaviour of these excitons in order to

further optimise devices and materials. The transport (or diffusion) of

excitons within a solar cell device is important for efficient operation.

Once an exciton has been created, it is then (relatively) free to move

about the film provided it is energetically favourable for it to do so. This

can be done in a number of ways; including intrachain transport and in-

terchain hopping. This diffusion process will continue until the exciton

decays or gets trapped. The decay process can either be radiative, releas-
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ing a (lower energy) photon, or non-radiative producing phonons (heat).

For the case of solar cells, neither of these events is desired so it is im-

portant to harvest excitons before they decay. This is performed by the

separation of charges by overcoming the Coulombic binding energy of the

exciton, which is generally accepted to lie between 0.3 and 1 eV [4–6] for

conjugated polymer films, although lower values have been reported [7].

Because of this, charge separation generally occurs at an interface with

an acceptor, which can either be a layer of organic or inorganic semi-

conductor [8] or dispersed molecules with a different ionisation and/or

electron affinity [9].

For photovoltaic devices it is essential to convert excitons into charge

carriers, so the transport (by diffusion) of excitons to the heterojunction

is a very important step in the operation of an organic solar cell. Excitons

are able to move about within a film as long as energetically possible. For

the polymers studied in this work, this energy transfer is thought to be

Förster transfer. The progression of an exciton through a film is known

as diffusion, and the mean length of this motion is known as the exciton

diffusion length, defined as Ld.

This characteristic length has been investigated here using two differ-

ent approaches. By investigating diffusion to a quencher, it is possible to

determine the diffusion length by measuring the photoluminescence life-

time of a conjugated polymer film. As film thicknesses decrease, there

will be less distance for excitons to diffuse and a corresponding higher

probability that they will encounter the quenching layer. This will then

reduce the fluorescence lifetime of the material. Measuring the lifetime
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in a material can yield information about many of its properties such as

the diffusion coefficient, D, which in turn can be used to find the exciton

diffusion length, Ld.

There is an alternative way to measure exciton diffusion by studying

exciton-exciton annihilation (or exciton fusion). Exciton-exciton annihi-

lation occurs when two excitons in close proximity (within an annihila-

tion or reaction radius) combine, forming a higher excited state, which

relaxes quickly to the lowest excited state. As a result, one exciton is

lost into heat. This density is usually greater than ∼ 1017 cm−3 [10–13],

although this does vary between materials. Annihilation leads to a que-

nching of excitons, resulting in non-radiative decay and a reduction of

the density. This is obviously detrimental to the operation of a solar cell

where as many excitons as possible are required to be harvested.

This chapter will focus upon the calculation and determination of exci-

ton properties for two polymers using high resolution (5 ps) TRL spec-

troscopy. This approach has been successfully applied to diffusion length

measurements for the first time here, yielding very promising results.

I would like to thank Olivier Gaudin for ellipsometry measurements to

obtain the absorption coefficient for MEH-PPV.
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6.2 Exciton-Exciton Annihilation

Exciton-exciton annihilation is an important process in determining in-

teractions between excited states within materials [10–12,14–17]. It can

also yield information regarding temporary states within materials as a

result of excitation [18]. It has previously been used to determine the ex-

citon diffusion coefficient in light emitting conjugated dendrimers [19].

Understanding the charge transfer processes that occur in a device is

key to optimisation, especially in PV devices containing more than one

materal [20, 21]. It is generally interactions at interfaces, such as those

in devices, that cause a significant build up of charges and excitons.

The interaction between excitons during annihilation is similar to that of

Förster transfer. Dipoles oscillate, inducing an ocsillation in their neigh-

bouring molecules. The timescale of this transfer is generally accepted

Figure 6.1: Schematic showing the process involved in exciton-exciton an-
nihilation. Excitons interact forming a doubly excited state
which relaxes resulting in a single exciton and phonons.

to be significantly faster (10-100 fs) than that of a standard Förster in-

teraction [22] of 1-3 ps [13]. This interaction between excitons provides
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a non-radiative decay route, removing the chance for exciton diffusion

to a heterojunction. Annihilation involves two excitons in close proxim-

ity (within an annihilation or reaction radius), usually on neighbouring

molecules. Figure 6.1 shows a schematic of the process. The oscilla-

tion further stimulates an already oscillating dipole (exciton) transfer-

ring its energy to produce a doubly excited state. This higher state then

relaxes non-radiatively resulting in a single exciton. The energy is lost

as phonons (heat).

The initial interaction can be described by the equation 6.1 where two

excitons interact resulting in a doubly excited state and a ground state

species. Excited species are denoted by a star. Degrees of excitation are

denoted by subscripts.

S∗
1 + S∗

1 → S0 + S∗
n (6.1)

The system then decays via the following route, resulting in a single

exciton and phonon interaction.

S∗
n → S∗

1 + phonons (6.2)

This process can be investigated through time-resolved spectroscopy in

order to determine how the exciton decay varies with excitation density.

As an exciton relaxes it emits a photon, which can be detected. If it is

forced to recombine non-radiatively, there will be no emission and this

will affect the fluorescence lifetime, reducing it. The greater the concen-

tration of excitons, the more annihilation there will be and consequently

there will be a more significant reduction in PL lifetime. This rate of
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decay of excitons can be described by the following rate equation:

dn(t)

dt
= −κn(t)− γn(t)2 (6.3)

which has solution for time independent γ

n(t) =
n(0) exp(−κt)

1 +
γ

κ
n(0)[1− exp(−κt)]

(6.4)

where n(t) is the number of excitons at time t, κ is the decay rate with

no annihilation and γ is the desired annihilation constant. This can be

rearranged into a linear form for ease of plotting, shown in equation 6.5.

These equations are also discussed in reference [11].

1

n(t)
=

[
1

n(0)
+

γ

κ

]
exp(−κt)− γ

κ
(6.5)

Fluorescence lifetime measurements were performed as described in ch-

apter 3. Samples were illuminated with varying laser powers to provide

a number of different intensities, consequently producing a range of exci-

tation densities. Laser spot sizes were measured using a variable slit at

10 µm intervals. Powers were recorded for each slit size for the upsweep

and downsweep to ensure consistency. The normalised intensity peak af-

ter time zero was used to calculate n(0) and all subsequent values of n(t)

since PL intensity is proportional to exciton density, n(t) [19]. In order to

achieve sufficient intensities, the output of a regenerative amplifier was

used to excite the sample. The excitation beam used was at 400 nm with

a repetition rate of 50 kHz. Excitation densities were calculated using
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the following relation:

n(0) =
4

πr2

λ

hc

P (1− 10−A)

zrrep

(6.6)

where P is the average laser power used, λ is the wavelength of light, z is

the film thickness, r is the diameter of the spot, A is the absorbance of the

film at λ and rrep is the repetition rate of the laser. Film thickness was

measured using a dektak profilometer and checked using the measured

absorbance spectrum and measured absorption coefficient. Due to the

low film thickness and low absorption at 400 nm, it was assumed that

there was uniform excitation of the samples.

6.2.1 Annihilation Constant of MEH-PPV

The use and study of MEH-PPV as a polymer is quite extensive, includ-

ing LEDs [23], solar cells [24] and optically pumped polymer lasers [25].

Consequently, it is extremely beneficial to understand the processes in-

volved in this polymer in order to enhance devices fabricated with it.

Previously reported studies have shown a one-dimensional diffusion len-

gth of the exciton in MEH-PPV films in the range of 6-14 nm [26–28]

using interface quenching methods. This variation can be explained to

some extent by different morphology of bulk films and interfaces used in

these studies as well as by different lifetime of the mobile intra-chain ex-

citons. Excitation intensity dependent exciton lifetime has been reported

in MEH-PPV films [17], but quantitative estimates of annihilation para-

meters were not given.
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This section presents quantitative studies of exciton-exciton annihila-

tion in MEH-PPV films using time resolved photoluminescence (PL).

PL kinetics can be described with a time independent annihilation rate,

which provides information on exciton diffusion in the bulk MEH-PPV

films without the complexity of surface effects.

Figure 6.2: Absorbance spectrum of MEH-PPV. The absorbance was used
to calculate the film thickness combined with ellipsometry
data. The molecular structure of MEH-PPV is shown in the
inset.

The measured PL lifetime in an MEH-PPV film at low excitation den-

sity (< 1017 cm−3) for these experiments was approximately 140 ps. This

is consistent with previous literature work by Hayes et al. [29]. Film

thickness was calculated from the measured absorbance (see figure 6.2)

using an absorption coefficient determined by ellipsometry. A thin film of
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35 nm was used to ensure no amplified spontaneous emission (ASE) was

present, which could add a further decay channel for excitons [30]. Ex-

citation was by 100 fs pulses at 400 nm with a repetition rate of 50 kHz.

Emission detection was integrated over the spectral range of 550-680 nm

using a synchroscan streak camera. The instrumental response function

was ∼ 5 ps (FWHM). Excitation spot size was measured to have a di-

ameter of 0.5 mm at 1/e2 of the maximum intensity and the excitation

density ranged from 1.7× 1016 cm−3 to 1.5× 1018 cm−3 (assuming one ab-

sorbed photon produces one exciton). The absorbance of the 35 nm thick

film at 400 nm is 0.086 (see figure 6.2), so the exciton density is essen-

tially uniform through the film. A graph containing a number of repre-

Figure 6.3: Time-resolved decay of MEH-PPV at a range of incident ex-
citation densities. Lifetime decreases with increasing excita-
tion density. Not all intensities used have been displayed for
clearer viewing.
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sentative PL decay curves is shown in figure 6.3. Curves are labelled

Figure 6.4: A representative range of linearised results of the measured
PL decays for MEH-PPV. All lines had negative intercepts and
the gradients were used to calculate γ as it was more reliable.
Excitation densities are shown in cm−3.

according to excitation density. As the excitation density is increased,

the decays become progressively faster due to exciton-exciton annihila-

tion. Once exciton density drops off below threshold levels, the decay

proceeds monoexponentially, as expected. These decay curves were then

linearised using equation 6.5. The results for this analysis are shown in

figure 6.4. Annihilation constants were calculated from the gradient of

each curve as this is more reliable than using the y-intercept. All inter-

cepts were negative, as desired. Equation 6.3 predicts linear dependence

of 1/n(t) vs exp(κt), which is indeed verified in figure 6.4. The slope of

these linearised curves gives the singlet-singlet annihilation rate for the
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Figure 6.5: Curves show TRL decay for the lowest excitation densities
used for MEH-PPV annihilation measurements. It is clear
that there is little difference seen between the four, showing
the onset of annihilation at approximately 1.6× 1017 cm−3.

MEH-PPV film.

It was noticed that there was little difference in lifetimes for excitation

densities lower than 1.6 × 1017 cm−3. This was then seen as the lowest

limit for the excitation density required for annihilation to occur. Fig-

ure 6.5 shows the lowest excitation densities used to demonstrate this

observation. Figure 6.6 shows the results for calculated annihilation

constants for densities above 1.6 × 1017 cm−3. One can see quite clearly

that it is very consistent up to 5 × 1017 cm−3. The annihilation constant

was calculated to be γ = (2.8 ± 0.5) × 10−8 cm3s−1 due to the consis-

tency of the results. This is comparable to previous work on PPV, which

159



CHAPTER 6. EXCITON TRANSPORT IN ORGANIC FILMS

Figure 6.6: Final results for the values of γ obtained for each excita-
tion density. Densities where annihilation was not observed
(n(0) < 1017 cm−3) are not displayed.

quotes γ = 4 × 10−8 cm3s−1 at 275 K [12]. There is an apparent reduc-

tion of the annihilation constant at higher excitation densities, which

can be explained by the non-resolved PL decay due to rapid annihilation

of excitons generated within the annihilation (reaction) radius. Neglect-

ing this effect overestimates the initial exciton density used to calculate

the annihilation rate, which then results in lower values of γ. The fact

that annihilation kinetics fit well with time independent γ indicates that

exciton diffusion is three-dimensional in MEH-PPV films [6]. The rela-

tionship between the diffusion length and the annihilation constant will

be discussed further in section 6.4.
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6.2.2 Annihilation Constant of P3HT

P3HT has recently become a potential material for photovoltaic devices

due to its suitable absorption spectrum [31]. Device efficiency within a

blend rose from ∼0.2% for untreated devices to over 3% for thermally

annealed devices [32,33].

Due to these results, it is therefore important to understand the inter-

actions within this material. The need for thermal annealing presents

the possibility that there exists different processes within P3HT com-

pared to MEH-PPV due to a possible phase or structure change upon

heating. The observation of exciton-exciton annihilation is one way of

characterising these interactions. Results are now presented for P3HT

showing data gathered from TRL spectroscopy measurements and sub-

sequent analysis using the theory described in the previous sections.

Figure 6.7: Molecular structure of P3HT.

The molecular structure of P3HT is shown in figure 6.7. Excitation den-

sities ranged from approximately 2.3 × 1016 cm−3 to 1.0 × 1018 cm−3. Ex-

citation was by 100 fs pulses at 400 nm with a repetition rate of 50 kHz.
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Figure 6.8: Time-resolved decay of P3HT at a range of incident excitation
densities. Lifetime decreases with increasing power. Not all
results have been displayed for ease of viewing.

Emission detection was integrated over the spectral range of 580-710 nm

using a synchroscan streak camera. The instrumental response function

was ∼ 5 ps (FWHM). Excitation spot size was measured to have a di-

ameter of 0.5 mm at 1/e2 of the maximum intensity. Film thickness

was measured to be 191 nm using a Dektak profilometer. This value

can be confirmed by calculating the thickness from the absorbance spec-

trum and using the absorption coefficient. This has been measured by

Al-Ibrahiam et al. [34] to be ∼ 3 × 104 cm−1 at 400 nm. This yields an

estimated film thickness of ∼ 183 nm.

A graph containing a number of representative PL decay curves is shown
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in figure 6.8. It is evident that lifetime decreases with increasing excita-

Figure 6.9: Representative curves showing results from P3HT annihila-
tion linearisation. All y-intercepts were negative, as desired.
Densities shown are in cm−3

tion. This is due to exciton density increasing to the point where annihi-

lation becomes dominant in the decay process. It is also noticed that an-

nihilation does not begin until excitation densities reach approximately

1.2×1017 cm−3 because all lower intensities are of similar lifetime. This is

a similar density to that in MEH-PPV for annihilation to occur. The de-

cay curves above 1.2×1017 cm−3 were then linearised using equation 6.5.

Figure 6.10 shows low intensity PL decays for P3HT. This demonstrates

that there is no annihilation occurring at low intensity. These low power

results have been ignored for the calculation of the annihilation coeffi-

cient. The results for linearisation are shown in figure 6.9. Annihilation
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Figure 6.10: Low intensity PL decay curves for P3HT. Curves show TRL
decay for the lowest powers used for annihilation measure-
ments. It is clear that there is little difference seen between
the curves.

constants were calculated from the gradient of each curve as this is more

reliable than using the y-intercept. Figure 6.11 shows the results for cal-

culated annihilation constants for excitation densities 1.2×1017 cm−3 and

above. From the linearised results, the annihilation constant is found to

be γ = (1 ± 0.5) × 10−8 cm3s−1 for P3HT. This is in very close agree-

ment to previous work on P3HT which quotes γ = 2.3× 10−8 cm3s−1 from

conductivity measurements [35]. The small difference arises from the

fact that literature result was not time resolved. This would lead to the

possibility of the annihilation constant being overestimated as charge

recombination would not be taken into account.
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Figure 6.11: The variation of γ with incident power for P3HT. There is a
fairly consistent result for most incident powers.

The results for exciton-exciton annihilation and how the annihilation

constant can be related to the diffusion coefficient, D, and the diffusion

length, Ld, will be discussed in section 6.4, after the interface quenching

experiments have been presented.
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6.3 Time-Resolved Determination of

Exciton Diffusion Length

There have been many studies into the exciton diffusion length of organic

materials, ranging from PPV and its various derivatives [26, 27, 36–38]

through other materials such as phthalocyanines [39], phosphorescent

dendrimers [19], perylenes [40, 41] and polythiophenes [35, 42, 43]. The

results generally yield diffusion lengths lying in the range 2-20 nm. This

length is obviously dependent upon material. Until very recently, all of

these measurements have been performed under steady state. This ap-

proach has the advantage of being straightforward, but lacks any power

to resolve short timescale events such as recombination or annihilation

effects. Most recently, Markov et al. [44] have performed time-resolved

measurements but these are low resolution (performed by Time Corre-

lated Single Photon Counting, TCSPC) which lacks the ability to detect

ultrafast events. The approach taken in this thesis uses ultrafast tech-

niques to resolve these short timescale events and shows that there are

factors that affect the lifetime of a material, for example the film thick-

ness, that must be taken into account when analysing the data. The

work described here uses ITO as a quenching layer and PL lifetime was

measured with a streak camera, as described in chapter 3.

Samples were prepared as detailed in chapter 3. Film thicknesses were

varied by varying solution concentration and spin speed. Concentrations

used ranged from 6 mg/ml to 3 mg/ml for MEH-PPV and from 25 mg/ml

to 3 mg/ml for P3HT. Films were spun onto silica substrates as refer-
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ences and onto ITO coated glass under the same conditions. In these

experiments, ITO was used as a quencher as it would not diffuse into

the polymer layer. This has been found to occur in deposited layers of

C60 which leads to an overestimation of the diffusion length [36]. Sam-

ples were excited with 0.5 mW of 400 nm laser light with a repetition

rate of 80 MHz. This was chosen to ensure low excitation densities (with

low peak power) so that no ASE or annihilation would occur to affect the

decays. To test that there were no effects from the quartz substrates, a

Figure 6.12: Decay curves showing the result of different orientations of
a test sample of P3HT. One can see there is no difference be-
tween direct film excitation and excitation through the sub-
strate.

test sample (∼ 100 nm) of P3HT was excited from both sides. The de-

cays are shown in figure 6.12. Excitation in this case was at 485 nm as

this was close to the absorption maximum of P3HT. This would provide
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a much greater excitation density difference (90%) between each edge

of the film. There is no observed difference in decay lifetime, indicat-

ing that there is no (or identical, which is unlikely) quenching from the

quartz and vacuum interfaces. This is an important result as it provides

evidence for the assumption that the quartz and vacuum interfaces do

not quench. This is useful for modelling the data by using only the ITO

layer as a quencher. The model described here was written using Math-

ematica. Decays were modelled using a standard model for diffusion,

∂n(z, t)

∂t
= D

∂2n(z, t)

∂z2
− κ(t)n(z, t)− S(z)n(z, t) + exp(−γt2) (6.7)

where D is the diffusion coefficient, n is the number of excitons, τ is

the fluorescence lifetime, S(z) defines the quenching interface and the

final term on the right describes the instrument response function of

the streak camera. The variables t and z represent time and distance

through the film respectively. It was found during the course of these

measurements (on both MEH-PPV and P3HT) that the fluorescence life-

time was dependent upon film thickness. This was unexpected, but nev-

ertheless important. Since there was an extra component in the decay

due to this thickness dependence, it needed to be accounted for in the

model. This was performed by fitting a mathematical decay to the films

on quartz and transferring the parameters gained from this fit to the cor-

responding film thickness on ITO, at which point the diffusion fit could

be found. The thickness decay was incorporated into the lifetime of the

film, κ(t), and is defined in this model as

κ(t) =

[
1

τ0

+
exp(−ξtp)

τdecay

]
(6.8)
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where τ0 is the fluorescence lifetime of a thick (>30 nm) film in the ab-

sence of any quenching and ξ, p and τdecay are fitting parameters. It

should be stressed that this provides a purely mathematical tool to take

the observed thickness dependence into account.

A further addition to this model is the definition of a quenching inter-

face. In all previous literature work, it has been assumed that there

is an infinite quenching rate at a ‘perfect’ interface [36, 42, 44]. This

means that excitons are assumed to be instantly quenched when they

reach z = 0. This has been found to be insufficient when modelling the

data and is also physically unrealistic. There will be a small distance

over which excitons are quenched, so this has been factored into this

model in the form of S(z). Cited literature work defines S(z) to be zero

for non-quenching substrates (which is also used here) and (negatively)

infinite at the polymer-quencher interface. z = 0 is defined here as the

polymer-ITO interface (where z = d is the polymer-vacuum interface).

An exponential dependence of the quenching rate as distance z was used

in this work, and is defined as

S(z) =
exp(−ζz)

τito

(6.9)

where ζ−1 is the depth of the quenching zone and τito is the time over

which the dissociation occurs at the interface.

Fits were made to fused silica substrate samples initially in order to take

the film thickness dependence into account. This provided values for the

parameters ξ, p and τdecay. These values were then used in the corre-
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sponding film thickness on ITO. Each film had different values for ξ, p

and τdecay, but as mentioned above, these were purely for mathematical

fitting. The interface parameters were then varied for each film in turn

until a fit was made. The parameters gained were then transferred to

a different film to test for consistency. If no fit was achieved, then the

parameters (D, ζ and τito) were varied until all films used the same val-

ues for D, ζ and τito. This provided realistic interface quenching for the

model. Values for the interfaces will be discussed with the data for each

polymer in turn.

Using the fit parameters, a mathematical surface was created (using

variables t and z). This surface was then integrated across with respect

to film thickness to obtain a decay curve which was then fitted to the

experimental data. Once D was obtained it is then possible to obtain the

maximum diffusion length of the material using the following relation:

Ld =
√

mDτ0 (6.10)

where m is the dimensionality, D is the diffusion coefficient as above and

τ0 is the (non-quenched) fluorescence lifetime.

As part of this work, two polymers were investigated for exciton diffu-

sion length; MEH-PPV and P3HT. Since film thickness is an important

factor in this investigation, it is essential to know this value quite ac-

curately. Usually, a Dektak profilometer would be used to measure film

thickness, but because films in this work were very thin, it is impossi-

ble to gain reliable results from such a method (nominal resolution of
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the Dektak is quoted to be ± 5 nm). Alternatively, it is possible to mea-

sure the absorbance of a film and use this measurement to calculate the

film thickness. Absorbance measurements were performed as described

in chapter 3. The thickness of a ‘thick’ film of polymer was measured

with a Dektak and then this value was scaled down linearly using the

absorbance measurements. This was performed for P3HT because the

absorption coefficient is not known precisely. Approximate values can be

obtained from the publication by Al-Ibrahiam et al. [34] and are taken

to be ∼ 3 × 104 cm−1 at 400 nm. These approximations agreed with the

measured values to within 5%. A similar method was used for MEH-

PPV, but the absorption coefficient was known precisely (measured by

Olivier Gaudin using ellipsometry) so values can be calculated from the

measured absorbance spectrum.

Results will be fully discussed in section 6.4 in addition to their relation-

ship with the exciton-exciton annihilation results from section 6.2.

6.3.1 Interface Quenching using MEH-PPV

As described above, samples of MEH-PPV were prepared on quartz and

ITO substrates with corresponding spin conditions to provide a range

film thicknesses. Film thicknesses were measured to be 57, 9, 7 and

5 nm. The absorbance spectra measured for the films are shown in fig-

ure 6.13. Films on ITO were also measured and were found to be of

similar thickness. PL decay was measured a number of times for each
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Figure 6.13: Absorbance spectra for various thicknesses of MEH-PPV
films on quartz. The absorbance decreases linearly with re-
ducing thickness.

thickness and averaged to obtain a more reliable reading. This also im-

proved signal to noise ratios. Figure 6.14 shows the PL decay curves for

MEH-PPV together with model fits. It was observed that there was no

(or negligible) difference between the fused silica and ITO substrates at

57 nm. This is expected, since the majority of excitons will be formed

more than a diffusion length away from the ITO interface, and there-

fore will not be quenched. This is reflected in the consistent lifetime in

the two films. It is possible to see the film thickness dependence of the

decay, even on the fused silica substrates. The decay is expected to be-

come faster with decreasing film thickness on ITO because excitons will

diffuse to this interface and become quenched. This is not the case for
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(a) MEH-PPV on quartz substrates.

(b) MEH-PPV on ITO substrates

Figure 6.14: TRL decays for films of MEH-PPV. Decay is seen to be depen-
dent upon film thickness, even in the absence of a quencher.
Experimental data is shown as open circles, model fits are
shown as solid lines.
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fused silica substrates as there is no quenching. This thickness depen-

dence therefore needs to be taken into account.

Once fits were found for the fused silica substrates, fit parameters for

ITO substrates were found to be ζ = 5 nm−1 and τito = 1 ps. These pa-

rameters defined the quenching interface over which excitons were dis-

sociated and were fixed for all films of MEH-PPV. These are considered

to be realistic values as it is reported that the dissociation time for an

exciton in MEH-PPV at the interface with SnO2 is of the order 1 ps [45]

and 2 Å is approximately the transverse size of a PPV backbone [46].

This left the diffusion coefficient as the only fitting parameter. Best fits

were found for D = 3 × 10−3 cm2s−1. Using this value for D, in addition

to the obtained lifetime for MEH-PPV of 140 ps, the result obtained for

the exciton diffusion length for MEH-PPV is Ld = 6 ± 2 nm. This re-

sult is consistent with previous work on PPV derivatives [26, 27, 36, 38].

Error in this measurement arises from the possible fit tolerances for D.

Tolerance on the fits gives D = (3 ± 2)× 10−3 cm2s−1.

6.3.2 Interface Quenching using P3HT

In a similar way to MEH-PPV, samples of P3HT were prepared on fused

silica and ITO substrates with corresponding spin conditions to provide

a range film thicknesses. Film thicknesses were measured to be 25, 19,

7, and 3 nm. The absorbance spectra measured for the films are shown

in figure 6.15. Films on ITO were also measured and were found to be
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of similar thickness. PL decay was measured a number of times for

Figure 6.15: Absorbance spectra for various thicknesses (shown in nm) of
P3HT films on fused silica. The absorbance decreases with
decreasing thickness.

each thickness and averaged to obtain a more reliable reading. This also

improved signal to noise ratios. Figure 6.16 shows the PL decay curves

for P3HT together with model fits. It is possible to see the film thickness

dependence of the decay on the fused silica substrates. The decay is

expected to become faster with decreasing film thickness on ITO because

excitons will diffuse to this interface and become quenched. This is not

the case for fused silica substrates as there is no quenching. This decay,

as with MEH-PPV, needs to be taken into account.

Fit parameters for ITO substrates were found to be ζ = 1.2 nm−1 and
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(a) P3HT on fused silica substrates.

(b) P3HT on ITO substrates.

Figure 6.16: TRL decays for films of P3HT. Decay is seen to be depen-
dent upon film thickness, even in the absence of a quencher.
Experimental data is shown as open circles, model fits are
shown as solid lines.
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τito = 6 ps. These are considered to be realistic values as it has been

stated that the dissociation time for an exciton in oligothiophene is in

the range 1-8 ps [47]. The size of the quenching zone, ∼ 8 Å, is larger

than expected. However, this could be explained in terms of the exciton

being delocalised between chains in P3HT as observed in other polythio-

phenes with a small interchain distance [48,49]. The parameters (ζ, τito)

defining the quenching interface over which excitons were dissociated

were fixed for all films of P3HT. This left the diffusion coefficient as the

only fitting parameter. Best fits were found for D = 1× 10−4 cm2s−1. Er-

ror in this measurement arises from the possible fit tolerances for D and

also possible film thickness inaccuracies due to the measuring method.

Tolerance on the fits gives D = (1.0 ± 0.5)×10−4 cm2s−1. The values used

for fitting the silica substrates are shown in table 6.1.

Thickness (nm) ξ p τdecay (ps)
25 0.3 2/3 10
19 0.4 5/10 11
7 1.2 4/17 8
3 0.43 6/14 6.1

Table 6.1: A summary of the fitting parameters used for films of P3HT on
silica substrates.

6.4 Comparison and Discussion

The presented results above show several key characteristics for MEH-

PPV and P3HT. Each polymer will now be discussed in more detail, com-

paring the results from each experimental method in order to determine
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any consistencies and further conclusions that can be drawn from the

experimental outcome.

6.4.1 MEH-PPV

For the case of MEH-PPV there is strong consistency between the two

methods used above. Using equation 6.11, it is possible to determine

the exciton diffusion coefficient for MEH-PPV from the annihilation con-

stant.

γ = 8πDRa (6.11)

where Ra is the annihilation radius of excitons, which corresponds to

the distance at which annihilation is faster than diffusion [11]. This is

only valid for diffusion-limited annihilation, where the exciton has to

diffuse a significant distance before annihilation occurs. This condition

is satisfied in this case. If this was not the case, then γ would show

strong time dependence, and the plots in figure 6.4 would be nonlinear.

Singlet-singlet annihilation is likely to be dominated by dipole-dipole in-

teraction, and so the Ra value is smaller than the Förster radius for ex-

citation transfer onto the excited segment. This depends on the spectral

overlap of the PL and the excited state absorption, and is currently un-

known. Generally the Förster radius in organic materials is <5 nm [50],

and the largest reported value of 8 nm was obtained for the perfectly

overlapping PL spectrum of the glassy phase of polyfluorene with the

absorption spectrum of the crystalline phase [51]. Using Ra = 5 nm as

the upper estimate, we obtain the lower limit of the diffusion coefficient
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Dmin = 2.2× 10−3 cm2s−1. This is a factor of two larger than the reported

value in MEH-PPV films from surface quenching, where an infinitely

large exciton capture rate by polymerised C60 was assumed [27]. Given

the errors in both measurements the agreement is acceptable. Using

Ra = 2 nm as the lowest estimate, which is about five times smaller than

the length of the singlet exciton in MEH-PPV [52], we obtain an upper

limit of Dmax = 5× 10−3 cm2s−1.

The diffusion length of the singlet exciton can be calculated using equa-

tion 6.10. An approximate value for the diffusion length in three di-

mensions (m = 3), L3D can be determined from the annihilation data

using the density at which annihilation begins to occur, found here to be

n(0) ∼ 1017 cm−3. Assuming that exciton diffusion is isotropic the volume

sampled by the exciton can be approximated as a sphere and the density

of these spheres is n(0), so that

4

3
πn(0)L3

total = 1 (6.12)

This results in Ltotal ∼ 13 nm, which is in fact the sum of L3D and Ra, so

this value can be taken as an upper estimate for the three-dimensional

diffusion length. It corresponds to Dmax = 4 × 10−3 cm2s−1, which gives

a stronger constraint on Dmax than the surface quenching by TiO2 [28].

Taking this value and the estimated value of Dmin we obtain D = (3±1)×

10−3 cm2s−1. The diffusion length, Ld, depends upon the dimensionality,

m, which needs to be appropriate to the situation being considered. in

addition, the calculations for L3D assume isotropic diffusion which may

not apply for P3HT (see section 6.4.2). For exciton diffusion across a
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film to a planar heterojunction or quenching interface, only diffusion in

one direction matters, and so it is the one-dimensional diffusion length

(m = 1 in equation 6.10) which is relevant. The range of values here for

the diffusion coefficient indicates that L1D lies in the range 5 to 8 nm.

The agreement between diffusion coefficients (using an approximate 5 nm

annihilation radius, Ra) in both annihilation and diffusion measurements

is remarkably close. Using Ra = 5 nm, this gives D = (3±1)×10−3 cm2s−1.

This is certainly in good agreement with D = (3 ± 2) × 10−3 cm2s−1 ob-

tained from the diffusion to the interface with ITO. Using the value of

D obtained from the interface quenching measurements, the one-dimen-

sional diffusion length, L1D using m = 1, is found to be 6 ± 2 nm. From

this agreement it can be concluded that the diffusion in MEH-PPV is

isotropic in all directions due to the uniformly consistent values of the

diffusion coefficient and exciton diffusion length.

6.4.2 P3HT

The results for P3HT are slightly in contrast to those of MEH-PPV. The

PL lifetime for P3HT was 300 ps. This is comparable with previous lit-

erature work by Magnani et al. [53]. There have been a number of other

polythiophenes studied in addition to P3HT with fluorescence lifetimes

ranging from ∼ 60 ps to over 500 ps [13, 42, 49]. Using equation 6.11

and the annihilation data, the value found for the diffusion coefficient is

D = 8.0× 10−4 cm2s−1. Comparing this to the interface quenching value
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of D = 1 × 10−4 cm2s−1, there is a discrepancy. Using equation 6.12 and

n(0) = 1.2 × 1017 cm−3, an approximate value for the three-dimensional

diffusion length is found to be 13 nm. This is the sum of Ra and Ld. It

leads to a maximum diffusion length of L3D = 8 nm assuming Ra is 5 nm

as with MEH-PPV. This leads to a one-dimensional diffusion length to

be L1D = 5 nm. Using the value of D obtained from the annihilation

data in equation 6.10, the diffusion length is found to be L1D = 5 nm.

These resulting values from both methods agree well. However, using

the result for D from the interface quenching work and equation 6.10,

the one-dimensional diffusion length is found to be L1D = 2± 1 nm. This

result is in good agreement with work performed by Kroeze et al. [43].

However, there is at least a factor of two difference in the values for Ld

and a factor of eight between the obtained diffusion coefficients. Since

the results for both experiments each agree with previous literature, it

is reasonable to say that the results are reliable with respect to their

individual experiments.

The difference in values of D could be due to the ordering within films of

P3HT. It has been shown that films of P3HT display a degree of order-

ing within the film structure, shown by X-ray diffraction studies [54,55].

More recently, Sirringhaus et al. have used conduction studies in P3HT

transistors to verify this structural variation [56]. The degree of order-

ing appears to be dependent upon regioregularity, molecular weight and

head-to-tail (HT) conformity [54–58]. These cited works discuss the ob-

servation that polythiophenes order themselves into semi-regular struc-

tures when spin coated or drop cast into films. This ordering forms

‘lamellae’, which are long, two-dimensional structures that comprise of a

181



CHAPTER 6. EXCITON TRANSPORT IN ORGANIC FILMS

number of P3HT molecules lying planar to each other. Figure 6.17 shows

a schematic of the lamellae and how P3HT molecules can stack. Since

the P3HT used in my work is regioregular (50% HT), then only this case

will be discussed here. The difference in orientation of the ‘lamellae’ will

have a significant effect upon exciton diffusion. The ease of diffusion (or

charge transport) in a given direction will depend on whether the orien-

tation of the lamellae are parallel or normal to the substrate. Exciton

diffusion is expected to be faster along the individual lamellae due to

a shorter distance between conjugated segments. It will also be faster

from chain to neighbouring chain when they are arranged in a planar

fashion due to overlapping π clouds between neighbouring molecules.

The results presented above for exciton diffusion to an interface and for

annihilation (sections 6.2.2 and 6.3.2) show a significant difference in

the diffusion coefficients obtained from each experiment. As previously

mentioned, both results are consistent with published literature so it is

assumed that they are acceptable. The value of D = 1 × 10−4 cm2s−1

for diffusion to an interface is essentially a one dimensional measure-

ment. This will be sensitive to the preferential ordering of the P3HT

molecules in a spun film. The result for the annihilation constant (and

subsequently the derived diffusion coefficient, D = 8 × 10−4 cm2s−1) will

be less affected by this orientation dependence as it is sensitive to 3D

diffusion. This implies that the P3HT stacks are oriented preferentially

parallel to the substrate resulting in higher diffusion along the film and

much slower towards an interface with ITO (or other quencher). It has

also been reported that this is the way that molecules are arranged for

spun films of P3HT [55].
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(a) (b)

(c) Coplanar stacking within P3HT.

Figure 6.17: (a) and (b) Schematics of the structure of lamellae on a sub-
strate. The configuration in (a) allows preferential transport
parallel to the substrate and is more difficult towards it due
to overlapping π orbitals between molecules. (b) shows the
alternative arrangement where transport to the substrate
is easier. (a) and (b) taken from [56]. (c) The arrangement
of coplanar regioregular P3HT molecules within a domain.
Taken from [58].
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This agreement in the discussed literature and in my results here sug-

gests that there is ordering present in films of P3HT in favour of trans-

port parallel to the substrate. This case is illustrated in figure 6.17(a).

The lamellae have ordered themselves to produce exciton diffusion along

the stacks, which in turn produces a higher value of D measured by the

3D annihilation experiment and a lower value of D for the 1D interface

quenching experiment. If the orientation of stacks could be controlled

(it is uncertain of the cause but might be an effect of molecular weight

and/or regioregularity [56]) it would enable an increase in the diffusion

coefficient in a preferred direction (for example towards electron accep-

tor layers in PV devices) and hinder it in other directions.

Structural studies on P3HT [54–58] also suggest an explanation for the

thickness dependence of PL lifetime. The effect is only seen on films

thinner than ∼ 20 nm. It is possible that the morphology of the film

itself (possibly due to the lamallae) is responsible for the effect. Since

P3HT is polycrystalline [54], it will possess an arrangement of domains

(crystals) with a common order within them. Regioregular molecules

such as P3HT are known to exhibit this behaviour [58]. These domains

have been measured to be approximately 170 Å in size for P3HT [54,55].

In the interface quenching work presented in section 6.3.2, it was found

that the PL lifetime was similar for films 19 nm and higher. This is

comparable to the limit of domain size within a P3HT film. The thick-

ness dependence observed in my work suggests that order within each of

these domains is high, promoting easier exciton migration. The coplanar

arrangement, see figure 6.17(c), facilitates non-radiative decay of excited

states [58]. If there is better transport then charges (or excitons) will
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migrate more easily, reducing the time between excitation and emission,

producing a shorter lifetime. Since the substrate is (assumed to be) flat

with little or no disorder, is is plausible to surmise that the molecules in

contact with and near to the substrate are most ordered. Above 20 nm

it is perhaps the case that a second layer of domains form, with their

own order that is arranged differently to those directly on the substrate.

It has also been suggested that there are two ordering systems within

polythiophene films [54]. The primary is caused by the ‘stacking’ of the

coplanar chains to form lamellae, whilst the second is a much more 3D

effect, possibly caused by the chain end groups. This is a bulk effect and

will only be seen with more than one layer of domains upon the sub-

strate. This is again supported by the data shown in my work. With two

or more layers of domains, the lifetime becomes more dependent upon

bulk 3D effects and the thickness dependence is not seen. The stacking

of many layers of chains causes significant disorder [54] which will result

in poorer exciton mobility, resulting in a longer, invariant PL lifetime in

thicker films.

6.5 Summary

This chapter has presented TRL studies of MEH-PPV and P3HT. Exciton-

exciton annihilation and interface quenching studies have been perfor-

med for both polymers, resulting in slight differences between the two

materials. Exciton diffusion coefficients, diffusion lengths and anni-

hilation constants have been calculated for each polymer. It has also
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been shown that polymer PL lifetimes depend strongly on film thick-

ness. Work performed on MEH-PPV shows very strong consistency be-

tween the two methods, resulting in isotropic exciton diffusion within

the films due to close agreement in values of D. P3HT analysis shows

preferential diffusion parallel to the substrate resulting in a higher dif-

fusion coefficient in the plane of the film, and a much lower value for

diffusion towards the quenching interface. This is caused by assembly

of the film into lamellae. The thickness dependent PL lifetime can be

explained by the physical size of the small crystals (domains) that form

within films of P3HT. The crystal size is comparable to the maximum

thickness at which this dependence begins. These crystals are highly

ordered within their boundaries which cause faster recombination re-

sulting in a shorter lifetime. For films thicker than ∼ 20 nm, the effect

is not seen due to bulk ordering of the films from end group interactions.
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Chapter 7
General Conclusions

There are a number of conclusions that can be drawn from the work in

this thesis. Since the work falls primarily into two sections, devices and

spectroscopy, they can be dealt with individually.

Device work presented here encompasses a large number of materials

in two distinct categories, polymers and dendrimers. Despite the dif-

ferences in the material types, there are certain aspects that remain

constant. For a successful solar cell device, there are a number of key

factors required. These are high light absorption over a suitable wave-

length range, charge separation, charge transport (covered in more de-

tail by spectroscopy) and even device structure. It has been shown that,

independent of material type, the need for charge separation and trans-

port is crucial for an effective device. This has been demonstrated using

polymer materials designed for charge separation. This approach was
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successful in separating charges on a molecule without the need for a

dopant, shown by comparing the polymers DPFEH-PPV and NDPFEH-

PPV. The latter of these polymers includes a dipole across the molecule

to assist in charge separation, which is highly effective, reducing the PL

lifetime by a factor of five with respect to the non-polar molecule.

The synthesis of suitable materials is also essential in device fabrication.

Light must be absorbed in order to generate excitons. The polymer DM-

PPV has been synthesised to potentially increase the molecular packing

in a polymer film, creating a higher density of light absorbing centres.

This was successful and increased light absorption by 17% compared to

MEH-PPV.

Suitable wavelengths for light absorption have been a common problem

in recent years for organic materials [1] as the majority of conjugated

materials absorb light that is too high in energy. Since there is an abun-

dance of red photons in solar light, it is therefore beneficial to synthesise

materials to absorb these photons in favour of higher energy photons.

This has been successfully achieved using conjugated dendrimers based

upon cyanine dyes.

Conjugated dendrimers have also been demonstrated to be highly effi-

cient at charge separation and transport when blended with a host. A

novel technique using IPCE measurements and ellipsometrical data has

been described which shows that the internal quantum efficiency of irid-

ium based dendrimer solar cells is in excess of 90% when blended with

PCBM.
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The transport of excitons within organic films is a key factor in the op-

eration of thin film solar cell devices. In the presented work it has been

shown using two techniques that exciton transport in polymers is highly

dependent upon the material used. For the case of MEH-PPV, using

a combination of exciton-exciton annihilation and interface quenching

methods, the diffusion within a film is isotropic in all directions. For

the case of P3HT, the results were in contrast. Due to self ordering of

the polymer as it is spin coated onto a substrate, the PL lifetime of the

material depends strongly upon film thickness and the diffusion process

is anisotropic. The material orders itself into ‘lamellae’ [2–6] which are

made up of a number of P3HT molecules stacking planar to each other.

This then enables exctions to diffuse preferentially in the plane of these

lamellae due to overlapping π electron clouds. These lamellae also form

domains which have been shown to be of order 20 nm in size. These

dimensions are similar to those where the PL lifetime begins to depend

upon film thickness. The ordering of domains is controlled by the poly-

mer end groups [3] which ultimately gives an upper limit of the PL life-

time. By reducing the film thickness, the disorder in the film is decreased

and consequently, so is the PL lifetime.

Future work should be focussed upon the optimisation of device struc-

ture for cyanine dye materials, as well as the further synthesis of sim-

ilar red absorbing materials. By providing a range of materials it may

be possible to not only absorb light where needed, but also provide at-

tractive alternatives for solar panel placement to suit surroundings and

commercial demand.
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Further investigation of materials should also be carried out with re-

spect to the charge transport properties. The techniques introduced in

chapter 6 can be used on any potential material in order to determine its

exciton transport properties and, to some extent, any microscopic order-

ing that may occur during the film formation process. The ordering may

be key to how a material operates in a device, and as such, the device

design could be tailored to accommodate these properties.
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I.D.W. Samuel, “Singlet Exciton Diffusion in MEH-PPV Films Studied

by Exciton-Exciton Annihilation”, Accepted by Organic Electronics.
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sion and Annihilation in semiconducting polymers”, In preparation for
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Quantum Efficiency Ir(ppy)3 dendrimer solar cells”, In preparation for

submission.
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