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ABSTRACT

The effects o f  incorporating multi-walled carbon nanotubes (M W N T) in two existing 

functional organic devices: organic light emitting diodes (OLEDs) and organic solar cells 

have been studied. Single layer OLEDs and organic photovoltaic devices were firstly 

prepared and characterised in order to understand the physics o f  conjugated polymers 

based organic devices without the use o f  M W NT. Careful analysis o f  the device’s 

characteristics of a single layer OLED allowed us to determine the intrinsic electronic 

parameters (Fermi energy level, majority charge carriers’ mobility, . . .)  o f  one the main 

conjugated polymers used throughout this Thesis: poly(2,5-dim ethoxy-l,4-

phenylenevinylene-2-methoxy-5(2’-ethylhexyloxy)-l,4-phenylenevinylene (M3EH-PPV). 

As regards single layer polymer solar cells, we found that only a very thin layer was photo­

active, resulting in power efficiency being greater for thinner polymer solar cells. Before 

using it in OLEDs and organic photovoltaic devices, a poly(m-phenylene-co-2,5- 

dioctyloxy-p-phenylenevinylene) (PmPV) and M W N T  composite (PmPV-hMWNT) was 

prepared and characterised. Both DC and AC conductivities o f  the composite were 

measured. Percolation scaling laws were used to discuss the results, and conduction due to 

fluctuation induced tunnelling was indicated. Absorption and photoluminescence studies 

on M 3EH -PPV  and PmPV-i-MWNT bilayers revealed that energy transfer from M 3EH- 

PPV to PmPV, followed by charge transfer from M 3EH-PPV to M W N T  is likely to occur. 

Using the PmPV-i-MWNT composite in M 3EH-PPV based OLEDs, a potential barrier to 

both holes and electrons at the M 3EH-PPV / composite interface was observed. However, 

at all nanotube to polymer mass ratios used for the composite, the relative efficiencies 

improved compared to the M 3EH -PPV  single layered devices. The optim um  relative 

efficiency was obtained for a nanotube mass ratio of 1.2 %. As regards the use of M W N T 

in polymer solar cells, we measured the photovoltaic response o f  cells using the 

PmPV-i-MWNT composite and a thin M EH-PPV buffer layer in a sandwich structure with 

ITO as the anode and Al as the cathode. Moreover, an ITO / M3EH-PPV-I-MWNT / 1^71' / 

Pt photoelectrochemical cell was prepared and characterised. The presence of M W N T 

widened the optical active layer and increased the power efficiency by an order of 

magnitude compared to a cell without M W NT, while increased short-circuit density in 

polytertiophene based photoelectrochemical cells with M W N T  was observed. W e 

concluded that the carbon nanotubes allowed electrons to be transferred and efficiently 

transported, via their continuous conductive network, to the collecting electrode.
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Chapter I INTRODUCTION

1.1. Background and Motivation
Organic materials have displaced traditional materials such as natural polymers (e.g. 

wood), metals, ceramics and glass in many applications owing to the combination of their 

physical, mechanical properties and ease of processability. Over the last 30 years there has 

been increasing interest in exploiting these characteristics in combination with electrical 

properties over and above the purely insulating characteristics that one would expect from 

organic materials.

In 1977, A. J. Heeger, A. G. M cDiarmid, and H. Shirakawa, who were awarded by the 

Nobel Prize of Chemistry in 2000, brought the unique properties of one class o f  organic 

materials: conjugated polymers to the fore when they discovered that chemical doping of 

these materials resulted in increases in electronic conductivity over several orders of 

magnitude.' Since then, electronically conducting materials have been applied in diverse 

applications such as organic light-emitting diodes (OLEDs) and organic solar cells.

Both technologies, which will be the main topic of this Thesis, will be introduced in the 

following Sections 1,1.1 and 1.1.2. A new class of organic materials: carbon nanotubes and 

the reasons why they could be potential candidates to improve the efficiency o f  the above 

mentioned organic displays will then be presented in Section 1.1.3.

1.1.1. Organic Light-Emitting Diodes (OLEDs)
While the current display market is many billions of dollars by any estimate, its technology 

of cathode ray tubes and expensive, slow liquid crystals can be considered primitive 

compared to computing technology. In order for the future display technology to become 

more compact and portable, vastly smaller, lighter, cheaper and more environmentally 

benign displays need to be developed.

Organic electroluminescence, a phenomenon first observed and extensively studied in the 

1960s,‘''̂  forms the basis for the most likely candidate to serve this role. Because crystalline 

order is not required, organic materials, both molecular and polymeric, can be deposited far 

more cheaply than the inorganic semiconductors used in conventional LEDs. Patterning is 

also easier, and may even be accomplished by techniques borrowed from the printing
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industry. Displays can be prepared on flexible, transparent substrates. These characteristics 

form the basis for a display technology that can eventually even replace paper, providing 

the same resolution and reading comfort in a long-lived, fully reusable (and eventually 

recyclable) digital medium.

The transformation of this academic endeavour to a practical display technology traces its 

origins to C.W. Tang et a i ,  who introduced the double layer concept in 1987.'* This was 

the first publication that combined modern thin film deposition techniques with suitable 

materials and structure to give a moderately low bias voltage, attractive efficiency, and 

encouraging device lifetimes. Their devices were made by subliming molecules of a 

triarylamine as hole transporter, followed by aluminato-tris-8-hydroxyquinolate (Alqs) for 

electron injection and emission, and using magnesium-silver alloy as the cathode.

In 1990, J. Burroughes et al. reported a similar single-layer device made with a conjugated 

polymeric medium: poly(phenylene vinylene) (PPV).^ Conjugated polymers are carbon- 

based semiconductors whose properties are largely dominated by the formation of a 

partially delocalised 7t-orbital. Both charged and neutral excitations are mobile in these 

materials, allowing for both charge and energy transport. The physics of charge transport 

and light emission in these devices is very similar to that of Tang’s, however significant 

practical differences arise when one begins to contemplate manufacturing issues.

1.1.2. Organic Solar Cells
On a different note, as the energy needs of the planet are likely to double within the next 

50 years, the stage is set for a major energy shortage, unless renewable energy can cover 

the substantial deficit left by fossil fuels. Public concern has been heightened by the 

disastrous environmental pollution arising from all-too-frequent oil spills and the 

frightening climatic consequences of the greenhouse effect caused by fossil fuel 

combustion. Fortunately the supply of energy from the Sun to the Earth is gigantic: 3x10“"* 

J per year, or about 10,000 times more than the global population currently consumes. In 

other words, covering 0.1 % of the Earth’s surface with solar cells with an efficiency of 10 

% would satisfy our present needs. However enormous technical challenges need to be 

tackled in order to efficiently use this vast energy reservoir.

Photovoltaics takes advantage of the fact that photons falling on a semiconductor can 

create electron -  hole pairs, and at a junction between two different materials, this effect
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can set up an electric potential difference across the interface. So far, the science of solar 

cells has been dominated by devices in which the junction is between inorganic solid-state 

materials, usually doped forms of crystalline or amorphous silicon, and profiting from the 

experience and material availability resulting from the semiconductor industry. Recently, 

we have seen more use of devices made from compound semiconductors (III / V 

compounds for high-efficiency aerospace components and copper -  indium -  sulphide / 

selenide materials for thin-film, low-cost terrestrial cells). But the dominance of the field 

by inorganic solid-state junction devices faces new challenges in the coming years.

Indeed recent years have seen increasing awareness of the possible advantages of 

nanocrystalline and conducting polymer devices, since these are relatively cheap to 

fabricate, and can be used on flexible substrates, shaped or tinted to suit domestic devices 

or architectural or decorative styles. It is now even possible to depart completely from the 

classical solid-state junction device, by replacing the phase in contact with the 

semiconductor by an electrolyte (liquid, gel or organic solid), thereby forming a 

photoelectrochemical device. Another advantage in using organic materials lies in the 

choice of materials. This latter factor is practically unlimited, and specific parts of the solar 

spectrum can be selectively absorbed.

Although organic cells are still considerably less efficient than single-crystal gallium 

arsenide or silicon, progress has been impressive over the past few years. In particular, 

solar cells based on interpenetrating polymer networks,^ polymer / fullerene blends,^ and
g

solid-state dye-sensitised devices have shown surprisingly high solar conversion 

efficiencies, currently reaching values of 2 -  3 %.

1.1.3. Carbon Nanotubes: Introduction and Applications
Until 1985 the only known crystalline forms of carbon were diamond and graphite. A new 

form of carbon was discovered in 1985 by Kroto, et al. when studying small clusters of 

carbon.^ A notable stability of particular cluster sizes revealed the ball-like structures of 

which the football shaped Ceo is the best known example. The new molecules were named 

fullerenes and macroscopic quantities of pure fullerenes were not available until 1990, 

when the first successful chemical separation of Ceo was made."’

The next important discovery in fullerene science came in 1991, when lijima discovered 

thin hollow carbon needles in the cathode deposit of a carbon arc discharge intended for
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making fullerenes." It was proven that the structures were not ju s t  a single rolled sheet of 

graphite but actually composed o f  several seamless cylinders and were later to be known as 

multi-walled carbon nanotubes (MW NT). Two years later nanotubes consisting of a single 

graphite layer, single-wall carbon nanotubes (SWNT), were p r o d u c e d . H i g h  yields of 

such nanotubes were obtained in 1996,'“* igniting amongst a num ber o f  groups the line o f  

research to which the present work belong.

Depending on their precise molecular symmetry, nanotubes can be either semiconducting 

or metallic. This behaviour, coupled with their nanoscale geometry, makes them ideal 

candidates for wires, interconnects and even devices for true molecular electronics.

The background for molecular electronics is found in current microelectronics. Indeed, the 

fabrication of microelectronic devices has gradually m oved to feature sizes substantially 

below a micrometer over the past decade. In research laboratories, submicron electron 

beam lithography has allowed fabrication of artificial structures with high control o f  the 

geometrical design. However, the present exponential reduction o f  feature sizes with time 

cannot continue indefinitely using bulk materials and standard lithographic techniques. 

One possibility is to incorporate ready-made nanostructures such as molecules or self­

assembled structures in electronic devices. In the case o f  molecules, this clearly poses 

demands to the individual components: the molecules must be stable, have well defined 

electrical properties and preferentially allow manipulation or have the ability to participate 

in self-organisation.

Nanotubes are interesting candidates as they are chemically stable and have superb 

electrical properties. In particular they can act as metallic wires and their strength and 

extended length makes it relatively straightforward to attach metallic electrodes to them.

This has enabled a num ber o f  recent studies o f  the transport properties o f  individual 

nanotubes and ropes (ordered bundles o f  nanotubes), yielding new information on the 

detailed behaviour of the electron system in the nanotubes. Progress over the past few 

years has revealed numerous interesting effects in these molecules: single-electron 

t u n n e l l i n g , f i e l d - e f f e c t  transistor action,'^ proximity-induced superconductivity ,'* '^  

spin in je c t io n ,A h a r o n o v -B o h m  effect,"' to mention a few. However, the road to real 

molecular electronics applications using nanotubes is not at all clear. Challenges lie in 

particular in assembling and integrating multiple active parts into functioning circuits.
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At present, som e o f  the m ost p rom is ing  appH cations o f  nano tubes  are f ie ld  em itte rs  in flat 

panel displays"^ and scann ing  p robe  tips.^^ As part o f  the w ork  in this T hes is ,  the b e l ie f  that 

carbon  nano tubes  could  find ano ther  in teresting  app lica tion  in im prov ing  the  e f f ic iency  o f  

ex is t ing  organic  d isp lays, such as organic ligh t-em itt ing  d iodes and  o rgan ic  so lar  cells, 

w hich  have been in troduced  earlier, is explored. Indeed, w hile  m an y  co n ju g a ted  p o lym ers  

can be used  as ho le-transport  m ateria ls ,  p o lym ers  that w ork  effec tive ly  as e lec tron- 

t ransport layers are not so co m m o n .  C arbon  nano tubes  can there fo re  be tho u g h t  to 

represent the ideal cand ida te  to tackle this technical issue.

1.2. Outline of the Thesis
In this T hes is  we will p resent the w ork  carried  ou t  in o rder to s tudy  the effec t  o f  using 

carbon  nano tubes  in tw o  ex is ting  types o f  functional organic  devices:  o rgan ic  light 

em itting  d iodes  and o rgan ic  so lar cells.

Fo llow ing  this in troducto ry  C hapter ,  fundam ental  properties  o f  co n ju g a ted  p o lym ers  and 

carbon nano tubes  will be rev iew ed  in C h ap te r  II. This  will a lso  include the electrical 

conduc tion  m echan ism s  and  pho tophysica l  p rocesses  that cou ld  o ccu r  in con juga ted  

polym ers ,  and the e lec tronic,  m echanical  and o ther properties  o f  ca rbon  nano tubes .

C hap ter  III will outline the experim ental  p rocedures  em p lo y ed  th ro u g h o u t this Thesis. 

T hree  distinct Sections will be attributed to sequentia lly  p resen t the p repara tion  o f  each  

m aterial,  the p repara tion  o f  each  device  and  finally the d iffe ren t charac te risa tion  

techniques u sed  in this work.

C h ap te r  IV will both  in troduce the basic  physical and  technical issues co n ce rn in g  organic 

l igh t-em itting  d iodes (O L E D s),  and show  how  careful ana lysis  o f  the d e v ic e ’s 

charac teris tics  o f  a s ing le  layer O L E D  a llow ed  us to de term ine  the in trinsic  e lec tronic  

p aram eters  one o f  the m ain  con jugated  po lym ers  u sed  th roughou t this T hesis :  po ly  ( 2,5 -  

d im ethoxy  -  1,4 -  pheny lene  -  v iny lene -  2 -  m e th o x y  - 5 ( 2 ’ -  e th y lh ex y lo x y  ) -  1,4  -  

pheny lene -v iny lene  (M 3E H -PP V ).

T his  will be fo llow ed, in C h ap te r  V, by  the d em ons tra t ion  o f  the use  o f  a com posite  

fabricated from  carbon nano tubes  and  poly  ( m  -  pheny lene  -  co -  2,5 -  d iocty loxy  -  p  -  

ph en y len ev in y len e  ) (P m P V ) as an e lec tron-transport  layer in O L E D s.  C o n d u c tiv ity  o f  the
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nanotube and polymer composite, and analysis o f  the characteristics o f  the OLEDs using 

the nanotube and polymer composite will be discussed.

Chapter VI will outline both physical and technical issues concerning the second type of 

organic device, which we focused on in this Thesis: organic photovoltaic devices. While 

we will mainly detail the principles o f  polymer solar cells, we will also present issues 

regarding photoelectrochemical cells. Optical filter effect in polymer solar cells and the 

choice of either electropolymerised or soluble polymers in photoelectrochemical cells will 

be included.

Chapter VII will show the effects of using nanotube and polymer composites in organic 

photovoltaic devices. After discussing the photophysical processes occurring in nanotube 

and polymer bilayers and blends, we will present the analysis o f  the characteristics of 

polymer solar cells and photoelectrochemical cells with the nanotube and polymer 

composite.

Finally, Chapter VIII will conclude this Thesis by reviewing the research presented in the 

previous Chapters. The implications of this research will also be addressed, and areas for 

future work will be considered.
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Chapter II CONJUGATED POLYMERS 

AND CARBON NANOTUBES

II.1. Introduction
The fundamental properties of conjugated polymers and carbon nanotubes will be 

reviewed in this Chapter. W hile we will present the electrical conduction m echanisms and 

photophysical processes that could occur in conjugated polymers in Section II.2, we will 

describe the electronic, mechanical and other properties o f  carbon nanotubes in Section 

II.3.

II.2. Conjugated Polymers
The geometric structure of several common polymers is sketched in Figure II. 1, where 

their monomeric repeat units are indicated.

II

I I I IV

Figure II. 1 Structural formulae o f  several com m on polym ers chains are illustrated. (I) polyethylene,  
or PE; (II) fra/!5-polyacetyIene, or PA; (III) poly(/>ara-phenylenevinylene), or PPV; (IV)  
poly(/;«ra-phenylene), or PPP; and (V) poly(thiophene), or PT. N ote  that the R groups may be 
hydrogen atoms, alkyl-chains, or even oxygen  containing groups such as m ethoxy-,  ethoxy- or 
decyloxy-groups.

2 2 2Since carbon has the electronic structure Is 2s 2p , carbon atoms can form up to four
a

nearest-neighbour bonds. In o-bonded polymers, the carbon atoms are sp hybridised, as in 

polyethylene (PE), polymer I in Figure II. 1, and each atom has four a-bonds. In such non­

conjugated polymers, the electronic structure o f  the chain o f  atoms which comprises the 

backbone of the macromolecule consists of only a-bands (possibly with 7t-electronic levels 

localised on side groups as, for example, in polystyrene). The large electron energy band 

gaps in o-bonded polymers, Eg(a), renders these polymer materials electrically insulating,
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and generally non-absorbing to visible light. In polyethylene, for example, the optical band 

gap is on the order of 8 eV.

In conjugated polymers, however, there exists a continuous network, often a simple chain, 

of adjacent unsaturated carbon atoms, i.e. carbon atoms in the sp (or sp) hybridised state. 

Each of these sp‘ carbon atoms has three o-bonds, and a remaining pz atomic orbital which 

exhibits Ti-overlap with the pz orbitals of the nearest sp^ hybridised neighbour. This chain 

of atoms with 7i-overlap of the atomic pz orbitals leads to the formation of 7i-states 

delocalised along the polymer chain. In a system with one-dimensional periodicity, these 

7i-states form the frontier electronic bands, with a 7t-band gap, Eg(7t) <  E g(a), accounting for 

optical absorption at lower photon energies. The essential properties of the delocalised n- 

electron system, which differentiate a typical conjugated polymer from a conventional 

polymer with a-bands, are as follows;

• the electronic band gap. Eg, is relatively small (~ 1 -  4  eV), leading to low-energy 

electronic excitations and semiconductor behaviour;

• the polymer chains can be rather easily oxidised or reduced, usually through charge 

transfer with molecular dopant species;

• carrier mobilities are large enough that high electrical conductivities are realised in the 

doped (chemically oxidised or reduced) state;

• charge carrying species are not free electrons or holes, but quasi-particles, which may 

move relatively freely through the material, or at least along uninterrupted polymer 

chains.

Some of these interesting properties will be discussed in more details in the following 

Sections.

II.2.1. Ground State Electronic Structure
Electronic states of conjugated molecules are generally treated using the molecular orbital 

(MO) method in an approximate way; the Hiickel model, the Pariser-Parr-Pople model, 

various semi-empirical methods, ab-initio Hartree-Fock methods, high-level methods 

including correlation effects, etc. On the other hand, in solid-state physics, electron-phonon 

and electron-electron interactions are important in modelling conjugated polymers. The 

pure electron-phonon interaction limit corresponds to the Peierls (Hiickel) model, and the 

pure electron-electron interaction limit corresponds to the Hubbard (Pariser-Parr-Pople) 

model. The Peierls-Hubbard model incorporates both the electron-phonon and electron- 

electron interactions.' Su, Schrieffer, and Heeger^”̂ have used a tight-binding Hamiltonian

9
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with an electron-phonon coupling term for interpreting the physical properties o f  trans- 

polyacetylene.

This Su-Schrieffer-Heeger model (SSH) corresponds to the Hiickel M O  m ethod in which 

structural changes are effectively incorporated by expressing the resonance integrals as a 

function o f  bond length. The chains have been modelled as a series o f  carbon atoms jo ined  

by springs with an effective force constant k. Electron-phonon interactions were 

incorporated using a nearest neighbour overlap integral. For equally spaced carbon atoms 

this model predicts a half filled highest energy band. This is what we would  expect from a 

one dimensional system with one unpaired electron per unit cell, i.e. a one dimensional 

metal. This is illustrated schematically in Figure II.2:

co n t in u o u s  
n - s y s t e m  with delocal i sed  

e l e c t r o n s

half-f i l led
band

Figure II.2 Unsaturated backbone structure of polyacetylene. The carbon atoms form a zigzag chain 
with an angle of 120° through sp^ hybridisation. All o bonds shown in the figure are in the plane, 
with one n orbital per carbon atom perpendicular to the plane. Complete delocalisation would result 
m a one-dimensional metal with a half filled conduction band.

This would in fact be the case if the electronic wavefunctions were completely delocalised 

along the chain and all carbon atoms equally spaced.

However Peierls model showed that such a one dimensional metal would be unstable. It 

turns out that for 1-D systems, the chain can lower its energy by introducing bond 

alternation or dimerisation as depicted in Figure II.3:

10
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1 I
V [5

T
1.5 eV 
i

bond allernat®-! limits the extent j e S o n S t o t
of delocalisation

Figure II.3 Alternation of bond lengths along a conjugated polymer chain (estimated to be about 
0.01 nm for polyacetylene) results in a material with the properties of a large gap semiconductor.

This alternation of single and double bonds limits the extent of electron delocalisation that 

can take place along the backbone. For most conjugated polymer chains the maximum 

extent of delocalisation is over about 1 5 - 2 0  multiple bonds."*’̂  Bond alternation is a direct 

consequence of the strong coupling which exists between the n electrons and the phonon 

modes of the chain. This is characteristic of many 1-D systems.^ The driving force for 

bond alternation is the fact that the decrease in electronic energy is greater than the energy 

increase due to distortion.

The terms Valence Band (VB) and Conduction Band (CB) used with inorganic 

semiconductors are commonly replaced by Highest Occupied Molecular Orbitals (HOMO) 

and Lowest Unoccupied Molecular Orbitals (LUMO) respectively to best describe the MO 

character of the electronic structure of conjugated polymers.

Note in Figure II. 1 that for polymer II, rran^-polyacetylene, an interchange of the carbon 

single and double bonds reproduces the identical ground-state geometry. Thus, trans- 

polyacetylene is termed a degenerate ground-state system. This geometric symmetry has 

consequences for the nature of the self-localised charge bearing species in trans- 

polyacetylene, which are termed solitons, after the mathematics and wave equations which
7 8describe their behaviour. ’

In the remainder of the conjugated polymers shown in the Figure II. 1, polymers III, IV, 

and V, a simple interchange of the carbon single and double bonds does not reproduce the 

same ground-state geometric configuration, but produces higher-energy geometric 

configurations.^ "  Thus, these polymer systems are termed non-degenerate ground-state

1 1
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systems. This means that there are two ways o f  arranging the single and double bonds with 

different energies. In polymers such as polyphenylenevinylene (PPV) these variations are 

called benzenoid and quinoid and are shown in Figure II.4:

Figure II.4 Benzenoid and quinoid forms o f PPV. The quinoid form is o f  higher energy and is 
therefore not stable over large lengths o f polymer chain.

The aromatic region is lower in energy than the quinoid which will only form in the 

vicinity of a charge excitation. Unlike polyacetylene, these materials tend to have a 

relatively large bandgap, up to 3 eV. This is because the bandgap in these materials is not 

solely due to Peierls distortion. Non-degenerate ground state polymers have a component 

of dimerisation, independent of Peierls distortion, due to their asymm etry in chemical 

structure.

This symmetry also has consequences for the type o f  charge bearing species (and the type 

of optical excitations) which occur in these polymer chains and this will be discussed in the 

following Section.

II.2.2. Excitation species

The intrinsic low-dimensional geometrical nature of polymer chains leads to the existence 

of unusual charge carrying species. The charge bearing species are not free electrons or 

holes, but may be any one of several different types of essentially well-defined quasi­

particles, each consisting of a coupled charge-lattice deformation entity. The charge 

bearing species are self-localised, in the sense that the presence o f  electronic charge leads 

to local changes in the lattice, which, in turn, leads to localised changes in the electronic 

structure. These species are generated, for example, through optical absorption in the 

neutral system, or through charge transfer doping. Associated with these species are 

localised electronic states with energy levels within the otherwise forbidden electron

b e n z e rw id
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energy gap, the so-called  gap states.

E lec tronic  energy-leve l d iagram s o f  self- localised exc ita tions  in co n ju g a ted  po lym ers  are 

show n in F igure  II .5. For polarons, b ipolarons, and excitons, tw o  localised  e lec tron ic  levels 

are form ed sym m etr ica l ly  at ±coo with respect to the gap  centre  (F igures  II .5b -  II.5g) 

because  o f  e lec tron-ho le  sym m etry . T he  positions o f  the localised  e lec tron ic  levels, i.e. 

± 0)0, depend  on the ex ten t o f  the structural changes assoc ia ted  w ith  the exc ita tions . On the 

o ther hand, for so litons one localised electronic level is fo rm ed  at the gap  cen tre  (Figures 

I I . 5 h -  II.5j).

CB

(i) (i)(b) (t)(a) (c) (d) (e)

Figure II.5 Electronic energy-level diagrams o f  se lf-localised excitations; (a) neutral polymer; (b) 
positive polaron; (c) negative polaron; (d) positive bipolaron; (e) negative bipolaron; (f) singlet  
exciton; (g) triplet exciton; (h) neutral soliton; (i) positive soliton; (j) negative soliton.

II.2.2.1, Polarons

T he  origin o f  the term  polaron  for charged  quasi-particles  can  be fo und  in classical po lar 

crysta ls  w here  the assoc ia ted  charge e.g. the electron repulses  ad jacen t  e lec trons  w hile  

attracting the nuclei resulting  in a polarisation o f  the lattice in its c lo se r  vicinity . M oreover,  

this acco m p an y in g  c loud  o f  po larisation  causes an increasing  effec tive  m ass  decreas ing  the 

mobility  o f  these quasi-partic les.

Due to the d im erisa tion  o f  the bonds, conjugated system s exh ib it  neither pu re  cova len t  nor 

pure polar bonds. In fact, they represent a separate c lass with  regard  to the ir  bond  nature 

exhib it ing  huge e lec tron-la ttice  coup ling  com pared  to the inorganic  solids. T h is  s trong 

elec tron-lattice  coup ling  is responsib le  for the ex is tence o f  the quas i-partic les  such as 

po larons and polaron  exc itons  in conjugated  system s. T h ese  quasi par tic les  can be 

identified by the additional energy  leve ls '"  associa ted  with  them  w hich  ap p ea r  w ithin the

13
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semiconductor bandgap. For a positive polaron and a negative polaron, the two localised 

electronic levels lead to three intra-gap transitions (coi, C0 2 , and C0 3  in Figures II.5b and 

II.5c).

11.2.2.2. Bipolarons

A bipolaron is the coupling of two charges to the chain. It costs less elastic energy to form 

one bipolaron than two polarons so bipolarons dominate at high local polaron density. For 

a positive bipolaron and a negative bipolaron, the two localised electronic levels lead to

two intra-gap transitions (coi and C03 in Figures II.5d and II.5e).

11.2.2.3. Solitons

In the case of /ra«.y-polyacetylene, it has been established that pairing up of polarons leads 

to spiniess, singly charged solitons that represent the lowest energy eigenstates of the 

coupled electron (hole) -  lattice systems, and are responsible for the unusual electrical, 

magnetic and linear as well as non-linear optical properties. For a neutral soliton, a positive 

soliton, and a negative soliton, one localised electronic level leads to a single intra-gap 

transition (a in Figures II.5h, II.5i, and II.5j).

11.2.2.4. Excitons

The polaron-exciton is equivalent to an oppositely charged polaron pair and can be formed 

by photoluminescence. They can also be formed in a light emitting diode by the

recombination of an oppositely charged polaron pair. On recombination the energy is

emitted as a photon of light.

The following gives a brief overview of the differences between excitons in inorganic 

systems as they are much better understood and the organic ones.

II.2.2.4.1. Excitons in Inorganic Semiconductors

The binding energy Eb of inorganic excitons is estimated to be around 16 meV which 

means that these excitons become important predominantly at lower temperatures (where 

keT becomes small compared to Eb).'’̂ Unlike its constituent’s particles, an inorganic 

exciton is a Boson rather than a Fermion, with its occupation statistics is determined by the 

Bose-Einstein equation. These excitons can reduce their energy further if they bind with 

impurities or defects. Since they are Bosons, all of them can occupy the lowest lying state 

(at once) giving sharp peaks in the light emitted at low temperatures due to radiative

14
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recombination of the constituent electron and hole. At high densities and low temperatures, 

the free exciton gas can condense to give an electron-hole liquid phase with interesting 

properties.

II.2.2.4.2. Excitons in Conjugated Polymers

The binding energy Eb o f  excitons in organic semiconductors, in particular for conjugated 

polymers like PPV and its derivatives, has been subject to intense debate over the past 

decade. Eb values ranging from very sm all’  ̂ to intermediate values (around 0.4 e V )’  ̂ ’* to 

very high (up to 0.95 eV)'^ have been proposed. In the following we give a brief 

description of different types o f  excitons:

• Frenkel exciton: the electron hole pair is confined to not more than one molecular
20,21unit;

• M ott-W annier exciton: the distance between electron and hole is much greater than the 

spacing between unit c e l l s ." ’ Their energy levels can be described as hydrogen-like 

bound states, calculated using a reduced effective mass;

• Charge transfer exciton: the exciton extends over only a few adjacent m olecular units.

• Inter-chain exciton: this term is used for polymeric semiconductors to indicate that the 

constituent charges are located on different polymer chains. It can be regarded as a 

charge transfer exciton;

• Intra-chain exciton: this term also refers to polymeric semiconductors to indicate that 

the constituent charges are located on the same polymer chain. It is believed that intra­

chain excitons represent the main species that is formed after photoexcitation in 

conjugated polymers.

W e note that there is another related excited species, the excimer, that can play an 

important role in organic semiconductors. An excimer can be understood as a dimer that is 

only stable in the excited s t a t e . H e n c e ,  it is only weakly absorbing and shows little 

vibronic structure in its emission spectrum. It can be formed by interaction o f  an excited 

molecule with a molecule in its ground state. Both singlet and triplet excimers have been
28 ^9observed in organic molecules such as naphthalenes or perylenes. ’* An exciplex is an 

excimer consisting of two different molecules.

II.2.3. Photophysical Processes
In this Section, we will describe both luminescence (fluorescence and phosphorescence)

and deactivation processes (energy and charge transfer) occurring in conjugated polymers.

15
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11.2.3.1. Luminescence

11.2.3.1.1, Fluorescence

When a photon of light of the appropriate energy interacts with an electron in the ground 

state, the electron is promoted from the HOMO to the LUMO. This is known as a n-n* 

transition. The probability of transition between two states is proportional to the overlap of 

ground and excited state wavefunctions. The energy of an excited state is usually plotted as 

a function of configuration co-ordinate in a Franck-Condon diagram as shown in Figure 

II.6. The configuration co-ordinate is a measure of the spatial arrangement of the nucleii on 

the chain in the region of the excitation.

Under the conditions of excitation the equilibrium position of the nucleii is different from 

that in the ground state. In the ground state the lowest energy arrangement of the nucleii is 

the benzenoid while for the exited state it is the quinoid configuration. As electronic 

transitions occur about 100 times faster than vibrational excitations (10"'^ s compared to
1310 ■■ s) the nucleii do not have time to change configuration over the time scale of the 

electronic transition. This is known as a vertical Franck-Condon transition.

X.

Figure 11.6 Mechanism of fluorescence. The initial excitation takes place between states of same 
multiplicity (singlet states So and S|) and in accord with the Franck-Condon principle.

As the nucleii are now not in an equilibrium position they must vibrationally relax to their 

lowest energy state. This is possible because the lifetime of a singlet excitation is about 10

16
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times longer than the timescale of vibrational relaxation. On relaxation o f  the excitation to 

the ground state the nucleii must once again move into the lowest vibrational state. Hence 

emission is at a lower energy than absorption. The energy difference is called the Stokes 

shift.

II.2.3.1.2. Phosphorescence

Phosphorescence may be defined as the emission occurring due to the radiative transition 

between two states o f  different spin multiplicity, for example between Ti and So- It is 

generally delayed relative to the exciting radiation, and may persist for several seconds 

after the exciting source is removed. The m echanism o f  phosphorescence is shown in 

Figure II.7;

ISC

Incident
l ig h t - V

ISC = Intersjretem Crassing

Figure II.7 M echanism  o f p hosphorescence. A bsorption o f  light raises the m o lecu le  to its excited  
singlet state w hich intersystem  crosses to the triplet state. N on-radiative vibrational relaxation  
continues to leave the m olecu le  trapped in its low est exc ited  triplet state b efore a w eak radiative 
transition returns it to the ground state singlet.

This shows how the incident radiation excites the molecule from the singlet ground state. 

So, to the excited singlet state. Si, as in the initial stages o f  fluorescence. Radiationless 

decay occurs until at some point, if a triplet state o f  a suitable energy is nearby, the 

molecule may convert, under the influence of spin-orbit coupling, to that triplet state. 

Following the intersystem crossing process (ISC), radiationless decay continues, but now 

in the triplet state of the molecule. Once the lowest excited triplet state (T |)  is reached the 

molecule becomes trapped. Continued deactivation now requires a triplet-singlet transition 

which is spin-forbidden by selection rules. However as the intersystem crossing occurred,

17
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this shows that spin-orbit coupling is sufficient to partially break down the singlet-triplet 

selection rules, making the transition weakly allowed.

Because the T -  S transition is only weakly allowed it becomes a ‘s low ’ transition and can 

therefore persist for up to many seconds after the incident radiation has ceased. Several 

factors control the occurrence of this phosphorescence:

• it may occur if there is a suitable triplet state in the vicinity o f  the excited singlet states 

of the molecule and the spin orbit coupling is sufficient to induce the intersystem 

crossing;

• heavy atoms such as copper, tin, ruthenium, chlorine and fluorine can enhance 

intersystem crossing. However, they also increase the rate o f  non-radiative transitions 

(internal conversion).

n.2.3.2. Deactivation Processes

Electronically excited states, once formed, can be deactivated by electronic energy transfer 

and electron transfer together with other processes including chemical reaction.

II.2.3.2.1. Energy transfer

Several different mechanisms o f  electronic energy transfer are believed to operate under 

different circumstances.

The first o f  which is known as the trivial or radiative energy transfer mechanism. It is 

represented by the process, in which the emission from the decay of the excited donor 

molecule (D*) to the non-excited donor molecule (D) is re-absorbed by the non-excited 

acceptor molecule (A) to give the excited acceptor molecule (A ). This process is able to 

operate over extremely large separation distances providing that the emission spectrum of 

D* and the absorption spectrum o f  A* overlap. The absorption of sunlight by chromophores 

on Earth is a classic example o f  radiative energy transfer.

The second mechanism of electronic energy transfer, that o f  non-radiative energy transfer, 

requires specific D* and A interactions with the energy transfer step being thought to 

proceed by the formation o f  a (DVA) encounter complex. This m echanism  is subdivided 

into short range energy transfer arising from exchange interaction over intermolecular or 

inter atomic distances, and into long range energy transfer which may arise by sequential 

short range excitation of many species so that the excitation appears ultimately at a place
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distant from the original location of excitation, or interactions between transition dipoles:

• Electron-exchange energy transfer (short range): this mechanism, which is also known 

as Dexter's mechanism requires a distance of less than 1 nm separation between D* and 

A. During the energy transfer process the excited electron on D* is transferred to the 

LUMO of A, and simultaneously an electron is transferred from the HOMO of A to the 

lower partially occupied molecular orbital of D*. In this type of energy transfer, the 

donor and acceptor energy gaps must be equal, and the spin multiplicity of the complex, 

conserved (Wigners Rule). Hence singlet-triplet energy transfer may proceed by this 

mechanism.

• Coulombic energy transfer (long range): this mechanism, which is also known as the 

Forster mechanism can occur at intermolecular distances of up to 10 nm and involves 

the dipole-dipole interaction that can occur when D* and A are in close proximity. For 

A* to be formed, certain resonance conditions must be met. That is the energy difference 

AE between the ground state donor (D) and the excited state donor (D*) must be 

equivalent to the energy gap between the acceptor ground state (A) and the acceptor 

excited slate (A*):

AE(d  —> d ) = A E ( A —>A ) Equation II. 1

It is important to note that in this process, no change in the spin multiplicity of either of the 

components is allowed. Although the mechanism is common for singlet -  singlet energy 

transfer where transition dipoles are relatively large, triplet -  triplet energy transfer is 

forbidden by the dipole -  dipole mechanism, since the respective transition moments are 

extremely small.

I I . 2.3.2.2. Electron T ransfe r

Electron transfer is also a short range process, occurring at similar distances to the short- 

range electron exchange energy transfer. This mechanism involves an electron ‘jumping’ 

from the HOMO of the donor (D*) to a molecular orbital of the acceptor (A), leading to the 

formation of a radical ion pair, or a charge transfer complex (D'^/A'):

D* + A D ‘V A '~  Equation II.2

The process of electron transfer is of interest in many different scientific disciplines such 

as molecular biology (photosynthesis, DNA damage / repair, redox enzymes), synthetic
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photochemistry, physics (scanning tunnelling microscopy, semiconductors), 

supramolecular chemistry (rotaxanes, dendrimers), and display technology (light emitting 

devices).

Thermodynamic Considerations

The Gibbs free energy ( A G d+a ) stored in the D VA " radical ion pair state produced by one 

electron transfer from D to A can be expressed by Equation II.3:

= e ( E „ ( D ) - E , ^ ( A ) ) -  ^ Equation 11,3

In this expression the first term contains the electrochemical one-electron oxidation 

potential of D and the reduction potential of A, and thereby gives the ion-pair energy at 

infinite separation. The last term corrects this for the Coulom b energy gained by bringing 

the ions together to their actual distance Rda- Regrettably, this simple expression is often 

inadequate because reliable electrochemical data can only be obtained in polar solvents 

such as acetonitrile (es= 37.5) while electron transfer reactions often also occur in quite 

non-polar environments. Weller has proposed^^‘̂“ that corrections for the differences in 

ion-pair solvation upon transfer from acetonitrile to solvents with a relative dielectric 

permittivity e s , can be obtained by application of Equation II.4:

................   " Sn-e„ vV Vy
1

37.5
Equation II.4

where rn+ and Ta. are the effective ionic radii o f  and A '

In order for photoinduced charge separation to be thermodynamically feasible the energy 

of the excited state from which charge separation is intended to occur, must of course 

exceed AGo+a-- In some electron donor-acceptor compounds or complexes, the lowest 

energy vertical absorption band corresponds to direct charge transfer (CT-absorption). 

More commonly, excitation occurs primarily to a singlet excited state o f  D or A. In the 

condensed phase rapid internal conversion and vibrational relaxation then occur to 

populate the lowest vibrational level o f  the first singlet state (Eso) from which charge 

separation can take place if there is sufficient ‘driving force’ (-A G cs) as can be estimated 

using Equation II.5:

AG^s = -  Eso Equation II.5

It should be mentioned that in principle charge separation can occur from singlet states, but
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also from excited states of D and A with higher multiplicities (in particular from triplet 

states) as long as Eso > G d+a-. This is because there is no electron spin restriction to either 

conversion from a locally excited singlet to a singlet state o f  the radical ion pair, nor from a 

locally excited triplet to the radical ion pair triplet state.

Kinetic Considerations (Marcus Model)

The rates of most electron transfer reactions, k, like other chemical reactions, can be 

expressed in terms of an Arrhenius expression^^'^^ (Equation II.6) with a pre-exponential 

factor A and an exponential temperature dependence, the magnitude o f  which depends on 

an activation energy, Ea.

For weak electronic interactions between D and A, it is usually assum ed that electron 

transfer is non-adiabatic, which means that the probability o f  crossing over from the 

reactant energy surface to that of the product is limited by the m agnitude o f  the electronic 

interaction. In that case another possible starting point for a rate expression is Ferm i’s

The electron transfer rate, keT, is given as the product of the electronic term Vda and a 

factor depending on the nuclear coordinates, the Franck-Condon weighted density of states 

(FCWD). Vda is approximately equal to the resonance energy <'FdaIH1'Pd+a->, the 

interaction energy between zero-order wavefunctions. To make a connection with Equation 

II.6, VpA is contained in the pre-exponential factor A . The FC W D  is the sum o f  the 

products of overlap integrals of the vibrational wavefunctions of the reactant with those of 

the product and weighted for the Boltzmann population of the vibrational levels. Especially 

the FC W D  factor in Equation II.7 is not easily related to experimentally accessible 

parameters. W e therefore use a theory based on M arcus’s classical p a p e r s . I n  M arcus’s 

description an activation barrier for electron transfer (AG**et) is derived by employing a 

model in which electron transfer occurs after reorganisation o f  nuclear coordinates (in 

reactants and solvent) to a transition state in which the energies o f  reactants {i.e. D /  A) and 

products {i.e. D V A  ) are equal. The activation energy change (AG^et) is a function o f  two 

main parameters: the free energy change (A G et), and the total nuclear reorganisation 

energy {X), required to accommodate the changing charge distribution. Assum ing harmonic

21

Equation II.6

golden rule” '^  ̂ (Equation II.7), which treats electron transfer as a radiationless transition.

VfM F C W D Equation II.7



Chapter II Conjugated Polymers and Carbon Nanotubes

nuclear reorganisation potentials the expression is then Equation II.8:

AG*et — Equation II.8
4 A

This leads to Equation II.9 for the rate of electron transfer which has a form similar to the 

Arrhenius equation:

A G  ET

•̂ ET ' Equation II.9

Here ke is the Boltzmann constant, h is Planck constant and Vda is the electronic coupling. 

This fundamental formula is probably the most important relationship in electron transfer 

rate theory.'*"  ̂ In Equation II.8, AGet is the Gibbs free energy change between reactants and 

products (such as AGcs in Equation II.5 for photoinduced charge separation) and X is the 

total nuclear reorganisation energy. The latter may be written as a sum of an internal A.j 

(related to nuclear coordinates of the reactants) and an external term Xs (related to nuclear 

coordinates in the medium / solvent):

A = Equation II. 10

Marcus'^' and Hush"*'̂  used the dielectric continuum description of the solvent and an ion- 

pair model of the charge separated state to estimate the solvent reorganisation energy

/l,(eV )=14.4 +
2 r ,  2r Rha ;V  D *  A  d a  y

Equation II. 11

In Equation II. 11, ro+ and rA- are the radii (in A) of the two ions. Rda (in A) is the centre to 

centre distance between them, n and 8s are the optical and static dielectric constants of the 

solvent, respectively. The consequence of Equation II.8 is that two free energy regions, 

denoted as ‘norm al’ and ‘inverted’, respectively, can be distinguished depending on the 

relative magnitude of AGet and X. In Figure II.8 schematic potential energy curves are 

depicted for the reactant and the product states that can be involved in an electron transfer 

reaction such as the photoinduced charge separation D* -  A* ^  D -  A ':
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1 1 1 . n c r u ' X '

D - A D '-A d ' -  a

"( )p i in ia r

Figure II.8 Schematic, one-dimensional representation of free energy surfaces relevant in the 
normal region, the special optimal case where -AGet = and in the inverted region where the free 
energy change is even greater than the reorganisation energy.

In the ‘norm al’ region the barrier decreases (at constant X) if the driving force -AGet

force increases, implying that, contrary to intuition, electron transfer should slow down 

upon increasing the thermodynamic driving force.

II.2.4. Electronic Conduction Mechanisms

The electronic conduction mechanisms (metallic -  semiconductor transition, hopping, 

tunnelling processes, etc.) occurring in conjugated polymers will now be introduced.

II.2.4.1. Highly Anisotropic Metallic Conduction

A key feature o f  polymer conductivity is that it is highly anisotropic, being m uch greater 

along the polymer chains. This quasi-ID  nature leads to a mechanism  that avoids the usual 

limitation on conductivity due to scattering o f  carriers by thermally excited lattice 

vibrations. The basic idea can be understood with reference to the idealised situation 

depicted in Figure II.9 where the charge carriers are taken to have wavevectors kp or -  kp 

parallel to the direction of the polymer chains. To scatter these carriers and create 

resistance, phonons would need to have a wavevector 2kp spanning the Fermi surface.'*^ 

However, the energy o f  these phonons is large, so very few are excited at ordinary 

temperatures and the resistivity is suppressed below that in conventional isotropic metals. 

In this way, it is expected that such quasi-ID  metals could have conductivities much higher

increases. In the ‘optim al’ region -AGet is equal to A. and then AG*^et = 0. In the ‘inverted’ 

region -AGet is larger than X and Equation II.9 predicts that AG^et increases as the driving
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than conventional metals, in which scattering of electrons by phonons limits conductivity 

to about 0.6x10^ S.cm ’ at room temperature even in the best metals such as copper and 

silver.

2kp phonon

' '  Fermi surface "

Figure II.9 Sketch showing backscattering along the polymer chain direction by phonons of 
wavevector 2kp in a highly anisotropic ( ‘quasi-ID’) polymeric metal in which the Fermi surface 
consists of sheets perpendicular to the chain direction (kp is the electronic Fermi wavevector).

For temperatures T such that keT is much less than the energy hcob o f  the backscattering 

phonons, the resistivity would be expected'*^'*’ to vary as the num ber o f  these phonons 

thermally excited, i.e. the dominant term will be;

Mt)= An^xp Equation II. 12

with Pm independent of temperature.

This quas i-ID  metal resistivity is sketched in Figure 11.10, showing its small magnitude at 

low temperatures and the sharp increase at higher temperatures. For comparison, Figure 

11.10 also shows the Bloch-Griineisen resistivity of conventional crystalline metals arising 

from the scattering of the electrons by phonons: this resistivity increases as at low 

temperatures, and linearly in T  at higher temperatures as the number o f  phonons excited
48increases as T. At high temperatures (keT > hcOb), this linear Bose excitation law would 

also apply for quasi-ID  metal resistivity. Pietronero"^^ suggested an energy o f  hcob ~ 0.2 eV 

for the 2kp backscattering phonons in polyacetylene, leading to a predicted maximum 

conductivity of 14x10^ S.cm ' at room temperature considering first-order scattering, while 

Kivelson and Heeger'*^ in their treatment used the value hcOb ~ 0.12 eV (i.e. 1400 K) and 

obtained a maximum  conductivity of 2x10^ S.cm ’. These values are both substantially 

higher than the largest experimentally observed conductivity o f  any bulk material at room 

temperature.
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quasi-ID metal

300 K0

Figure 11.10 Sketch o f  the metallic resistivity temperature dependence exp ected  for highly  
anisotropic ( ‘q u a s i - lD ’) metallic resistivity compared to that for typical crystalline metals (the 
behaviour o f  metallic resistivity as disorder increases is also shown).

11.2.4,2. Metal -  Semiconductor Transition

The evolution of conventional metallic resistivity as disorder is increased is sketched in

Figure 11.10. As the resistivity increases, its temperature dependence tends to show a

saturation effect at higher temperatures and a T^ power law at lower temperatures.'*^ For

very highly disordered (amorphous) metals, there is only a small temperature dependence

of the resistivity since elastic structural scattering dominates. A striking feature of the

resistivity p of amorphous metals is the Mooij correlation:^*^ p usually shows a negative

temperature coefficient {i.e. dp/dT < 0) when the magnitude o f  the resistivity is greater

than 150 |.iQ.cm, as sketched in Figure 11.10 (this value applies only for conventional 3D

metals with normal carrier densities). This decrease o f  resistivity as temperature increases

arises largely from weak localisation, and signals the approach to a metal -  semiconductor

transition induced by increasing disorder (the Anderson transition). In addition, there is a 
1characteristic T “ upturn in resistivity below about 15 K consistent with electron -  electron 

interactions.”’' Note that samples with reversed temperature dependence but with resistivity 

extrapolating to finite values in the zero-temperature limit are still regarded as metallic: the 

transition to a semiconductor occurs where the zero-temperature conductivity becomes
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zero, indicating that thermal excitation is needed to permit conduction. Prigodin and

from insulator to metal as the localisation length o f  a single wire and the inter-wire 

coupling increase; such a model could be applicable to describe a metal -  semiconductor 

transition in fibrillar conducting polymers.

II.2.4.3. Hopping in Disordered Semiconductors

For a large variety o f  disordered materials on the semiconductor side o f  a metal -  

semiconductor transition, the conductivity is well described by M ott’s law for variable- 

range hopping."  In disordered semiconductors with localised states in the band gap, 

conduction occurs by hopping (i.e. phonon-assisted tunnelling between electronic localised 

states centred at different positions). As the thermal energy ksT  decreases with 

temperature, there are fewer nearby states with accessible energies, so the mean range of 

hopping increases. This leads to the following expression for the conductivity:^'*

For hopping in three dimensions, the exponent has the value y = 1/4. If the electronic 

wavefunctions decay with distance r as exp(-r/Lioc), where Lioc is the localisation length, 

the constant To is given approximately by IcbT q ~ 16/(N(Ef)L|oĉ ), where N(Ep) is the 

density of localised states at the Fermi level. The prefactor ao is also temperature

dependence is often neglected compared to the stronger temperature dependence o f  the 

exponential term. At temperatures sufficiently high such that the hopping is to nearest 

neighbours, the conductivity would instead show the simple activated form given by 

Equation 11.13 with y = I. This form also applies for electron transport by thermal 

excitation into a conduction band of extended states in a crystalline semiconductor, since in 

this ca.se the conductivity would be approximately proportional to the num ber o f  electrons 

excited across the semiconductor gap. For 2D hopping y = 1/3, and for ID hopping y = 1/2, 

although this latter exponent could also arise for 3D hopping when account is taken of 

electron -  electron interactions, according to Efros and Shlovskii.^^ It has been 

emphasised^^'^^ that quasi-ID  hopping could play a key role in conducting polymers where 

polymer chains traverse disordered regions to connect crystalline regions. Charge carriers 

would diffuse along such electrically isolated disordered chains as part o f  the conduction 

path, but would readily localise owing to the ID nature o f  the chains. In such a case, quasi-

Efetov^“ have shown that a network of metallic wires will undergo an Anderson transition

cr(T) = cToexp - —
[  \   ̂ J

Equation 11.13

dependent, with different authors deriving different power laws,' '̂* but this temperature
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ID variable-range hopping along the disordered chains with y = 1/2 could dominate the 

overall resistance of the polymer.

II.2.4.4. Tunnelling Between Metallic Regions

According to calculations by Sheng and Klafter^* and Sheng,^^ if conduction is by 

electronic tunnelling through non-conducting material separating mesoscopic metallic 

regions rather than between localised states, the expression for the tunnelling conductivity 

approximately follows the Equation 11.13 with y = 1/2 {i.e. the same form as for ID 

variable range hopping). Such a picture should be appropriate for a granular metal in which 

small metallic grains are surrounded by non-conducting shells. These calculations apply 

when the conductivity is limited by the electrostatic charging energy when an electron is 

transferred from one island to the next; the inhibition of tunnelling when the thermal 

energy RbT is less than the charging energy is referred to as a Coulomb b lo c k a d e . I f ,  

however, the metallic regions are large enough that the electrostatic charging energy is 

much smaller than RbT for accessible temperatures, tunnelling can occur between metallic 

states of the same energy on different sides of the barrier without thermal excitation, 

provided that the wavefunctions overlap. Fluctuations in the voltage across the tunnelling 

junction can greatly increase the tunnelling current as temperature increases, according to 

S h e n g . T h e  conductivity due to this fluctuation-assisted tunnelling, for a simple parabolic

barrier shape and making several assumptions can be written in the simple form:
/  \

To-(T)=cr,(T)exp
T + T

Equation II. 14

where the parameter T, represents the temperature at which the thermal voltage fluctuations 

become large enough to raise the energy of electronic states to the top of the barrier, and 

the ratio T  / Ts determines the tunnelling in the absence of fluctuations and so the 

conductivity a(0) in the low-temperature limit. The prefactor a, is approximated as 

independent of temperature.

II.2.4.5. Conduction in Heterogeneous Polymers

Crystallinity in polymers typically differs from that in low-molecular-weight compounds in 

that it is only partial: the polymer chains are not aligned with each other over their whole
61 63length, but only in small crystallite regions of typical dimensions 1 0 - 5 0  nm.
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(a)

(b) aligned chains

carriers transfer 
betw een fibres ' disordered regions

Figure II. 1 I a) The fringed crystallite m odel for the crystalline -  am orphous structure o f  polym ers 
b) A sketch o f  the structure o f  h ighly doped fibrillar.

Particular polymer chains may extend through a num ber of crystallite regions, or they may 

be folded back on themselves within the crystallite regions; in either case the ordered 

crystallites are interconnected by amorphous regions, as illustrated in Figure II. 1 la.

In general, it might be expected that a similar heterogeneity plays a significant role in the 

conduction process for conducting polymers. If  the conductivity o f  ordered crystalline 

regions is high, as discussed in Section II.2 .4 .1, the total resistance o f  the conducting 

polymer will be dominated by the disordered regions through which the current must pass. 

According to x-ray studies, organic conducting polymers also show at most only partial 

crystallinity.^"' The only exception appears to be p o l y d ia c e ty l e n e ,w h ic h  can be made 

from a crystalline precursor material, but this polymer has only a relatively small 

conductivity. Evidence for the heterogeneous nature of conduction in organic conducting 

polymers was first pointed out by Park et al.^^ soon after their discovery, and further 

developed by Epstein et al.^^ and Travers et al.^^ The morphology proposed for fibrillar 

highly conducting polyacetylene^* is shown in Figure II. 11b. For conduction along fibres 

of similar type, the expression for the total resistivity p(T ) in a heterogeneous model with 

higher- and lower-conductivity sections in series can be written as:^^
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o-(T)-'=/)(T) = Xf,A(T)
i

Equation 11.15

where the geometric factors fj are defined by:

Equation 11.16

Here L and A are the total effective length and cross-sectional area o f  the sample, Li is the 

length o f  the path consisting of material i with intrinsic resistivity pi(T ), and A; is the 

effective cross-sectional area for conduction in each region. For example, in the simplest 

model in which the conduction paths consist of ordered and disordered parts, i = 1 would 

correspond to the metallic regions, and i = 2 to barrier regions, and the temperature 

dependence of the geometric factors fj can be neglected if the fibres have similar 

properties. For non-fibrillar polymers, a more complex model is needed for a full analysis, 

but the conduction for a material such as that in Figure II. 11a would have a qualitatively 

similar temperature dependence to the series heterogeneous model, since the significant 

conduction paths would all consist of  a series combination o f  higher- and lower- 

conductivity sections. Note that an effective-medium approximation, in which the 

heterogeneous material is considered as homogeneous with averaged properties, is not so 

useful for DC conductivity in the polymers where resistance may depend crucially on the 

morphology of thin barriers rather than their total volume. This is particularly true for 

quasi-ID  conduction where the possibility of transverse transport to circumvent barriers is 

limited. A series model is clearly the most appropriate in this case.

For extended metallic regions separated by thin barriers, the overall conductivity is given 

by Equation 11.15 as a combination o f  quasi-ID  metallic conduction (Section II.2.4.1) and 

fluctuation-assisted tunnelling (Section II.2.4.4) with the appropriate geometric weighting 

factors fi!^"

Since the tunnelling conductivity increases with temperature while the metallic 

conductivity decreases, this expression gives rise to a peak in conductivity at a crossover

non-metallic to metallic. For smaller metallic regions, we replace the fluctuation-induced 

tunnelling term by that for tunnelling between mesoscopic islands limited by their charging

/  '- p  \  ^  T ' ^

Equation 11.17

temperature T* where the temperature coefficient o f  the conductivity changes sign from

71energies;
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o - ( t ) " '= p ( T )  = f , /?„exp  + f 2A e x p
l / 2 \

Equation II. 18

This expression is also applicable where conduction through the barrier region is by 

variable-range hopping, with the same exponent y = 1/2 in the barrier term for quasi-ID  

hopping, as discussed in Section II.2.5.3. It therefore represents the temperature 

dependence of the conductivity in the inhomogeneous disorder picture o f  Epstein et 

which involves quas i-ID  hopping along polymer chains connecting crystalline 3D metallic 

islands, provided that the extent of the metallic regions does not change with temperature.
72If charges delocalise over larger regions as temperature increases, the coefficients fi in 

Equation 11.18 would have a corresponding temperature dependence. The key difference 

from Equation II. 17 is that the conductivity goes to zero in the low-temperature limit as for 

a disordered semiconductor. W here there are regions on the metallic side of the 

semiconductor -  metal transition in parts of the barrier, a disordered metal term with finite 

conductivity at zero temperature is appropriate instead o f  a hopping term; this situation has 

been modelled by adding a disordered metal term in parallel with the hopping tunnelling 

term in Equation 11.18. '̂^

II.2.4.6. E lectrode and Bulk Lim ited C onduction M echanism s

If a semiconductor material is contacted to an electrode whose work function is similar to 

the HOM O or LU M O  of the material itself, carriers can be easily injected from electrode to 

semiconductor. However, in many cases, conjugated polymers will have a H O M O  or 

LUM O that doesn’t match the work function of the electrode, creating a barrier at the 

semiconductor -  metal interface. Moreover, charges in organic materials with low 

conductivity cannot be quickly dispersed away from the electrode and so a space charge 

region forms. This in turn modifies the conduction properties o f  the material and can be 

described as electrode and bulk limited conduction mechanisms. This will be studied in 

greater detail in Section IV.3.

11.2.5. Frequency-dependent Conductivity

In this Section, models for the frequency-dependent conductivity of conjugated polymers 

will be pre,sented.

IL2.5.L H eterogeneous M odel

The presence o f  low-conductivity barrier regions in the conduction path o f  heterogeneous
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m odels  such as those  show n in F igure  II. 11 m eans  that the A C  co n d u c tiv i ty  will be greater 

than the D C  conduc tiv ity , as in the D C  case the carriers  m ust  travel th ro u g h  the barriers. A 

sim ple  w ay to m odel the capacit ive  effect o f  the barriers  for the freq u en cy -d ep en d en t  case 

is to add a capacitance  in parallel with the barrie r  res is tance to the D C  heterogeneous  

m odel in Section  II.2.4.5. A ssum ing  s im ilar barriers, this yields the fo l low ing  expression

for the overall com plex  frequency-dependen t  conductiv ity : 74,75

fXcM"' =f,[cTD,Mr + (J j l C O £
- 1

Equation 11.19

where e is the perm itt iv ity  o f  the capacitive  m ateria l,  fj are geom etr ic  factors  as defined  for 

the D C  case in Section II .2.4.5, and aDi(co) is the co m p lex  D rude  conduc tiv i ty  o f  the highly 

conduc ting  art o f  the po lym er,  g iven by the usual expression:^^

(Td,M  =
\-iCOT,

Equation 11.20

Here a i is the D C  conduc tiv ity  and t i  the sca tte ring  tim e for the h igh ly  co n d u c tin g  region. 

T he conduc tiv i ty  oj  o f  the d iso rdered  barrier reg ions is taken as hav ing  a sm alle r  frequency  

dependence  w hich  is neglected.

II.2.5.2. Localisation-modified Drude Model

It is also possib le  to obtain a peak in the conduc tiv ity  for a h o m o g en eo u s  m ateria l if it is
77very close to the metal -  sem iconduc to r  transition. In ana logy  w ith  the w eak-loca lisa tion  

expression for the D C  case:

A c7 |(T ) C

( k . A f
1-

3 r

V^in y
Equation 11.21

w here  A and  t  are the elastic m ean  free path  and re laxation  time. Tin is the inelastic 

relaxation time, and C is a constan t w hich  is o f  o rder  unity , there  is a correspond ing
7 0

m odification to the frequency-dependen t  D rude  conductiv ity :

Equation 11.22

This w eak-loca lisa tion  effect reduces the frequency-dependen t  co n d u c tiv i ty  at low 

frequencies co m p ared  to the D rude  value 0 0 (00), ow ing  to the construc tive  in terference o f  

backscattered  waves. In this case, how ever,  the reduction  o f  conduc tiv i ty  is des troyed  by 

the tim e varia tion  o f  the app lied  field as frequency  increases, ra ther than by  the increase o f  

inelastic sca tte ring  as tem pera tu re  increases.
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II.3. Carbon Nanotubes
We will now focus on another class o f  organic materials: carbon nanotubes. W e will 

introduce their structure, electronic and other properties.

II.3.1. Introduction

Carbon is unique am ong the elem ents for the w ide range o f  different structures and forms 

that it can assum e. This variety is in part due to the fact that carbon is stable in sp^, sp^, and 

sp hybridised forms and partly because it is the only group-four elem ent that can form  

stable double bonds.

Diam ond and graphite are the tw o w ell known form s o f  crystalline carbon. D iam ond has 

four-coordinate sp^ carbon atoms form ing an extended three-dim ensional network, w hose 

m otif is the chair conform ation o f  cyclohexane. Graphite has three-coordinate sp carbons 

forming planar sheets, w hose m otif is the flat six-m em bered benzene ring. The new carbon 

allotrope, fullerene, is a closed -cage carbon m olecule with three coordinate carbon atoms 

tiling the spherical or nearly spherical surfaces, the best known exam ple being Ceo with a 

truncated icosahedral structure formed by tw elve pentagonal rings and tw enty hexagonal 

rings, as Figure 11.12 shows;

Figure II. 12 Schematic image o f  Ceo-

Fullerenes were d iscovered by Kroto e t al^'^ in 1985 w hile investigating the nature o f  

carbon present in interstellar space. The coordination at every carbon atom  in fullerenes is 

not planar but rather slightly pyram idalised, with som e sp character present in the 

essentially sp ' carbons. The key feature is the presence o f  five-m em bered rings which  

provide the curvature necessary for form ing a closed -cage structure.

In 1990 . Kriitschmer et found that the soot produced by arcing graphite electrodes
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contained Ceo and other fullerenes. It was the ability to generate fu llerenes in gram -scale 

quantities in the laboratory, using a relatively sim ple apparatus that gave rise to intense 

research activity on these m olecules and caused a renaissance in the study o f  carbon.

81lijim a observed m 1991 that nanotubules o f graphite were deposited on the negative 

electrode during the direct-current arcing o f graphite for the preparation o f fullerenes. 

These nanotubes are concentric graphitic cylinders closed at either end due to the presence 

of five-m em bered rings. Nanotubes can be m ulti-w alled (M W N T) with a central tubule o f 

nanom etric diam eter surrounded by graphitic layers separated by ~ 3.4 A  and single-w alled 

(SW NT) with only one tubule. The first transm ission electron m icroscopic (TEM ) image 

of M W NT*' is shown in Figure 11.13:

Figure 11.13 First transmission micrograph images of carbon nanotubes. The diameter is 67, 55, and 
65 A from left to right.

II.3.2. Structure
In essence carbon nanotubes are m ade o f one or more two dim ensional sheets o f graphene 

wrapped around each other in concentric cylinders. In m ulti-w alled nanotubes the walls are 

separated by a constant spacing o f 0.34 nm, which is very close to the basal plane spacing
8 '7  OT

in graphite (0.335 nm). They tend to have outer diam eters ranging from  2 -  40 nm and 

lengths up to 100 |j.m. On the other hand single-w alled nanotubes have a very narrow 

diam eter distribution range, varying from 0.7 -  1.7 nm  and lengths in excess o f  several 

micrometers.*'*’*̂̂
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Figure 11.14 M odels of a) armchair, b) zigzag, and c) chiral nanotubes.

T he sim p lest p o ss ib le  s in g le -w a lle d  carbon nanotube can be v isu a lised  by cu ttin g  the Coo 

structure across the m id d le  and adding a cy lin d er  o f  graphite o f  the sam e d iam eter. If Ceo is 

b isected  norm al to a f iv e -fo ld  ax is, an arm chair nanotube is form ed , and i f  it is b isected  

norm al to a th reefo ld  ax is, a z ig za g  nanotube is form ed. A rm chair and z ig z a g  nanotubes  

are achiral. In addition  to th ese, a variety o f  chiral nanotubes can be form ed  w ith  the screw  

axis a long the ax is o f  the nanotube. F igure 11.14 sh o w s the m o d e ls  o f  the three types o f  

nanotubes form ed by b isec tin g  the C6o m o lecu le  and adding a cy lin d er  o f  graphite.

N anotubes can be d efin ed  by a chiral an g le  0 and a chiral vector  Ch, g iv en  by E quation  

11.23, w here ai and ai are unit vectors in a 2 D  graphene lattice and n and m  are integers:

C,̂  =  n.a, + m .a 2 Equation 11.23

The vector Ch co n n ects  tw o  crysta llograp h ica lly  eq u iva len t sites  on a 2 D  graphene sheet 

and the chiral an g le  is the an g le  it m akes w ith  resp ect to the z ig z a g  d irection , as show n in 

Figure II. 15:
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/.ig zag  d irec tion

fO ,0)

A rm ch iiir  d irection

Figure II. 13 2D graphene sheet showing chiral vector Ch and chiral angle 0.

A nanotubc is fo rm ed  by rolling up the graphene  shee t in such a w ay  that  the two points  

connected  by the chiral vec tor coincide. A n u m b er  o f  possib le  chira l vec tors  can be 

specified by E quation  11.23 in term s o f  integer pairs (n, m). M an y  such  pa irs  are show n in 

Figure 11.15 and  each  pa ir  (n, m) defines a d iffe ren t w ay  o f  ro lling  the g rap h en e  sheet to 

form  a carbon  nano tube  o f  certain chirality. T he  l im iting  cases are n 7  ̂ 0, m  = 0  (zigzag 

nanotube), and  n = m 7  ̂ 0  (a rm chair  nanotube). F o r  a ca rbon  n ano tube  d ef in ed  by  the index 

(n, m), the d iam ete r  d and the chiral angle 0 are g iven by E q u a tio n s  11.24 and 11.25 

respectively:

d =
aV m " + mn +  n

6 =  arctan
m

V 2 n + m

Equation 11.24

Equation 11.25

w here  a is the d is tance be tw een  neighbouring  ca rbon  a tom s in the flat shee t and  0  < 0  < 

30°.

As m en tioned  earlier, m ulti-w alled  carbon  n ano tubes  consis t  o f  cap p ed  concentric  

cylinders separa ted  by 3.4 A, w hich  is slightly  larger than in terlayer spac ing  in graphite. 

This  is because  the n u m b er  o f  carbon atom s increases as w e go from  an inner  cy linder  to 

an outer cy l inder  and it is not possib le  to m ain ta in  perfec t  A B A B .. .  s tack ing ,  as in graphite. 

Thus, an in terlayer spac ing  close to that in turbostratic  g raphite  is o b served  in M W N T . In 

addition to pen tagons and hexagons, carbon nano tubes can also have hep tagons .  Pentagons 

imparl a positive cu rva tu re  w hereas  hep tagons give rise to a nega tive  curva tu re ,  to the 

otherw ise  flat g raphene  sheet m ade  o f  hexagons. T hus ,  nano tubes  w ith  p en tagons  and
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heptagons will have unusual curvatures and shapes. Bent nanotubes arising from the 

presence of pentagons and heptagons on opposite side o f  the nanotube have been 

observed.

II.3.3. Properties

II.3.3.1. Electronic Properties

The electronic structure of carbon nanotubes, in relation to that o f  graphite and graphitic 

fibres, is an important aspect. As with the fullerenes, the curvature o f  the graphitic sheets 

in the nanotubes would be expected to influence the electronic structure. Calculations show 

that nanotubes may conduct as well as copper, although a combination o f  the degree of 

helicity and the num ber of six-membered rings per turn around the nanotube can tune the
87 89electronic properties into the metal -  semiconductor range.

The unique properties of carbon nanotubes are primarily due to their quasi-one 

dimensional nature. This leads to the quantum confinement of electrons normal to the 

nanotube axis. In the radial direction electrons are confined by the m onolayer thickness of 

the graphene sheet. This leads to periodic boundary conditions around the nanotube 

circumference. These are known as Born-von Karmen boundary conditions and restrict the 

allowed electronic states to those that satisfy k.Ch = 27iq, where q is an integer.

U i i i u i  ^ t n i c h i t c H a r u l  ^ i r u c i u i c
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D c i i N i i N  o f  S s a l . - s

Figure 11.16 Band structure and density of state calculations for a metallic nanotube and a 
semiconducting nanotube with zero bandgap.

Due to quantum confinement, electrons can only propagate along the nanotube axis and so 

their wavevectors point in that direction. The effective density of states in the one 

dimensional bands is therefore related to the standing waves which can exist around the
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circumference o f  the nanotube. This is obviously related to the diameter o f  the nanotube 

and hence its chirality. These ideas were used by Ham ada and Saito^*^ to calculate 

dispersion relations for small diameter single-walled nanotubes. This is shown in Figure 

11. 16.

It shows, as previously noted, that the chirality and diameter strongly influence the band 

structure and hence the electronic properties. In general an (n,m) nanotube will be metallic 

if n -  m = 3p, where p is an integer.^'

Hence all armchair nanotubes are metallic as are one third o f  zigzag nanotubes. In strict 

terms only armchair nanotubes (n, n), i.e. those with p = 0 in the above equation, are truly 

metallic, in that they have bands crossing at the Fermi level. For those zigzag nanotubes 

that satisfy the above equation an infinitesimally small bandgap is induced by the curvature 

of the hexagonal lattice. As this is much smaller than ksT  electrons can be excited 

thermally and these nanotubes act like metals. For nanotubes where n -  m ^  3p lattice 

curvature induces a bandgap and so these nanotubes are semiconductors. As this gap is 

lattice strain induced, it decreases as the diameter, d, increases as the nanotube gets more 

graphene like. This is described by the Equation 11.26:

Egap = Equation 11.26

where yo is the C-C tight binding overlap energy.

92This has been measured by scanning tunnelling spectroscopy (STS) which gives a value
93of yo = 2.7 eV in good agreement with 2.5 eV for a single graphene sheet.

The density of electronic states (DOS) as a function of energy has been calculated by many 

groups and shown in Figure 11.16. While for a conventional 3-D metal we would expect a 

smooth density of states here we see a number of singularities. These are known as van 

Hove singularities and correspond to individual quantum sub-bands. These reflect the one 

dimensional nature o f  the nanotube, in that semiconductor theory predicts a DOS at the 

band edge o f  the form; N(E) <>c i/E, where N(E) is the density o f  states. Given that, 

depending on the diameter, there may be many quantum sub-bands in a given single­

walled nanotube we would expect there to be more than one set o f  singularities in the 

density of states in that nanotube. This has been seen by various r e s e a r c h e r s . A s  shown
93by experiment however, the peaks tend to be of finite height and are broadened relative to
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the theoretical prediction.^^ This is attributed to hybridisation between the wavefunctions 

of the nanotube and the substrate although it may be due to coupling between the quantum 

sub-bands.

However it must be noted that the electronic properties of multi-walled nanotubes should 

vary significantly from those of single-walled nanotubes. This is because M W N T are 

typically composed of both metallic and semiconducting shells so the overall electronic 

behaviour will depend on how these shells interact. Lambin et have shown that this 

interaction depends not only on the various types of nanotubes involved but the relative 

orientation of one inside the other. Hence we cannot expect the density o f  states in M W N T 

to resemble those calculated for pristine SW NT.

98Employing ultraviolet photoelectron spectroscopy, Ago et al. have obtained the work 

function of multi-walled nanotubes. While pure M W N T  show a lower work function (4.3 

eV), the acid-oxidised nanotubes show a higher work function (4.8 eV) due to the 

disruption of 7t-conjugation and the introduction o f  surface d ipole moments.

Frank et have studied quantum transport in the M W N T  by attaching the nanotubes 

with a nanotube fibre and contacting them onto liquid metal to establish electrical contact. 

A conductance of 77.5 |j,S (= 2e‘/h), which is simply one unit o f  conductance quantum, 

was obtained for the M W NT. The charge transport is ballistic even at room temperatures.

One problem with contacting individual nanotubes is the presence o f  a large contact 

potential. This is gives a contact resistance generally in the region o f  1 M Q. As shown by 

Bachtold et this can be reduced by irradiating the contact area with an electron beam. 

However whatever the conduction process, for composite applications, contact potential 

and charging may be important. In composite transport the rate limiting step is probably 

injection from polymer to nanotube. It is probable that similar barriers exist at the polymer 

nanotube interface as do at a metal nanotube interface.

II.3.3.2. Mechanical Properties

Calculations suggest that nanotubes would be exceptionally stiff and strong along their 

l e n g t h . T h e  aspect ratio o f  the M W N T prepared by the usual m ethods is around 50 -  

100:1 or even larger and M W N T can therefore be used as reinforcers in composite 

materials. Surfactant-assisted processing of carbon nanotube polymer composites has been
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recently r e p o r t e d . N e w e r  methods, such as plasma-enhanced chemical vapor 

deposition’' '̂ ’̂”  ̂ and argon ion i r r a d i a t i o n , a r e  being developed that may serve to 

increase the aspect ratio. SW N T with aspect ratios o f  the order o f  1000:1 or more can be 

used as reinforcers.

Treacy ei estimated the Young's modulus o f  individual multi-walled nanotubes to be

in the range of a TPa by measuring the amplitude of their intrinsic thermal vibrations in a 

TEM. Nanoindentation was also used to estimate the Y oung’s m odulus o f  M W N T 

c o m p o s i t e s . F a l v o  et have used an AFM  tip to bend nanotubes to study their

strength and flexibility. Since SW N T are made o f  single-rolled graphene sheets, they 

would be ideal graphite fibres in terms o f  elastic properties. The Young's modulus of 

SW N T has been estimated on the basis o f  the frequency shifts o f  stress-sensitive Raman 

b a n d s . A  theoretical estimate for the Young's modulus of closed SW N T is greater than 1 

T P a . '"  It must be recalled that even pressures up to 30 GPa do not destroy the basic 

structure of the nanotubes, as revealed in the Raman spectroscopy studies."^  ' K r i s h n a n  

et a/,"'* estimate the Young's modulus of SW N T to be 1.25 TPa. Zhang and lijima"^ 

subjected SW N T bundles to visible light and observed their elastic response in terms of 

macroscopic movements of the bundles. Mechanical deflections are induced electrically in 

cantilevered M W N T  in a T E M ,"^  to resonantly excite the nanotubes to the fundamental 

frequency or higher harmonics. From the measurement o f  the elastic bending modulus, the 

nanotubes were used to calibrate masses of tiny particles, o f  the order o f  femtograms, 

attached to the nanotubes.

II.3.3.3. Other Properties

Mize! et studied the low-temperature specific heat o f  M W N T  and SW NT. The

specific heat o f  M W N T agrees well with that of graphite, whereas for the SW N T ropes it 

exceeds the value for graphite. Using molecular dynamics simulations with accurate 

carbon potentials, Berber et predict an unusually high value for the thermal

conductivity (X, = 6600 W .m  ’.K '')  of  an armchair SW NT. Such high values of X are 

associated with large phonon mean free paths, which are otherwise reduced significantly 

due to interlayer coupling, as in graphite or M W NT.

The third-order optical nonlinear properties of the doped nanotubes have been investigated 

theoretically by X ie ,“  ̂ and the doping-induced change in hyper-polarisability suggest the 

possible use of doped nanotubes as photonic m a t e r i a l s . O p t i c a l  limiting properties of
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the carbon nanotubes are considered important for applications involving high power 

lasers. Optical limiting behaviour o f  visible nanosecond laser pulses in the SW N T
Isuspensions occurs mainly due to nonlinear scattering.

Nanotube composites with conducting polymers seem to possess novel electrical and 

optical properties. Yoshino et observed increased conductivity at relatively low

nanotube concentrations in the composites and an enhancement o f  photoconductivity, to 

imply possible uses in optoelectronic devices. SW NT-coated m olybdenum  electrodes 

appear to be alternatives for gas discharge tubes in advanced telecommunication networks, 

due to their lower direct-current breakdown voltage and higher reliability.'^’

Electromechanical actuators based on SW N T sheets appear to generate stresses higher than
128natural muscles and higher strains than the ferroelectric counterparts. This behaviour of 

nanotubes may be useful in the direct conversion o f  electrical energy to mechanical energy,
129relevant to applications in robotics. W ood and W agner observe a significant shift of  the 

peaks in the Raman spectrum of SW N T upon immersion in liquids; this allows the use of

nanotubes as molecular sensors.

I ^0Kong et al. ' have measured the sensitivity of the electron transport properties of SW NT 

to gaseous molecules, such as NO2 or NH3. The nanotubes exhibit faster response and a 

higher sensitivity than the available solid-state sensors at room temperature. There is also 

good sensor reversibility.

II.4. Conclusions
An introduction to the fundamental properties o f  conjugated polymers and carbon 

nanotubes was presented in this Chapter. Concepts such as electron transfer or hopping 

conduction in conjugated polymers and the metallic nature of multi-walled carbon 

nanotubes were discussed and will be of great importance in the following Chapters.
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Chapter III EXPERIMENTAL METHODS

IIl.l. Introduction
This Chapter will outline the experimental procedures employed throughout this Thesis. In 

Section 111.2. the preparation of each material used in this work will be presented. This will 

be followed by the description of the devices’ preparation in Section III.3. Finally, the 

different devices’ characterisation techniques will be presented in Section III.4.

In this Section, we will present the preparation o f  both classes o f  organic materials used in 

this work: conjugated polymers (PmPV, M 3EH-PPV , PV K  and polyterthiophene) and 

multi-walled carbon nanotubes (MWNT).

111.2.1. Conjugated Polymers

111.2.1.1. PmPV

One of the two main conjugated polymers used in this work is poly(m-phenylene-co-2,5- 

dioctyloxy-p-phenylenevinylene) (PmPV). PmPV is a derivative o f  polyphenylenevinylene 

and was synthesised in our laboratory. Figure III. 1 shows its repeat unit:

Figure III.l Repeat unit o f  poly(m-phenylene-co-2,5-dioctyloxy- p-phenylenevinylene) (PmPV).

A Horner-Emmons poly-condensation reaction in dry D M F was used as the synthetic

hydroxide and bromooctane in a solution of dimethyl sulphoxide (D M SO ) to form 1,4 

dioctoxybenzene. A methyl bromination is performed on 1,4 dioctoxybenzene using KBr 

and para-form aldehyde in the presence of acetic and sulphuric acids to produce 1,4-bis 

(2,5-di-n-octoxy) bromomethyl benzene. This was then heated with triethyl phosphite to 

form the Horner ester, 1,4-bis (2,5-di-n-octoxy) phenyl diethyl phosphonate. This material 

is the immediate precursor of the polymer.

III.2. Materials

route.' The starting material is hydroquinone. This material is reacted with potassium
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The conversion o f  the precursor to the polymer is done by the Horner-Eammons 

condensation reaction. The Horner ester is reacted in toluene solution with isopthaldehyde. 

This molecule has two CHO groups in the rneta position. This means that when it reacts 

with the Horner ester there is still a free CHO group to react with another ester molecule. 

This can continue until the reaction is quenched to produce a long chain polymer. It should 

be noted that if the precursor was reacted with para-p thaldehyde the result would be all 

para-P PV.

The introduction of meta  linkages introduces a steric effect. Energy minimisation 

calculations for a perfect Pm PV  chain in which all the vinylene double bonds are in the 

trans position have been carried out.^ These show that a single Pm PV  strand tends to form 

a regular helix, while all trans-PPW is a linear molecule. This curvature has been shown to 

be one of the reasons why there is good interaction with a nanotube. In reality however, 

there is always some cis linkages but Horner Pm PV has been characterised as having a 

very low cis-trans  ratio.'

m.2.1.2. M 3 E H -P P V

The second main conjugated polymer, poly(2,5-dimethoxy-l ,4-phenylene-vinylene-2- 

methoxy-5(2’-ethylhexyloxy)-l,4-phenylene-vinylene (M3EH-PPV), was used as the 

emissive layer in OLEDs and active layer in solar cells. Synthesis o f  this polymer was 

carried out in Jena and is described elsewhere.^ Figure III.2 shows its repeat unit:

OMe O

MeO MeO

Figure III.2 Repeat unit of poly(2,5-dimethoxy-l ,4-phenylene-vinylene-2-methoxy-5(2’- 
ethylhexyloxy)-1,4-phenylene-vinylene (M3EH-PPV).

This polymer, which is a close derivative o f  poly(2-methoxy,5-ethyl(2’-hexyloxy)-p- 

phenylene-vinylene) (M EH-PPV), was chosen because of its particularly good emissive 

properties.
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M EH-PPV with a small band gap o f  around 2.1 eV has a low operating voltage for light 

emission and exhibits similar mobility properties for both holes and electrons.'*'^ 

Chlorobenzene was chosen as the solvent.

III.2.1.3. PVK

In order to stabilise the injection of holes in organic light emitting diodes, poly(9- 

vinylcarbazole) (PVK) was used. PVK, which was obtained from Sigm a Aldrich, was 

dissolved in dicloromethane. Its repeat unit is shown in Figure III.3:

Figure III.3 Repeat unit o f  p o ly (9 -v in y lcarb azo le) (PV K ).

PVK represents a comm on hole-transport material because o f  its high hole mobility. 

Moreover, PVK with a band gap of 3.6 eV is transparent to visible light.

4,7

III.2.1.4. Folyterthiophene

Polyterlhiopiiene, as shown in Figure III.4, was utilised as photoactive layer in 

photoelectrochemical cells. Such conjugated polymers have been shown to behave as p- 

type semiconductors in the reduced state, whereas n-type semiconductor behaviour was 

observed in their oxidised state.

Figure 111.4 Repeat unit of polyterthiophene in its reduced state with A' counter ion. 

Polythiophenes are of particular interest to us as several polymer processing options are
Q

available, including simple electrodeposition to produce thin films. In addition the

monomer is readily modified by attaching a range of functional groups, including

photoactive groups such as porphyrins.^'" W e used polyterthiophene in photo­

electrochemical cells and it was electrochemically grown from the m onom er purchased

from Sigma Aldrich.
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III.2.2. Multi-walled Carbon Nanotubes (MWNT)

111.2.2.1. Methods of Preparation

Carbon nanotubes are readily prepared by striking an arc between graphite electrodes in 2 

-  3 atm (~ 500 torr) of helium, considerably higher than the pressure of helium used in the 

production of fullerene soot. A current of 60 -  100 A across a potential drop of about 25 V 

gives high yields of carbon nanotubes. The arcing process can be optimised such that the 

major portion of the carbon anode is deposited on the cathode in the form of carbon 

nanotubes and graphitic nanoparticles.

13Carbon nanotubes have also been produced by using plasma arc jets and, in large 

quantities, by optimising the quenching process in an arc between a graphite anode and a 

cooled copper electrode.''* Studies with scanning tunnelling microscopy (STM) show that 

the deposition of carbon vapour on cooled substrates of highly oriented pyrolytic graphite 

gives rise to tube-like structures.'*’ Carbon nanotubes are also produced by carrying out 

electrolysis in molten halide salts with carbon electrodes under an argon atmosphere.'^

Besides theses techniques, carbon nanotubes are produced by the decomposition of 

hydrocarbons, such as acetylene, under inert conditions around 700 °C over iron/graphite,'^ 

cobalt/graphite,'*^ or iron/silica'^ catalysts. The presence of transition metal particles is 

essential for the formation of nanotubes by the pyrolysis process and the diameter of the
'lOnanotube is determined by the size of the metal particles.

■y 1

Sen et a ir  prepared carbon nanotubes and metal-filled onion-like structures by the 

pyrolysis of ferrocene, cobaltocene, and nickelocene under reductive conditions, wherein 

the precursor acts as a source of the metal as well as carbon. They also showed that the 

pyrolysis of benzene in the presence of ferrocene or Fe(CO )5  gives high yields of 

nanotubes; the wall thickness of the nanotubes depends on the proportion of the carbon 

source and the metal precursor."

111.2.2.2. Arc Discharge Method

The multi-walled carbon nanotubes used in this work were produced in our laboratory by 

the Kriitschmer arc discharge method and used without further treatment.
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It is this method that was first developed by Kratschmer et al. to produce fullerenes in 

relatively large q u a n t i t i e s .T h e  Kratschmer generator consists of a cylindrical chamber in 

the region of 300 mm long and 100 mm in diameter. This chamber is water cooled, 

evacuated and filled with an inert gas. For MWNT this is usually helium but for single­

walled nanotubes (SWNT) other gasses such as argon and nitrogen can be used. Enclosed 

in the chamber are two graphite electrodes, a stationary cathode made of 95 % pure 

graphite and a 99.99 % pure moveable anode. A high voltage power supply drives a 

current between the electrodes, which in turn causes a plasma to form. During this process 

the anode sublimes and the nanotubes are found in the deposit on the cathode.

The optimum conditions for production of pure M W NT differ from those for SWNT and 

fullerenes and depend on the stability of the plasma, current density, temperature,
1 ^  ^ 4  25composition of ambient gas atmosphere, to name but a few of the relevant factors. ' 

Results on optimisation of the technique at our laboratory have recently been published.

The cathode deposit clearly shows two distinct microstructures: a hard outer shell 

consisting of an inseparable pyrolitic graphite mass and an inner core region which 

consists of loosely packed columns aligned in the axial direction of the deposit. These 

columns are made up of straight, stiff, multi-walled nanotubes, closed carbon nanoparticles 

and turbostratic graphite. These nanotubes tend to have a small inner cavity ( 1 - 2  nm) and 

up to one hundred shells, which tends to make then very stiff and straight. A good yield of 

nanotubes relative to starting material can be between 30 % and 60 %.

III.2.3. Carbon Nanotube and Polymer Composites

III.2.3.1. In trod u ction

Carbon nanotubes are insoluble in all common solvents. While they can be dispersed by 

ultrasonic agitation in solvents such as toluene, ethanol or water they tend to precipitate 

over the course of a few hours.

Recent work at our laboratory has shown that efficient purification of carbon nanotubes 

can be achieved through the incorporation of the nanotubes into a polymer matrix to form a 

polymer nanotube composite. Mixing nanotube powder with a solution of the conjugated 

polymer, poly(m-phenylene-vinylene-co-2,5-dioctyloxy-p-phenylene-vinylene) (PmPV), 

results in the selective interaction of PmPV strands and nanotubes. These polymer-coated

50



Chapter III Experimental Methods

nanotubes remain in solution while graphitic impurities sediment out. This impurity 

material can be removed by decantation yielding a composite solution containing up to 90 

% nanotubes."’

III.2.3.2. Preparation

PmPV was added to toluene to form a solution with a concentration of 20 g/1. This solution 

was placed in a sonic bath before adding the raw MWNT powder from the Kratschmer 

generator to the solution. This was then ultrasonically agitated using a high power sonic tip 

for one to two minutes. This tends to break up and disperse the large aggregates present in 

the nanotube powder. It must be noted that over exposure to high power ultrasound can 

break up M W NT and thus destroy the sample.

1 a II M S
a)

V  V  • • •  M

Figure III.5 Samples of composite solutions a) after 2 hours of sonication and b) after 30 hours of 
settling time. From left to right: catalytically grown MWNT and PmPV composite, arc-discharge 
MWNT and PmPV composite, arc-discharge SWNT and PmPV composite, graphite and PmPV 
composite, and PmPV.

For this reason the solution is then transferred to a low power sonic bath and sonicated for 

one to two hours to completely disperse the nanotubes and break up any smaller 

aggregates.

As the nanotube powder obtained from the generator contains nanoparticles and large 

turbostratic graphite flakes in addition to nanotubes it is necessary to allow the solution to 

settle after sonication. Although transmission electron microscopy shows that organic 

materials coat all the carbonic material, the large turbostratic flakes tend to fall to the 

bottom of the solution as a sediment, as shown in Figure III.5. This process occurs in a 

matter of minutes but in general the settling time was 48 hours to allow all large particles 

to precipitate.
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After settling the top two thirds could be decanted off to yield a composite  o f  organic 

material, a large amount of nanotubes and very little extraneous carbonic material. At this 

point the turbostratic flakes are left in the bottom o f  the original sample bottle.

An extensive num ber o f  publications from our group on the subject o f  composite 

preparation, characterisation and nanotube purification, which describe the above Section
27 33in greater detail, can be found. ''

In order to produce a range of composites with different concentrations o f  nanotubes the 

following method was used. The organic material and nanotubes were weighed out in the 

relevant proportions for the highest nanotube concentration required. This was quantified 

by dividing the mass of nanotube powder by the mass of the organic powder, and was 

known as the mass fraction. An estimate of the true mass fraction was then determined 

using 15 % as the ratio o f  true mass of nanotubes in solution to mass o f  raw nanotube 

powder put m solution." W hen this solution was fully prepared as described above it can 

be blended in the appropriate proportions with a solution o f  the same organic material, of 

the same molarity to provide given fractions o f  the original mass fraction. As we blend this 

with the 0 % solution in given ratios we know how the mass fractions of the range relate to 

each other.

III.3. Device Preparation
We will now outline the different preparation techniques used to produce the organic light- 

emitting diodes (OLEDs), polymer solar cells and photoelectrochemical cells tested in this 

work.

111.3.1. OLEDs and Polymer Solar Cells

111.3.1.1. Device Architecture

The organic light emitting diodes (OLEDs) and polymer solar cells were fabricated by spin 

coating the different polymer solutions onto indium tin oxide (ITO) coated glass substrates 

and by thermally evaporating six aluminium (Al) electrodes onto the polym er layers. This 

device architecture is so-called sandwich architecture.
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Figure III.6 shows an example o f the device architecture o f an OLED prepared for this

work:

Counter-Electrode

A c t ive  m ate r ia l

transparent, hole-injecting electrode

Figure III.6 Side view of the device architecture of the polymer LEDs and solar cells studied in this 
work.

III.3.1.2. Indium Tin Oxide Anode

For both solar cells and OLEDs one contact has to be at least partly transparent. Semi 

transparency can be obtained i f  the sublimed metal e.g. Au is not much thicker than about 

1 5 - 2 0  nm compared to about 50 -  100 nm which are typical values for non transparent 

contact. We note that the sheet resistance o f such a thin layer can be considerably increased 

compared to a 50 to 100 nm thick layer and possibly add to the series resistor o f the cell 

significantly. Also the optical properties change considerably in the thickness range from 

10 -  20 nm so that devices with slightly different thickness may not be immediately 

comparable.

For these reasons so called conducting glasses are often used. Particularly Indium Tin 

Oxide (ITO) which is a degenerated semiconductor comprising a mixture o f In^Oa (90 %) 

and SnO: (10 %) with a bandgap of 3.7 eV and a Fermi-level between 4.5 and 4.9 eV is 

widely used. The large bandgap allows no absorption o f wavelengths longer than about 

350 nm. The material can be highly conducting i f  there is excess o f In due to a lack o f 

oxygen -  so that In acts as n-type dopant leading to very low sheet resistances for already 

only 100 nm thick layers o f ITO.

ITO covered quartz substrates are commercially available since they are widely used as 

conducting glasses in the liquid crystal screen industry. The sheet resistance o f these ITO 

substrates is lower, the thicker the ITO layer is. Typical thickness o f ITO in our devices is 

100 nm. Values smaller than 5 Q /n are available. The transmission properties o f the thicker 

ITO substrates do not change much since the material does not absorb in the visible but 

interference effects cause significant spectral dependence o f the transmission. Very thick
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ITO layers (several 100 nm -  microns) are problematic because of the increased absolute 

surface roughness which can cause shorts in the thin organic films. W e note that ITO itself 

can be used as anti-reflection layer^"* and active semiconductor.^^ The surface can be 

modified via plasma etching'^^’̂  ̂ or the semiconducting molecules can even be chemically 

attached to it.'^̂

Other conducting glasses are Tin oxide and Indium oxide. Alternatively, conjugated 

polymers with absorption in the whole visible range can be used if they are doped so that 

the allowed energy levels move deep into the bandgap and create an absorption minimum 

in the visible region. Example for such polymers are poly(3,4-ethlenedioxythiophene) 

(PEDOT)'^'^ '“  ̂ and poly(isothianaphtenes) (PITN).'^'”'*̂  An additional advantage o f  PED OT 

is that it can be processed from (water) solution and therefore easily be spin-coated. 

Moreover, other water-insoluble materials may be spun on top of it.

ITO coated glass substrates were used in this work. The 12 mm x 12 m m  pieces of ITO 

coated glass substrate were cleaned in a surfactant, Decon 90, to remove any grease. They 

were then washed in deionised water and sonicated in acetone. After rinsing with acetone 

and isopropanol they were dried by blowing hot air across them. An etching procedure was 

then followed in order to obtain a strip of ITO onto the glass substrate. This was to isolate 

each o f  the six devices prepared on one glass substrate. Indeed, the overlap between the top 

metal electrode, which will be described below, and the ITO represented the active area of 

each device (approximately 0.06 cm “), as shown in Figure III.7:

ITO

Aluminium

Figure III.7 Top v iew  o f  the device  architecture o f  the polym er L E D s and solar ce l ls  studied in this 
work. The grey area represents the dev ice  active area: 0 .0 6  cm".
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III.3.1.3. Organic Film Preparation

There are several methods for producing organic films: spin coating, drop casting, thermal 

evaporation, etc.

Spin coating tends to give the best results in terms of film homogeneity and was preferably 

used. The spin coater used was a Convac 1001. In order to ensure clean, particle free films 

all spin coating was performed in a laminar flow cabinet. The substrate is held in place on 

the chuck by a rotary vacuum, while a uniform film of solution is pipetted onto the whole 

of the substrate surface. The substrate can then be rotated at frequencies between 200 and 

10,000 rpm depending on the required film thickness. The thickness can then be estimated 

from the following Equation III. 1:'*'*

t oc f Equation III.l
where t is the film thickness, f(C) is a function of the concentration, co is the spin speed and

a is a constant approximately equal to one half.

The film thicknesses were measured by Dektak surface profilometry. Figure III.8 shows 

the thickness of M3EH-PPV films at two different concentrations as a function of the spin

speed.
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Figure III.8 M3EH-PPV film thickness as a function of spin coating speed for two different 
concentrations.

Note that, while solvent choice for the organic solutions was motivated by the desire to 

avoid film mixing at the interface between the different layers, this was not always 

possible.

55



Chapter III Experim ental M ethods

In fact, although chlorobenzene was used to dissolve M 3EH-PPV , Pm PV  and M 3EH-PPV 

share a common solvent, toluene. Some mixing at this interface was therefore unavoidable 

when spin coating the nanotube and polymer composite film onto the M 3EH -PPV  layer, 

for example.

III.3.1.4. Aluminium Cathode Preparation

The top aluminium (Al) cathode was finally thermally evaporated onto the organic films. 

The electrode thickness was between 50 to 100 nm.

Thin (20 nm) semi-transparent Al electrodes were also prepared in order to perform device 

characterisations through this electrode.

III.3.2. Photoelectrochemical Cells

Photoelectrochemical cells, as shown in Figure III.9, consisted of a polyterthiophene 

polymer film electrochemically grown onto the ITO glass (as the anode) and a counter 

electrode of platinum (Pt) coated ITO coated glass with a liquid electrolyte containing an 

I^Vr redox couple sandwiched between them.

liqu id  PE ITO coatcd gJass

Pi spudcrcd ITO coatcd glas
P ol>m cr

Figure III.9 E le c tr o c h e m ic a l  c e l l s  tested in this work.

Cyclic Voltammetry growth of polythiophene was performed using a PA R  363 Potentiostat 

/ Galvanostat connected to a Macintosh computer via a M acLab/400 (AD Instruments) 

with EChem v 1.3.2 software (AD Instruments).

Iodine (60 mM) and tetrapropylammonium iodide (500 mM) were dissolved in a 1:1 ratio 

by weight ratio mixture of propylene carbonate and ethylene carbonate in order to prepare 

the liquid electrolyte.

The platinum electrode was sputter coated onto the glass using a Dynavac Magnetron
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Sputter Coater (model SC lOOMS). The sputtering current was 50 m A  under argon 

pressure of 2x10 ’̂  mbar. The platinum layer deposited was 10 A thick. To avoid short 

circuiting between the two electrodes and to retain the liquid electrolyte, thin strips of 

parafilm were placed around the edges of the copolym er to form a gasket. The device was 

assembled and held together by two clips, ensuring that there were no air bubbles trapped 

in the device.

III.4. Characterisation Techniques
In this Section, the several devices’ characterisation techniques (DC and A C conductivity, 

impedance and optical spectroscopy, I(V)s) will be presented.

III.4.1. Electrical Conductivity

1II.4.1.1. DC Conductivity

To measure DC conductivities, a sandwich structure was adopted with one organic film 

sandwiched between two electrodes. This configuration was shown schematically in Figure 

111.6. Two main differences are to be noted however between the device configuration and 

the conductivity measurements. For conductivity measurements:

• Anode and cathode were metals of approximately same work function in order to 

investigate one charge carrier at a time: thermally evaporated A1 electrodes for 

electrons, and ITO anode with a sputtered Pt cathode for holes;

• Only one organic film is deposited between the anode and the cathode.

The sample D C  conductance (G dc) is  related to the sample DC conductivity (o d c ) and the 

sample geometry by the equation:

Equation III.2
d

where A is the electrode area, d is the film thickness. Idc and V dc are the measured DC 

current and applied DC voltage around 0 respectively.

The devices were tested in a vacuum chamber (using a rotary pump, pressure of lO ' 

mbar). Contact was made to the electrodes using pressure probes and conductive silver 

paint. Currents and voltages were measured using a Keithley Model 2400 sourcemeter, 

controlled by a Visual Basic program.
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III.4.1.2. AC Conductivity 

III.4.1.2.1. Definitions

In AC m easu rem en ts ,  the sam e device  configuration  as in D C  m easu rem en ts  w as used. A 

vohage  that is a superposit ion  o f  a DC  voltage and an A C  co m p o n en t  v is applied  to the 

sample:

+  v.sin(<2x) Equation III.3

T he resulting curren t can also be deco m p o sed  in a D C  and  an A C  part:

I^c =  I dc Equation III.4

Idc  is the curren t o f  the prev ious Section. T h e  A C  curren t,  i, can eas ily  be  ca lcu la ted  if  w e 

assum e that the A C  voltage v is small. In that case, the curren t is p ropor tional  to the 

deriva tive  o f  the D C  curren t I(V) times the A C  voltage.

The adm ittance  (Y) is def ined  as the ratio o f  A C  curren t and A C  voltage:

Y  =  —  —  — —  Equation III.5

and therefore can be expressed  by a com plex  number:

Y = R e(Y ) +  / Im (Y ) Equation III.6

T he conduc tance  o f  the sam ple  is then defined as:

o . c  = M y )
In general G ag depends  on the applied  bias ( V d c ) a s  well as the f requency  (co). 

The A C  conduc tiv ity  o f  the sam ple  is defined, as prev iously , as:

Equation III.7

Equation III.8

In som e cases the co n duc tance  is also expressed  in term s o f  loss L ac:

Equation III.9

T he capac itance  o f  the sam p le  is def ined  as:

_  Im (Y )
AC “ Equation III. 10

W e can also define  the loss-tangent tan8:

tan^ = - ^ ^  
OJ.Cf̂ c

Equation III. 11
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The name loss-tangent stems from the fact that in a phase plot, the lossy current, comprised 

of coC ac iind G ac, makes an angle 5 = tan '(G Ac/®CAc) with the capacitance axis. For the 

simple model, the loss tangent shows no features in the spectra (tan8 vj'. frequency) and is 

flat (~ l/oo). Deep states however can produce peaks in the spectra.

Finally, in some cases it is more convenient to deal with impedance (Z) values, which can 

be defined as the inverse of the admittance;

i a
Equation III. 12

‘ AC

and therefore:

Z = Re(Z)-t-/'Im(Z) Equation III. 13

The complex modulus, defined as:

M = i(OL Equation III. 14
is then often used in impedance spectroscopy, since the Im(M) vs. Re(M ) plots (so called

Cole-Cole plots) show the number of regions present in the sample, as this will be

described in the next Section for the admittance spectroscopy.

III.4.1.2.2. A dm ittance Spectroscopy

Values of the measured capacitance and conductance depend on the probing frequency. 

Very often, the data can be described very well with equivalent circuits. The advantage of 

them is that a lot of things can be described in this way, but the disadvantage is that the 

physical meaning of the found parameters is often difficult to interpret. One example of an 

equivalent circuit (Figure III. 10) that is very illustrative and that still has a strong link with 

the actual physical structure o f  the device is the following:

Rd R b

Cd Cb

Figure III. 10 Equivalent circuit of the device, consisting of a bulk part (denoted with b) with its 
capacitance and resistance placed in series with the interface part (denoted with d).

Such a model for both a bulk and a depleted region in a device seems a very reasonable 

assumption. Even in such a simple circuit, the measured capacitance and conductance 

follow complicated equations. Even if we take the elements in the circuit to be frequency
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independent,  the m easu red  capacitance  ( C a c )  and con d u c tan ce  ( G a c )  are not:

R / C ,  + R  + ® ^ R / R h ' C , C . ( C ,  + c j
j \ H  Equat i on III.15

( R , + R j ^ + a ) ^ R / R , =  ( C , + C j ^

R ^ + R ^ + a i ^ R . R i , ( R j C , ^ + R . C t " )  

( R , + R , ) ’ + ® = R / R . = ( C j + C J ^
°AC =  -;t irXi 2 ,„ J r i !  Equation III.16

U nder the app rox im a tions  Rb «  R j  and coRbRdCd^ »  1 the loss tangen t red u ces  to:

tan (5̂ = -----;------- rr------------- r—  Equation III. 17
l + (^yRj^(C,+CjC,

C < - 1.S0 Bl- 
R« •*4\m 
C» •  O.SQ aF

-  90 klU  
titn*w — G>750

B

I

10«Log FrcqoiCtM.'^

I

I 0“L<»8 P t« ^ » c iic } -

Figure III. 11 Simulation of the capacitance (left) and loss tangent (right) as a function of the 
probing frequency f (= m / 2 k ) .

Figure 111.11 show s that for low frequencies the capac itance  flattens out and  satura tes at 

the interface value Cd (assum ing  this is the larger o f  the two), w hile  for h igher  frequencies 

it reaches the bulk value. This  bulk value is in fact the so-called  geom etr ica l  capacitance 

Cgeo which is the capacitance  o f  the parallel plates with  area  A  at m utual d is tance  d filled 

with a d ielectric  m ed iu m  e.

Table III.l Values of the capacitance ( C a c ) ,  conductance ( G a c )  and loss tangent (tanS) at three
important values of usee frequency.

Param eters a; = 0 a; — > 00 OJ —  COma\

C a c Cd Cb -

G a c O C
L II

C
l G b =  1/Rb -

land' 1 / ti>R(jCd 1 / ctjRbCb Cd/2(Cb(Cd-HCb))" '

A dm ittance d a ta  are often  p resented  in the form  o f  so-called  C o le -C o le  plots. In that case 

the loss versus the capacitance  is p lo tted  as dep ic ted  in F igu re  III. 12:
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3

Figure III. 12 Example of Cole-Cole plot of admittance data.

For systems as described above it can be shown that the Cole-Cole plot is a semicircle 

(with the centre on the horizontal axis) and meeting the horizontal axis at C = Cgeo and C = 

Cj. If the dimensions of the device, A and d, are known, the relative permittivity 8r of the 

material can be calculated: 

ciCT
^ ^  Equation III. 18

In the figures o f  the loss-tangent we see a local m axim um  somewhere at a frequency:

The equivalent circuit can be expanded with other RC loops. For instance, an extra RC 

loop can be added to simulate that the material has two parts with different doping

Cole-Cole plots. Therefore, if there are n loops, there will be (n -  1) semicircles in the 

Cole-Cole plots and (n -  I ) peaks in the loss-tangent.

Also, loops can be added that do not directly have a link to the geometrical nature o f  the 

device. In principle any process that has a relaxation time t  (from interface states for 

example) can be simulated with a loop, such that x  =  RC.

III.4.1.2.3. AC Measurements

AC measurements were performed using a Zahner IM6e impedance spectrometer over a 

frequency range 1 Hz -1 M Hz with applied alternating voltage o f  50 mV.

niax Equation III. 19

d e n s i t i e s . E v e r y  loop causes a peak in the loss-tangent and an extra semi-circle in the
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For both AC and DC testing, measurements were made on all six devices on each substrate 

and subsequently averaged.

III.4.2. Optical Spectroscopy

Optical spectroscopy uses the interaction of radiation in a material to gather information on 

the electronic, chemical and physical structure of materials.

The two principal optical spectroscopic techniques used are the complementary techniques 

of absorption and fluorescence spectroscopy. These two techniques examine optical 

excitations and de-excitations of materials, and can give a great deal o f  information about 

the material and its local environment.

III.4.2.1. A bsorption

Absorption spectroscopy involves passing a monochromatic beam o f  light through a 

sample and measuring the absorption of the material at this wavelength. This absorption is 

measured as a function of wavelength over a range extending from the infrared to 

ultraviolet. The absorption is usually measured in reference to a blank sample in a double 

beam arrangement, to eliminate variations caused by the differences in lamp intensities at 

different frequencies. As the photons pass through a material, it is possible that photons of 

a suitable energy can interact with the material, resulting in an electron being excited to a 

higher energy state, and the photon being absorbed. By measuring the amount of light 

absorbed for a particular wavelength, it is possible to deduce information about the 

electronic structure o f  the material.

At room temperature molecules, which are in thermal equilibrium, generally reside in the 

lowest vibrational level of the ground state. The vast majority of the excitation transitions 

therefore occur from the So level in the ground state, as shown in Figure III. 13. Since 

excitation occurs from only one level in the ground state to the vibrational levels in the 

excited state, an absorption spectrum yields information on the vibrational energy 

distribution o f  the first excited state. The linear absorption spectrum o f  a material hence 

yields information on the vibrational energy distribution o f  one photon excited states.
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Figure III. 13 Schem atic diagram o f  absorption (left) and fluorescence (right) spectra.

Absorption measurements were performed using a Shimadzu UV-Vis spectrometer.

III.4.2.2. Fluorescence

Fluorescence spectroscopy is a useful complementary technique to absorption 

spectroscopy. W hile absorption spectroscopy probes the energies o f  excitations to higher 

states, fluorescence spectroscopy probes the energies at which higher states relax 

radiatively back to the ground state. Usually a suitable fixed wavelength is used to excite 

the material, and the wavelength distribution of the emitted light is recorded.

On excitation, an electron is promoted to a vibronic level o f  the first excited state, and 

subsequently falls rapidly through the vibrational manifold to the lowest energy level of 

that excited slate. The emission then proceeds from the lowest vibrational level in the first 

excited state to the vibrational levels of the ground state. Since relaxation occurs from only 

one level in the excited state to the vibrational levels in the ground state, a fluorescence 

spectrum yields information on the vibrational energy level distribution o f  the ground state.

Due to the thermal relaxation, which ensues after initial excitation, the molecule loses 

energy. This is manifested as a red shift in the emission spectrum com pared to that o f  the
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absorption spectrum and is termed Stokes shift as discussed in Section II.2.3.1.1.

Photoluminescence measurements were carried out by exciting the samples with a 

Roithner N SH U 590E narrow band UV diode and recorded using an Andor B401-UV CCD 

detector connected to an Oriel 77400 spectrograph. Alternatively a Perkin-Elmer 

fluorometer was also used.

III.4.3. Device Characterisation

III.4.3.1. OLEDs

A series of three characterisation techniques was performed for all OLED s tested in this 

work:

• Current-voltage characteristics were recorded using a Keithley 2400 sourcemeter, which 

was controlled by a Visual Basic program. These were used to obtain the operating 

voltage o f  each device tested.

•  Luminance characteristics were performed using this sourcemeter, a silicon photodiode 

and a Keithley 2001 multimeter. Arbitrary units of luminance were used in order to 

characterise the brightness of the samples.

• Finally, electroluminescence (EL) spectra were obtained using an A ndor B401-UV 

CCD detector connected to an Oriel 77400 spectrograph. The light was collected by an 

Oriel 77863 optical fibre, which was placed directly in front o f  the devices. The CCD 

was controlled by a computer running Andor custom software.

Figure III. 14 shows a diagram of the setup used to perform these measurements:
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Figure III. 14 O L E D  expe r i men ta l  setup.
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III.4.3.2. Photovoltaic Cells

III.4.3.2.1. Parameters

Open-Circuit Voltage

Figure III. 15 shows the equivalent circuit diagram (BCD) o f  a solar cell. It consists of the 

following ideal components: a current source IL that considers the light-generated current, 

a diode ( D )  that accounts for the nonlinear voltage dependence and a shunt (Rsh) as well as 

a series resistor (Rs).

Also shown is a load resistor R l and its voltage drop (V) and current (I). The current 

arrows point into the direction the holes flow.

Rs
3-^—1

T \7D

Figure 111. 15 Equivalent circuit diagram (ECD) of a solar cell.

The open-circuit voltage is defined as follows: the current I is negative if V > V qc (open- 

circuit voltage) and it flows ‘into’ the device -  o therwise it is positive.

Using the simple EC D  and K irchoff  s laws for current knots and voltage loops, we can 

formulate the following relation:

(I, -  I, -  ijR^, = V + IR^ Equation III.20
I, d  /  s h

which can be transformed into:

= Ii -  I j   Equation III.21

If we now assume that the Shockley diode equation describes the voltage dependence of 

the current Ij through the ideal diode D:
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/  f
exp
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Id=Io
V

V - I R .
- 1

J  JnkT/q

and replace Id in Equation III.21 we obtain:

V

R

R sh

sh J

R sh

Rsh + Rs V
exp

nkT/q

Equation III.22

Equation III.23

Short-circuit Current

The current Ijc under short circuit condition (R l = 0) can be derived from Equation III.23 

by setting V = 0. If we also consider the influence o f  the photoluminescence efficiency 

(O pl) we can write:

I n

I .I
O PL

1 + R,
R .

1 +
R.

^ V - I R ,   ̂ ^
exp

nkT/q
Equation III.24

R sh

From the ECD in Figure III. 15 can be seen that the short circuit current is simply the light 

current h (photogenerated charge carriers/s i.e. number of split excitons/s) reduced by the 

current through the shunt Ish and the diode D, Ij:

tsc = l L - ^ s h - J d  Equation III.25

Isc is the highest current that can be extracted from a solar cell. The light current increases 

linearly with the illumination intensity. In order to extract a quantity that describes how 

efficiently photons are converted into charges in the external circuit, Isc has to be related to 

light intensity. This leads to the definition o f  the spectral response.

Spectral Response

The definition of the spectral response is as follows:

SR(A)  = — 7 Equation III.26
0 ( / l )

with O being the light intensity per illuminated area (W/m^) and Jsc representing the current
' j

density (A/m") in short circuit mode.

The spectral response (SR) thus gives the current in the external circuit per watt incident 

light (AAV).

For the characterisation o f  solar cells a quantity that considers the actual fraction of the
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incident photons that can be converted into electrons in an external circuit is also used: 

EQE = number o f  electrons in external circuit divided by number o f  incident photons.

EQE stands for external quantum efficien cy  and represents, together with the power  

conversion effic ien cy , the m ost interesting parameter o f  a solar cell. T he EQE can be 

derived from the spectral response considering that the energy o f  a photon Ep = he / X .  with 

h being P lanck’s constant, c the speed o f  light and q the elem entary charge using the 

follow ing formula: 

he
EQE(A) =  SR (/1).----  Equation III.27

qA

Note that the EQE g ives higher values for shorter w avelengths when com pared with the SR  

spectrum. This is because the spectral response relates to the energy o f  photons whereas 

the EQE refers only to the number o f  particles. S ince the output current is determined by 

the number o f  electrons that can be ‘pum ped’ into the LUM O  regardless o f  their energy, 

the EQE represents a true measure for the photon to current conversion  effic ien cy  in 

contrast to SR. The EQE can be converted into the internal quantum effic ien cy  IQE if only  

the fraction o f  the actually absorbed photons are considered:

IQE(>1) = ------- — -̂7—r Equation III.28
 ̂  ̂ l - R ( / l ) - T ( / l )  ^

with R denoting the fraction o f  reflected light and T the fraction o f  the transmitted light.

The IQE is very helpful and frequently used in inorganic d evices to investigate the physical 

processes in the sem iconductor material. In contrast to inorganic solar ce lls  where the 

com plete bulk absorbs light and contributes to the photocurrent, organic devices have 

typically large regions that act only as optical filter. In addition, interference effects would  

have to be considered because o f  the very thin film s com pared to inorganic cells. This 

makes the interpretation o f  IQE spectra in organic ce lls  only more specu lative rather than 

simpler and therefore generally less useful at the present tim e. The EQ E is therefore the 

preferred quantity in these devices.

H owever, since on ly  an arbitrary value o f  <!)(>.) was available to us, w e w ill use an arbitrary 

value o f  the spectral response (SR) parameter in this T hesis.

Fill Factor

Since a high load resistor reduces the current flux the charges need more tim e to get out o f
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the material. This means that recombination can take place increasingly and the extracted 

external current decreases. This behaviour can be seen in the fourth Quadrant o f the I(V ) 

characteristic in Figure III. 16.

Thus considering the voltage dependence o f the I(V ) curve -  the maximum power is the 

maximum product o f I and V  that can be found amongst the data points in the fourth 

quadrant. This maximum area is larger the more the I(V ) curve resembles a rectangle with 

the area Voc x Iŝ . The ratio between these two areas represents a measure o f the quality o f 

the shape o f the I(V ) characteristics;

(IV )pp ^  V— W  Equation III.29
I V

SC OC

thus:

) n , a x  = I s c Equation III.30

2.Quadrant I.Quadrant

\ \0

S(

3.Quadrant 4 .Quadrant

0
voltage

Figure III. 16 Current-voltage characteristic of a solar cell under illumination. Isc and Ip are the 
short-circuit and maximum current respectively. Voc and Vp are the open-circuit and maximum 
voltage respectively.

The higher FF the more the I(V ) characteristics resembles a constant current source with a 

maximum voltage and the higher is the electric power that can be extracted. The voltage / 

current (Vp, Ip) combination that gives the largest power rectangle is called the maximum 

power point. Thus, any appliance connected to a solar cell can utilise the maximum output 

power only i f  its supply voltage is around Vp or in other words: the load resistor Rl = Vp / 

Ip. Otherwise power would be wasted in heating the series resistor (V  < Vp) or via 

increased current losses through the ideal diode and shunt resistor (V  > Vp).
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Even it' an external voltage is applied, only the photosensitivity can be amplified -  any 

current higher than Isc current originates in the external voltage source.

Power Conversion Efficiency

In order to describe the power conversion efficiency r| o f a solar cell the maximum output 

power Pmax has to be related to the power o f the incident light Plight- Using Equation III.30 

to express Pmax considering the wavelength dependence o f the parameters involved we can 

write:

Because o f the wavelength and intensity dependence power conversion efficiencies are 

only meaningful for a given spectral distribution and intensity. This can be the solar 

spectrum or the spectrum o f the artificial illum ination for indoor applications (e.g. pocket 

calculators).

In order to compare efficiencies o f solar cells, solar radiation standards have been defined 

in the past. The most common standard at present is the A M I.5 spectrum (Figure III. 17), 

which can be approached by commercial solar simulators. It corresponds to the terrestrial 

solar irradiance.

Equation III.31

1600-

^  400 -

E 1000- 
5
<D 8 0 0 -

■S 600 -

nj

o
c

E 1200-

1400-

0 -

-200
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

W avelength  (nm)

Figure III. 17 AM 1.5 solar spectral irradiance.
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IH.4.3.2,2. Measurements Techniques

Polymer Solar Cells

Current-voltage characteristics and spectral responses under illumination both through the 

ITO electrode and the semi-transparent A1 contact were performed for each polymer solar 

cell studied in this work.

The white source used was a Solux M R 16 W -halogen lamp delivering 80 mW/cm^ when 

12 V applied and placed at 30 cm from the devices. The I(V) characteristics were carried 

out using a home-made sourcemeter and plotter software.

The spectral responses were taken using an Oriel m onochrom ator coupled to a Tektronic 

TDS 360 oscilloscope.

Photoelectrochemical Cells

The photoelectrochemical cells devices were tested immediately after fabrication in a black 

box containing a broad spectrum halogen lamp (500 W/m^) (SOLUX, 4700 K). The 

polymer coated side was faced to the lamp.

A multimeter (HP 34401 A) was connected in parallel and a BAS C V 27/M acLab/400 were 

connected to the device in a two-electrode configuration. EChem  software was used to run 

linear sweep voltammetry (LSV) with a lower limit o f  -  800 mV, an upper limit o f  400 mV 

and a scan rate o f  100 mV/s. This potential range was scanned first in the dark then under 

illumination to record the change in current due to the absorption of light. The maximum  

voltage achieved under illumination for each device was then used as the upper limit to 

determine the current -  voltage characteristics over a smaller range with the lower limit at 

0 mV.

III.5. Conclusions
M aterials’ preparation, as well as devices’ preparation and characterisation techniques used 

in this work were presented in this Chapter.

While M 3EH-PPV , M EH-PPV, PV K and terthiophene were synthesised either in 

laboratory with which we collaborated or in industry, Pm PV  was prepared in our 

laboratory.
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The m ulti-w alled carbon nanotubes were prepared by the arc discharge technique in our 

laboratory and used in a polym er com posite form.

A sandwich device structure was used for each organic optoelectronic device tested in this 

work. For m ost o f devices, an ITO anode and A1 cathode were used as m ain injecting 

electrodes. W hile organic light-em itting diodes were tested and analysed w ith adm ittance 

spectroscopy and current-voltage characteristics, organic photovoltaic devices were 

characterised using current-voltage and spectral response studies.

Finally, m ost m aterials underw ent spectroscopic studies using absorption and fluorescence 

techniques in order to study photophysical processes that could occur.
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Chapter IV ORGANIC LIGHT-EMITTING 

DIODES

IV. 1. Introduction
This Chapter will introduce the basic principles o f  organic light-emitting diodes (OLEDs). 

While the physical processes and device’s architectures o f  these devices will be presented 

in Section IV.2, their electrical conduction models will be outlined in Section IV.3. Finally, 

the analysis of the device’s characteristics o f  a single layer OLED will allow us to 

determine the intrinsic electronic parameters of one the main conjugated polymers used 

throughout this Thesis: M 3EH-PPV. This will be shown in Section IV.4.

IV.2. Basic Principles and Practical Issues

IV.2.1. Physical Processes

IV.2.1.1. Organic Electroluminescence

Organic electroluminescence (EL) is obtained simply by placing a charge-transporting and 

light-emitting organic material between two electrodes (one of which is transparent) and 

applying a suitable bias, as shown in Figures IV. 1 and IV.2:

Figure IV. 1 Organic electroluminescence mechanism with: 1) opposite sign carrier injection, 2) 
carrier transport, 3) exciton formation and 4) radiative recombination.

The organic material may be either a polymer, deposited by various solution processing 

techniques, or low molecular weight molecules, deposited by evaporation or sublimation in

3)
1) 2 )
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vacuum. Total device thickness (excluding the substrate) is o f the order o f hundreds o f nm. 

When biased, charge is injected into the highest occupied molecular orbital (HOMO) at the 

anode (positive), and the lowest unoccupied molecular orbital (LU M O ) at the cathode 

(negative), and these injected charges migrate in the applied field until two charges o f 

opposite polarity encounter each other, at which point they combine to produce a radiative 

state.

carrier
injection

earner
migration

hole electron exciton

(?) ©  *

+  ’ - f  * 4 -

emission

Figure IV.2 Device structure and electroluminescence processes in organic light-emitting diodes 
(OLEDs).

Although the luminescent states are typically singlets, exploitation o f phosphorescence has 

been demonstrated recently in this type o f devices for both molecule and polymeric 

conjugated systems.' "

IV.2.1.2. Charge Injection

Theoretical modelling o f charge injection has been attempted by several approaches. 

Excellent quantitative results have been obtained by P. Davids and D. Smith, who assume 

injection to be a combination o f thermionic emission and quantum mechanical tunnelling, 

but with the important feature o f a thermionic backflow: i f  the m obility  o f carriers in the 

organic layer is small, the local concentration quickly increases and the probability o f 

reverse hops increases. In this model, which has given good agreement w ith experiment for

single layer devices both with unipolar and bipolar structure, the barrier height derived
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from modelling is not, in general, what would be calculated from tabulated work functions 

for the metal electrodes, suggesting some chemical reaction between electrode metal and 

active material.

Recently J. Bharathan and Y. Yang showed that just 2 A of calcium for the cathode 

followed by aluminium gives identical electrical characteristics to 2000 A of calcium."' 

Their data are difficult to reconcile with any mechanism other than doping of the interface 

by reaction of calcium with the polymer, creating surface states that pin the surface energy 

levels in a manner somewhat analogous to the pinning of the Fermi level by surface states 

of an inorganic semiconductor.

Additional experiments by J. Sheats and co-workers using zirconium carbide cathodes 

were best explained by postulating that electrons, injected from a pristine metal into an 

undoped polymer, quickly become trapped, and these traps are effective luminescence 

quenching centres.^ When some doping is present, the charge carriers remain mobile and 

device performance is correspondingly enhanced. These reactive surface states must be 

protected from oxygen and water, and complicate the electrode processing compared to 

liquid crystal display processes.

IV.2.1.3. Charge Transport

We have already seen that charge carriers can move by electron transfer reactions, or 

hopping between molecules or polymer segments; even along a polymer chain. Moreover, 

conformational disorder interrupts the idealised one-dimensional transport. Mobilities for 

electrons, which are believed to be more easily trapped (especially by sites containing 

oxygen), are generally lower than for holes; both are low compared to mobilities in 

inorganic semiconductors.

IV.2.2. Practical Device Issues 

IV.2.2.1. Charge Injection Balance

Single-layer devices tend to produce unbalanced charge injection (and transport) and 

consequently lower efficiency. To prevent this, a charge transport or injection layer (for 

either holes or electrons, or both) is used.

A proper choice of energy level offsets between the layers can block the transmission of
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the majority carriers, creating a space charge that reduces its current and balances the 

charge transport. Transport layers can also lower the injection barriers at the electrodes.

Creating multiple layer structures is not without difficulties, however, since interlayer 

mixing is in general undesirable.

IV.2.2.2. Light Extraction Efficiency

In accordance with Snell’s law, when light passes from a medium o f  high refractive index 

to one o f  lower index, there exists a critical angle o f  incidence (the angle between the light 

propagation direction and the perpendicular to the surface) beyond which the light is 

totally internally reflected; this is the basis for the nearly lossless transport o f  light over 

long distances in optical fibres. For the glass-air interface the angle is approximately 43 

degrees, and polymers are similar.

Thus, a great deal o f  the light generated by an O LED  is trapped inside the glass or plastic 

substrate and waveguided out to the sides; this is normally about 80% of the total.

Current research activity in inorganic LEDs (where the problem is even worse because the 

index o f  the inorganic materials is higher still) is directed toward various surface 

treatments that can greatly increase extraction efficiency. It is reasonable to expect that 

these losses may be cut at least in half by innovation in this area.

IV.2.2.3. Power Efficiency

The fundamental quantity important to the user is power efficiency, since this determines 

the size and durability o f  the battery required to power a portable device for example. 

Power efficiency is measured in lumens per watt.

Incandescent light bulbs used in the home range from about 10 -  15 lumens/watt; 

fluorescent bulbs can be as much as 80. Currently, the best OLEDs are achieving in excess 

o f  20 lumens/watt (for green), although many devices are well below this (often only a few 

lumens/watt). Progress in improving this number has been rapid during the last few years 

and will doubtlessly continue; in fact, while it is a long range goal, the use o f  OLEDs for 

general illumination may prove feasible.

Power efficiency is affected not only by the quantum efficiency of the device (number of
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photons out per electron in), but also by the voltage at which the device operates, since 

according to O h m ’s law power is the product o f  current and voltage. Thus it is important to 

obtain low operating voltages. This is related to the charge injection barrier issue 

mentioned earlier. Low voltage is also desirable to avoid expensive voltage upconverters to 

provide compatibility with batteries. Voltages for the systems likely to see early 

application are around 3 -  6 V.

One of the most exciting results in the area of O LED s is the exploitation o f  triplet 

emission, where, for example a molecular aluminium quinoline or polymeric host 

naphthalimide derivative is doped with a phosphorescent dye Pt-porphyrine, allowing for 

both singlet and triplet emission.' The energy transfer from the host to the guest takes place 

via a combination of Forster long-range and Dexter short-range m echanism s, and allows 

for EL efficiencies reaching up to 90 % o f  the emitter PL efficiency, defeating the so- 

called spin-statistics restraint, which had so far limited the E L  efficiency to less than one- 

quarter of the PL efficiency.

Although the host PL efficiency is not exceptionally high in the reported cases, these 

experiments open the way to both very efficient devices and also to a powerful tool for 

gaining quantitative information on the energy and on the photophysics o f  triplets, which 

are hard to observe in the vast majority of conjugated polymers. Emission from these states 

is, in fact, a spin-forbidden process, unless inter-system crossing is enhanced, for example 

by means o f  increased spin-orbit coupling due to the presence o f  atoms with high atomic 

number.

IV.2.2.4. Colour Issues

Different colours are obtained in OLEDs from different materials; hence for a full colour 

(RGB) display, some patterning of the organic material must occur (in order to get all 

colours one must have red, green, and blue subpixels at each pixel o f  the display).

This has important ramifications for manufacturing, and while several solutions have been 

proposed and demonstrated at the laboratory level, it is not yet clear which will be 

preferred for production.

Organic molecules typically emit light in a band o f  wavelengths that is rather broad (of the 

order of 50 -  70 nm at an intensity level equal to half o f  the maximum). V^hen three such
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bands (which may individually appear red, green, and blue) are mixed to obtain an 

arbitrary colour, the results may not be as satisfactory as when three narrow-band 

( ‘saturated’) colours are mixed. Various ways to address this include using well-known 

thin film interference effects to sharpen the emission bands.^

IV.2.2,5. Lifetime and Environmental Sensitivity

The operation of OLED devices generally leads to a more or less steady loss o f  efficiency. 

Two types of loss are often distinguished: the quantum efficiency decreases, and the 

voltage required to maintain constant current increases.

Lifetimes depend on the brightness at which the display is operated, and are typically 

quoted as the time to reach half o f an initial brightness o f  100 cd/m (which is that of a 

typical desktop CRT).

7 8In the best materials, polyfuorenes and dyes, ' offered by several companies at the present 

(Kodak, Xerox, DuPont Displays, ...) , the lifetime now exceeds 10,000 hours and in a few 

cases is greater than 50,000 hours. This parameter has also seen substantial and steady 

improvement m recent years, and can be expected to improve still further.

Every device has temperature and other environmental limits. OLEDs must be hermetically 

sealed from exposure to water and oxygen; while it has been a challenge to find a suitable 

flexible, transparent material with the required properties, this has been accomplished. Low 

temperature does not adversely affect OLEDs as it does LCDs (indeed they become more 

efficient), but devices must typically be kept below 60 °C for operation (their lifetime is 

substantially shortened when operated at such higher temperatures) and 80 °C for storage.

IV.3. Electrical Conduction Mechanisms 

IV.3.1. Introduction
With regard to electrical studies in any semiconductor material it is important to remember

that we can rarely look at the material in isolation. In general we will always have to take

into account the effects, if any, of the electrodes and external circuit on transport in the

material under study. W hen two different materials com e into intimate contact there is

initially an energy difference between their Fermi levels. The system comes into

equilibrium by carriers flowing from one material into the other until the Fermi energies
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have equalised. This interfacial charge redistribution causes the bands to bend in the region 

of the interface. In general this will result in a barrier to charge injection into the material.

The size of this barrier is related to the band structure o f  the materials and specifically the 

size of the work function o f  the metal in relation to the ionisation potential or electron 

affinity of the semiconductor. If the electrode work function is within 0.5 eV of the 

ionisation potential the barrier to injection into the H O M O  or valence band will be small.^ 

Similarly if the electrode work function is within 0.5 eV of the electron affinity the barrier 

to injection into the LU M O  or conduction band will be small. This is termed ohmic 

contact. W e can assume that for applied voltages greater than a few volts the barriers at the 

electrodes are negligible. In this case the applied voltage is o f  negligible difference to the 

internal v o l t a g e . F o r  a semiconductor connected to ohmic electrodes the current flow, 

in principle, is controlled by bulk properties of the material and not properties of the 

electrodes. This is known as bulk limited current flow.

However if the work function of the electrodes is not close to either the ionisation potential 

or electron affinity, a large potential barrier may exist at the electrode-semiconductor 

interface. In this case we cannot neglect the effects of the barrier and the transport 

properties become electrode limited.

IV.3.2. Electrode Limited Conduction Mechanisms 

IV.3.2,1. Electrode -  Semiconductor Interfaces 

IV.3,2.1.1. Definitions

The theory of contacts between doped semiconductors and metals was developed in 1938 

by Mott and Schottky.'^ '*̂ Since then charge injection from metallic contacts into 

semiconductors has been studied extensively and is explained in detail in the 

semiconductor literature.

A Schottky barrier is created by the intimate contact o f  a metal and a semiconductor 

surface. Figure IV .3 shows the situation o f  a Schottky barrier o f  a metal and a p-type 

semiconductor:
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Figure IV.3 Schottky barrier between a metal and a p-type semiconductor The left drawing shows 
the situation before contact and the right drawing the resulting Schottky barrier after contact.

At equ il ib rium , in the absence o f  externally  app lied  voltages, the F erm i level m ust be

constant th roughou t the sam ple , since o therw ise  a curren t w ou ld  flow. In the metal the

Fermi level is the top o f  the ‘electron s e a ’, w h ile  in the sem iconduc to r ,  far from  the

interface, the Ferm i level is de term ined  ( ‘p in n e d ’) by the im purity  level. T h e  Ferm i level is

m atched in the fo llow ing  way; before equ ilib rium , the Ferm i level is low er in the

sem iconduc to r  (when the w ork  function o f  the po lym er,  Evac -  Ep = x  +  ^ n ,  is larger than

that o f  the metal, O,,,), therefore , e lec trons will flow from  the metal to the po lym er. This

causes the build  up o f  charges  on both sides o f  the interface, resu lt ing  in an electric field
2 ^and therefore a potential g rad ien t accord ing  to Poisson 's  equa tion  d V /d x “ = p(x).This  is 

the so-called  band  bending. In this region, the electric field has cau sed  the holes to m ove 

aw ay from  the interface; they drift to the top o f  the valence band. T h e  resu lt  is that in this 

area, o f  w idth  W , there is a surp lus  o f  negative cha rge  cau sed  by  u n co m p en sa ted  charged  

acceptors, the ‘space charge re g io n ’ or ‘depletion  re g io n ’, since there  is an absence  o f  

m ajority  ca rriers  (holes in p-type sem iconductors) .

The param eters  that desc ribe  the Schottky  barrier  are:

• barrier height, or the barrier as seen by (m ajority ) carriers  co m in g  from  the metal. 

It depends  on the d iffe rence in e lectron affinity  o f  the m etal and  the sem iconduc to r ,  and 

(for p-type sem iconduc to rs)  also depends  on the ene rgy  gap  Eg: Osp = x  +  Eg -  Om. It is 

independent o f  the position  o f  the Ferm i level in the sem ico n d u c to r  and  thus on the 

presence o f  im purities,  etc. It m ight be low ered  by  the so -ca lled  im age-fo rce-low ering  

effect w hich  adds to the energy  schem e the potential caused  by the in teraction  o f  the
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charge with its image (virtual) charge on the metal.

• Vb,: built-in voltage or zero-bias band bending, or the barrier as seen by (majority) 

carriers going into the metal. This is determined by the difference in Fermi level before

contact. V(ji — (Evac ~  EF)semicon. ~  (Evac ~  EF)metal ~  X ~  ^ m -

• W: depletion width, or the width of the area devoid o f  (majority) carriers. The depletion 

width can be calculated when the doping profile is known (as will be shown in the next 

Section).

For a Schottky barrier the forward bias is when a positive voltage is applied to the (p-type) 

semiconductor and a negative voltage to the metal. This will compensate the band bending 

and diminish the barrier.

IV.3.2.1.2. Depletion Width of a Schottky Barrier

The depletion width o f  a Schottky barrier can be calculated from Poisson's equation 

d 'V /dx“ = p(x), with p(x) the space charge density at position x. In a first approximation 

we can assume a rectangular distribution of the space charge, as Figure IV.4 shows:

a) 0

P(x)

b) 0 

E(x)i

c)

V(x)

X

Figure IV.4 Space distribution of a) the charge density, b) the electric field and c) potential at a 
Schottky barrier.

This is valid when the acceptors are all ionised and the free charges have m oved out of the 

mterface region leaving behind the now uncompensated ionised acceptors exactly up to a
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certain point W. N a can be defined as the density o f  ionised  acceptors (and impurities). In 

that case the electric field  can be calculated by Poisson's equation:

E (x) = (x -  W ) Equation IV. 1
dx £

where the boundary condition E(W ) = 0  was used. The voltage can then be found by 

integrating this equation to give:

V (x ) =   ̂ (x — W)^ Equation rV.2

(boundary condition V (W ) = 0).

At X = 0  the voltage must be equal to the built-in voltage, Vbi, therefore:

Y ^ ^ QNaW  Equation IV.3
2 f  ^ qN^

W hen bias is applied to the device the voltage at x = 0  should be equal to Vbi -  V, 

therefore:

W (V )

IV.3.2.1.3. Capacitance of a Schottky Barrier

W hen the bias voltage on the device is changed, a new  equilibrium  state w ill be reached  

with a new amount o f  space charge as described above. The A C capacitance o f  a Schottky  

barrier can be defined as the incremental change o f  space charge Q in the depletion range 

upon an incremental change o f  voltage: C =  dQ/dV. N ote that this capacitance can depend  

on the applied voltage, in contrast to normal capacitor which have a constant C = Q/V.

Equation IV.4
qNA

It can be shown that a Schottky barrier behaves like a capacitor made o f  parallel plates 

with area A, spaced W  and filled  with a dielectric m edium  8. Substituting the calculated  

depletion width from Equation IV .4 therefore gives:

C (V ) =  - ^ ^  = A  Equacion IV.5
W{V) T |2(V „-V )

This show s that a M ott-Schottky plot (C “ V5. V) is a straight line and the slope reveals the 

acceptor concentration, N a:

2
N  ̂ = ---------------5—  Equation IV.6

s l o p e . A " a q
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In the same plot, extrapolating to C '  = 0 reveals the built-in voltage and hence the barrier 

height (if the shallow level depth is known). For normal shallow acceptor levels this is 

equal to the acceptor density, but for deeper levels it can be the case that they are only 

partially ionised. The capacitance (and depletion width) sees only the ionised defects. A 

capacitance transient for instance, monitors the change in density o f  these ionised defects.

IV.3.2.2. Shottky Barrier Electrical Conduction Mechanisms

Although it is not clear to what extent the developed models can be applied to organic 

semiconductors, we only describe the basic concepts as they are often used to understand 

and predict the behaviour of organic semiconductor / electrode interfaces.

There are two principal mechanisms for the charge carriers to overcom e barriers: 

thermionic emission and quantum mechanical tunnelling (field emission).

IV.3.2.2.1. Thermionic Emission

For thermionic emission over a triangular barrier o f  height O from a metal into a high- 

mobility semi-conductor, the current density (J) is given by:

* ^ (j) ^
J = A*T^ e x p   Equation IV.7

V k T  yi

where A is the effective Richardson constant and T the absolute temperature.

If an electric field is applied across the barrier, the barrier height decreases by:

AO = — —  Equation IV.8

where E is the applied electric field, q the elementary charge and 8q the dielectric constant 

o f vacuum.

In a semiconductor with a low mobility, it is necessary to take into account the diffusion of 

carriers within the barrier region back towards the contact. A full analysis is given by Kao 

and H w ang ."

IV.3.2.2.2. Quantum Mechanical Tunnelling

At sufficiently low temperatures, or for large barriers at high fields, emission due to 

quantum mechanical tunnelling through the barrier can become important. For a Schottky 

barrier the current is given by:
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Equation IV.9

where V is the applied voltage and K a material constant.

The essential characteristic of field emission is that the current is insensitive to 

temperature, but strongly dependent on the applied field (voltage). Since the tunnelling rate 

depends also strongly on the width of the barrier, thermal excitation can increase the 

tunnelling current. For a Schottky barrier the current can then be written as:

where Jo is essentially a constant for low doping levels and n ~ 1 at high temperatures.'^ 

IV.3.3. Bulk Limited Conduction Mechanisms
The bulk propeities of an organic material will dominate its electrical properties in the

presence of a small barrier to charge injection. At low voltages, majority intrinsic carriers

(positive polarons in most organic materials) will begin to drift with the field with an

average velocity which is proportional to the applied field. This is governed by O hm ’s law:

J = oE Equation IV. 11
where J is the current density, a  is the conductivity and E is the electric field.

The conductivity is related to the mobility, carrier density and carrier charge by:

(J = pq//p Equation IV. 12

where p is the free hole carrier density, q is the elementary charge and |ip is the carrier 

mobility.

However organic materials tend to have extremely low intrinsic carrier densities and 

cannot compensate for injected charge. The ability of a materia! to redistribute excess 

charge in order to maintain charge neutrality is governed by the dielectric relaxation time 

Td. This is the time taken for a material to restore itself to charge neutrality after the 

injection of a small charge excess. This is described by Equation IV. 13:

£
= -------  Equation IV. 13

where e is the permittivity of the material.

However as the applied field is increased the carrier transit time it decreases because the 

average carrier velocity increases with field. When these two terms are equal the material

Equation IV. 10

pqAp
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can no longer redistribute charge during the course o f a carriers journey through the 

material. This is described by Equation IV. 14:

£ d'
r = ---------= '^1 = ------- Equation IV. 14

pq/̂ , /̂ pV
where d is the material thickness and V is the applied voltage.

This shows that above a certain voltage the charge injected into the material is that which 

can be stored in a similar capacitor. This occurs at a voltage V« given by;

V^ _  Pq5!_  Equation IV. 15
£

A more detailed analysis gives approximately the same result but includes a factor o f 8/9:

_  8pqd_  Equation IV. 16
9 £

Above this applied voltage a space charge region builds up and the conduction is said to be 

space charge limited (SCL).

In the case o f unipolar carrier injection (identical electrodes) this behaviour can be 

described using the single carrier SCL current model. This model is based on a number of 

assumptions. These are, that the intrinsic charge density is negligible compared to the 

injected charge, that the injecting contact is ohmic and that the material is trap free. Also 

the mobility is assumed to be field independent. As shown by Mott and Gurney'* the 

solution works out to be:

9 £ jLi V -
J = ----- !-—  Equation IV. 17

8d-

This equation is the solid state analogue o f Childs law for SCL current in a vacuum. In 

summary at low applied voltages the current will follow  Ohms law but for voltages in 

excess of Vq the current will be quadratic in voltage.

In the case of real materials however there will always be traps present. These dramatically

alter the SCL current and hence the form o f the I(V) characteristic. The simplest case is

when the traps lie at a single discrete energy level. In this case a significant proportion of

injected charge may remain untrapped. The total charge density can then considered to be:

p  = p̂ . + p̂  Equation IV. 18

where p r  is the free charge density and pt is the trapped charge density.
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Hence at low bias the traps sim ply  reduce the n u m b er  o f  injected  carriers  w h ich  are free to 

conduct. For a g iven voltage the current is reduced  by a factor o f  0, the fraction o f  free

charge:

6  = — ^ —  Equation rV. 19
A + A

Equation IV. 18 then becom es:

9£Li„0Ŵ
J  -------- ;----  Equation IV.20

8 d '

The curren t density  is still quadratic  in voltage but its m ag n itu d e  is reduced  som etim es  by 

as much as 10^.'°’"  In addition  to this the transition voltage V n  is increased  because  the 

density o f  free in jected charge is reduced.

As the applied  field is increased  a critical voltage, V T F L , is reached  at w h ich  all traps are 

filled. A ny increase  will result in all in jected charge  be ing  free to  conduct.  This  voltage is 

know n as the trap free limit (TFL). A bove  this critical bias the curren t increases  sharply 

before reverting to the value described  by E quation  IV .20. T h e  density  o f  the traps filled at 

V T F L  can be written as:

SfV
N , = — ^  Equation IV .21

2qd

For many real o rgan ic  system s the traps may be d is tr ibu ted  over  a range o f  energ ies  in the 

gap. M ark and Helfrich considered  a hole only  system  with an exponen tia l  distribution o f  

traps o f  the form:

N , ( E ) oc N qexp
F — P  ^ 
^H O M O  ^

kT
Equation IV.22

This equation can then be used  to ca lculate  the curren t vo ltage behaviour:

f ^  \ 7 m + l
1 - m £m

N ,( m  + l)

2m  +1 

m +  1

V^
Equation IV.23

I  2 m + l

where N h o m o  i s  the density  o f  states in the H O M O , |j,p is the hole m obili ty  and  m  = E t / 

keT  (E, is the charac teris t ic  trap energy).

It is also possible  to ca lcu la te  V q for a broad  distr ibu tion  o f  traps by se tting  E quation  IV .23
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equal to Ohms law for J. This yields:

^  V ^ H O M o y  V J \ 2 ' m  +  \ JHOMO J
Equation IV.24

Thus SCL conduction is characterised by the current being related to the voltage by a 

power law J = KV'"'^' where m is related to the depth o f the traps.

IV.4. Electrical Properties of Single Layer OLEDs
In order to investigate the electrical properties o f single layer O LED s, several ITO / 

M 3EH-PPV / A1 devices were prepared with the thickness o f the M 3EH -PPV  layer ranging 

from 38 to 300 nm. A dm ittance, C(V) and I(V) data were recorded and analysed.

IV.4.1. Electrical Model

Adm ittance m easurem ents o f the ITO / M 3EH -PPV  / A1 devices are shown in Figures 

IV.5a to IV.5d, with plots o f their conductance ( G a c ) ,  their capacitance ( C a c ) ,  their loss- 

tangent (tan5), and the real part of their im pedance (Re(Z)) as a function o f angular 

frequency respectively:

l = t f l | - b ) 4 4 n m  j 

300 nm

'O 'l | :t T i j { a ' f i - n w '
; ' J  i i w i !  G  =  1 /  R

° 1 . ! f'fjl 1 I
lO’i I

' ° ” l ! 1 -jfWlfr iteiiii-:

(1) (rad.s')

a)
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Figure IV .5 a) Conductance, b) capacitance, c) loss-tangent, and d) real part o f the impedance: 
Re(Z) as a function o f angular frequency for each ITO  / M3EH-PPV / A1 device.

The series resistance: Rs can firstly be extracted from the high frequency regime (10^ -  10* 

rad.s ') o f the real part o f the impedance. Rs corresponds to the sum o f contact resistances, 

i.e. between the electrodes and the external circuit. The average value calculated was 37 Q 

and can be considered negligible. However, it is to be noted that this non-zero value affects
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the shape o f the loss-tangent’s spectra at high frequency. W ith Rs = 0 Q , the loss-tangent 

should indeed decrease to 0 at high frequency, while in our case tan6 increases.

The loss-tangent, as described in Section III.4 .1.2.1, is defined as the ratio betw een the real 

part and the im aginary part o f the adm ittance: tan6 = Re(Y )/Im (Y ) = G ac/®Cac- For the 

sim ple m odel, the loss tangent decreases as 1/co. Interface barriers how ever can produce 

peaks in the spectra.

Figure IV.5c clearly shows no peak for the first two sam ples (38 and 44 nm ), while the 

there is one peak for the rem aining devices (from  91 to 300 nm). Therefore, we can use a 

sim ple m odel (sm all resistor Rs in series with a capacitor and a resistor in parallel) for the 

first two sam ples (38 and 44 nm), and the rem aining devices (from  91 to 300 nm) can be 

m odelled by a resistor Rs in series with two capacitor -  resistor loops, as shown in Figure 

IV.6:

Rd

Rd Rb

Cd c,
b)

Figure IV.6 Resistor -  capacitor model for a) the thin ITO / M3EH-PPV / A1 devices and b) the 
thick ITO / M3EH-PPV / A1 devices. Rs denotes the series resistor, while d and b represent the 
depleted and bulk parts of the model respectively.

Rs, Rd, and Rb correspond to the series, depleted and bulk resistors respectively, while Cd 

and Cb represent the depleted and bulk capacitors o f the m odel.

In other words, our results show that two regions are present in the ‘th ick ’ sam ples: one 

depleted and one bulk region (therefore m odelled by tw o capacitor -  resistor loops), and 

that the ‘th in ’ sam ples are fully depleted (therefore m odelled by only one capacitor -  

resistor loop). The depleted region in either case can be considered as a Schottky barrier at
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the in terface be tw een  one  o f  the metal e lec trodes  (IT O  and Al) and  the p o ly m er  M 3 E H - 

PPV . S ince IT O ’s w ork  function and M 3 E H -P P V ’s H O M O  level are very  s im ila r  (4.8 and 

4 .9  respectively) it is un likely  that such a barrier will fo rm  at this interface. T herefore ,  we 

can conc lude  that the Scho ttky  barrier is fo rm ed  at the in terface be tw een  M 3 E H -P P V  and 

Al and that the ITO  / M 3 E H -P P V  contac t rem ain  ohm ic.

As seen in S ection  III.4 .1 .2 .2, it is possib le  to extract  each  o f  the pa ram ete rs  de f ined  above 

with careful ana lysis  o f  the conduc tance ,  capac itance  and  loss tangen t  spec tra  (Figures 

IV .5a to IV.5c). Cd and Cb can be ob ta ined  from  the capac itance  spec tra  at low  and high 

frequency  respectively , w hile  R j  and Rb can be ob ta ined  from  the con d u c tan ce  spectra  at 

low and high frequency  respectively.

A lterna tive ly  Rb can be ca lcu la ted  from  the frequency  at the peak  o f  the loss tangent, co„

E ,u a , .o „ ,V .2 5

therefore;

Ru = -------    r Equation IV .26®™'Vc,(c,+cJ

Table  IV. 1 show s the su m m ary  o f  these results:

Table IV. 1 Series resistance (Rs), depleted resistance and capacitance (Rj and Ca), and bulk 
resistance and capacitance (Rb and Cb) o f ITO / M 3EH-PPV / Al devices as a function o f the 
thickness o f the M 3EH-PPV film.

Film th ickness (nm) 38 44 91 188 240 300

Rs (Q) 30 30 30 40 52 41

Rd (xlO^ Q) 5.46 5.80 - - - -

Cd (xlO '^ F) 3.10 2.50 1.70 1.16 1.59 1.81

Rb (xlO'* Q ) - - 9.88 10.9 10.4 17.3

Cb ( x l O ' ° F ) - - 47.7 12.8 9.72 8.55

From  these results, w e can have an app rox im ate  value o f  8r,d, re la tive perm itt iv ity  o f  the 

depleted region o f  the polym er. Indeed, both  sam ples  w ith 38 nm  and  44  nm  are fully 

depleted. T here fo re  their th ickness  is the th ickness  o f  the dep le ted  zone.
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Considering the geometrical value of the capacitor Cd:

Cd =
^ ■ o ^ r . d A

we can write:

W . C ,
and W ,  =  . °

£ q A C.

Equation IV.27

Equation IV.28

With A = 6x10 *̂ m^, we obtained £r,d ~  2.09. Using this value, we can now calculate the

width of the depleted region (Wd) in the remaining ‘th ick’ samples (from 91 to 300 nm)

using Equation IV.28. The width of the bulk region can also be estimated using:

= W -  W j Equation IV.29

with W the total thickness of the sample.

Figure IV.7 shows the width of each zone as a function o f  the device thickness for the 

‘thick’ samples and clearly shows that the width of the depleted region remains constant at

Wd ~ 65 nm:

Film  th ic k n e s s  (nm )

Figure IV.7 Width o f  the depleted and bulk regions as a function o f  the d ev ice  thickness.

These results have clearly demonstrated that:

• a Schottky barrier is formed at the M 3EH-PPV / A1 interface;

• the width of this barrier is constant.

Figure IV.8 shows a schematic band diagram o f  the structure. The values o f  Oai, Oito, 

H 0 M 0 m 3e h -p p v , L U M 0 m 3e h -p p v  are given in the literature.*
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LUM0jj3Efj.ppy 2.8
rro HOMO,'M3EH-PPV

Figure IV.8 Schematic band diagram of the thick ITO / M3EH-PPV / A1 devices.

IV.4.2. Relative Permittivity of M3EH-PPV

C(V ) m easu rem en ts  w ere  taken at 100 Hz for the ‘th ick ’ sam ples  (91 to 300  n m ) in order 

to m easure the capacitance  o f  the depleted  region as a function o f  the app lied  D C  bias. 

Results are show n in F igure IV .9:

1.4x10'

c) 91 nm 
, d) 188 nm 
f) 240 nm

1.2x10'

1.0x10'

8.0x10'

6.0x10'

4.0x10'

2 .0x10

0.0

DC bias (V)

7 x 1 0 ’ -i

c) 91 nm
d) 188 nm 
f) 240 nm

6 x 1 0 ’ -

—  5 x 1 0 ’ -

c  4 x 1 0 ’ -

3 x 1 0 ‘ -

2 x 1 0 ’ -

1 x 1 0 '

2 3■3 ■2 1 0

Figure IV.9 Capacitance-voltage C(V) measurements (left) and Mott-Schottky plotslZC^(V) (right) 
for the of the thick ITO / M3EH-PPV / A1 devices.

1/C"(V) M ott-Sco ttky  plots are p resen ted  in F igure  IV .9b  and  ana lysed  as described  in 

Section IV .3.2.1.3. T he  slope o f  the linear fit g ives us the ‘d o p in g  c o n c en tra t io n ’ (N a), 

using £r,d ~  2 .09 from  the prev ious section, and the built- in  vo ltage (Vbi) is g iven by the 

intercept with the origin.
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The values o f N a and Vbi, are summarised in Table IV .2 for all samples:

Table IV .2 Doping concentration (N a) and built-in  voltage (Vbj) in ITO  / M3EH-PPV / A1 samples.

Film thickness (nm) 91 188 240 300

N a (x lO '^cm '^) 6.10 3.37 5.62 7.09

Vb, (V) 0.83 1.27 1.02 1.04

The average value for the doping concentration is N a = (5.57±1.59)xlO'^ cm'^. Values o f

lower doping concentration, resulting in larger depleted region (over 100 nm) often as
20large as the sample, have been published. Our relatively large doping concentration can 

be explained in terms o f cleanliness o f the raw material, which may present more 

impurities than the ones produced in industry.

Correlating C(V) and admittance data obtained in the previous section, 6r,d and Sr.b, relative 

perm ittivity o f the bulk and the depleted regions respectively, can now be deduced. Indeed, 

Sr.d et er.b can be obtained with the slope o f 1/Cd vs. Wd and 1/Cb vs. Wb = W -  Wd 

respectively, as Equation IV .30 shows:

1> 1 1 = ------------W , and —
^O^r.bA

■w. Equation IV .30

1.4x10’ -

1.0x10®-
;

I8.0x1 o ' -

6 .0 x 1 0 '-

■
4 .0x10 '-

2.0x10 -

0.0 — r ~

100
~r~
150

— T—

200
— T —

250

R egion w id th  (nm )

Figure IV. 10 1/C as a function o f the width o f either the depletion or bulk region.

Cd and Cb are values obtained with admittance data (conductance), while Wd can be 

estimated, as presented in Section IV .3.2.1.2, w ith the C(V) data obtained above (N a, Vbi):
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Equation IV.31

using £r,d ~  2.09 as a first estimate.

T he slope o f  both linear fits in F igure  IV. 10 g ives  us a value  o f  bo th  Sr,b et £r,d using 

Equation IV .30. In terestingly, using  the values fo u n d  in re -ca lcu la ting  N a (E qua tion  IV .6) 

and then W j  (Equation IV .31), the sam e graphs can  be  re -p lo tted  in o rd e r  to obtain  new 

values o f  Sr.b et Sr.d- This  recurrence process can be used  until w e get s table values.

W e  finally found:

•  £r,b = 3.65

•  8 r , d = 2 . 1 9

IV.4.3. Fermi Level in M3EH-PPV

T o  further investigate the intrinsic properties o f  M 3 E H -P P V , I(V) charac te r is t ic s  o f  the 

ITO  / M 3 E H -P P V  / A1 devices  were m easured  and are show n in F igure  IV. 11;

slope m ■

-1 .5q  
- 2 . 0 -  

-2.5 - 
-3.0-^ 
-3 .5 - 
-4 .0 -

slope m

<  -4.5 -
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S  - 6 . 0 •
D -6.5 -

- 8 .0 -
- 8 .5 -

- 9 . 5 ’ 4 
1 0 .0 -  i -  i - ;

. 9,0 : . .  ■
bulk limited conduction

T— '— I— '— r T— '— I— '— I— '— I— '— i— '— I— '— I— '
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Log Applied Voltage (log V)

Figure IV. 11 Current-voltage characteristics of each device tested in this Section.

O nce again, on can clearly  d is t inguish  two groups o f  sam ples:

• ‘th in ’ sam ples  (38 nm and  44 nm ) with a bulk l im ited  conduc tion  m ech an ism , and
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•  ‘thick’ sam ples (91 to 300 nm), with a transition to a bulk lim ited conduction  

m echanism  above a particular voltage Vt.

The values o f  both Vbi from the previous Section and V, are sum m arised in Table IV .3:

Table IV.3 Built-in voltage (Vbj) and DC transition voltage (V,) in ITO / M3EH-PPV / A! devices.

Film thickness (nm) 91 188 240 300

Vbi (V) 0 .83 1.27 1.02 1.04

Vt (V) 0 .74 0.93 0 .89 0.63

Correlation between the voltage at which this transition occurs, Vt, and the built-in voltage, 

Vbi, measured by C (V ) is obvious. Again V, does not depend on the thickness o f  the film . 

However, V, = (0 .8 0 ± 0 .1 4) V is slightly low er than Vb, = (1 .0 4 ± 0 .18) V.

In the light o f  Section IV .3.2.1.1 and the energy diagram show n in Figure IV .8, the Fermi 

level cI)f, intrinsic value o f  the polym er M 3E H -PPV , can be obtained using the relation:

Op =  H0M0^^3^„.ppv -  0^1 -  qV^i Equation IV.32

The Fermi level value Op is relative to the H O M O  level o f  M 3E H -PPV  and w e found:

•  using Vbi, = ( - 0 .3 8 ± 0 .18) eV ,

•  using V,, Op = ( - 0  0 6 ± 0 .14) eV.

In both cases the Fermi level lies in the HOM O and the sem iconducting polym er can be 

considered as positively degenerated as described by Sze.'^ This result is consistent with 

the w idely recognised m ainly hole conduction in PPV derivatives, due to the fact that 

negative charges are trapped in much greater quantities within the device. W e can therefore 

conclude that the majority carriers in M 3EH -PPV  are p ositive polarons.

IV.4.4. Mobility of the Majority Carriers in M3EH-PPV
From the I(V) characteristic o f  the thin 38 nm sam ple, the density and m obility  o f  the 

majority carriers in M 3E H -PPV  can also be deduced. A s found in the above Section , we 

can assume that the majority carriers in M 3EH -PPV  are positive polarons (or more 

com m only named holes).
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T he ohm ic  conduc tion  region, as show ed  by E q ua tion  IV. 11, can be desc r ib ed  by:

log I =  M  +  N .log  V Equation r v . 33
with N being  ideally  equal to one.

The space-charge  l im ited  conduction  (SC L C ) region, as show ed  by E q u a tio n  IV. 17, can  be

described by:

log 1 = 0  +  P .log V Equation IV.34
with P being  ideally  equal to two.

W e found: M  =  -  5.10, N  = 1.06, O = -  5.20, P =  2.10. U sing  these  resu lts  w e can now  

determ ine the transition  voltage be tw een  the o h m ic  and  the S C L C  region: V q . Indeed , the 

transition curren t In and  voltage can be u sed  in bo th  E quation  IV .33 and  IV .34: 

log In =  M  +  N .log  V^ =  O +  P .log V„

As a result:

M - O

Vj  ̂ = 10 Equation IV.35
T he voltage at w hich  the transition from  the ohm ic  region to the S C L C  region therefore

was in our sam ple: V ^  = 1.25 V.

F rom  E quation  IV. 16, w e can easily  write:

9.V £
p = ----- ^  Equation IV.36

8 .q d '
17 3and the es t im ated  density  o f  positive carriers is: p = 1 .08x10  c m ’ . This  value is 

consisten t w ith  the C (V ) data, w hich  gave a dop ing  concen tra tion  o f  6 .2 0 x l0 '^  cm'^.

T he  m obility  o f  the m ajority  carriers  can now  be ca lcu la ted  using  the o h m ic  region, the 

S C L C  region, as well as an es tim ate  from  the adm ittance  data:

Firstly, the ohm ic  m obility  can be ca lculated  using  E quations  IV. 11 and IV. 12, which  give:

1 = ---------- V Equation IV.37
d

Therefore:

lO'^d
jU = --------  Equation IV.38

” qpA
w here  M  is from  E quation  IV .33.

Secondly , the S C L C  m obili ty  can be ca lculated  using  E quation  IV. 17, w hich  gives:

9-eA/j
I = -------^  V Equation IV.39

8 .d '
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Therefore:

8 .1 0 °d ^  

~  9 .fA
Equation IV.40

where O  is from  E quation  IV .33.

Thirdly , the adm ittance  m obility  can be ca lcu la ted  using;

o-A q N „ A ,A
Equation IV.41

Therefore;

d
Equation IV.42

Table  IV .4 sum m arises  the results o f  the ohm ic, S C L C , adm ittance  m ob ili ty  o f  the

m ajority  ca rriers  in M 3 E H -P P V  ca lcu la ted  from  E quations  IV .38, IV .4 0  and IV.42

respectively:

Table IV.4 Ohmic, SCLC and admittance mobility of majority carriers in M3EH-PPV.

ohm ic  m obility 2.91xlO‘̂ mVv.s

S C L C  m obility 2.88xI0'‘“ mVv.s

adm ittance  m obility 6.59xlO‘̂ mVv.s

Theses values are all o f  the sam e order o f  m agn itude  and  consis ten t w ith  values  published
o

in the literature. It reflects the low conductiv ity , yet g rea ter  than insu la tors ,  o f  un-doped  

organic sem iconduc to rs .

IV.5. Conclusions
Recent progress  on organic  light em itting  d io d es ’ (O L E D s)  basic  p rincip les ,  electrical 

conduction  m ech an ism s  and  technical issues has been review ed.

In particular, w e p resen ted  the elec trode lim ited  in jection  m odel at a S cho ttky  barrier 

interface be tw een  a p o ly m er  and  a m etal, and  the space charge  lim ited  b u lk  conduction  

m echan ism . O L E D s ’ curren t-vo ltage  charac teris t ics  can be ana lysed  us ing  e i ther  m odel in 

order to extract  intrinsic param eters  such as the p o ly m e r ’s Ferm i en e rg y  level, o r  m ajority  

charge ca r r ie r s ’ m obility .
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We studied ITO / M 3EH-PPV / A1 devices and found that:

• a depleted zone appeared at the M 3EH-PPV / A1 interface consistent to a Schottky 

barrier;

• the width of the depleted region was constant: W  = 65 nm;
1 ^  ^• the doping concentration was: N a = 6 .20x10 c m" ;

• the built in voltage was: Vbi = 1.08 V;

• the Fermi level lied near the H O M O  band.

W e concluded that M 3EH-PPV is a semiconducting polymer, which exhibit a highly p- 

doped-like behaviour. This result is consistent to the well established fact that positive 

carriers are in majority in polymer semiconductors, since negative charges are trapped in 

greater numbers.

We were also able to determine both the bulk and depleted value o f  the relative 

permittivity o f  M 3EH-PPV:

•  8,b = 3.65;

•  8 r ,d  =  2.19;

with £ r  b  and C r .d  the bulk and depleted value of the relative permittivity respectively.

These values are the signature of the fact that the depleted region, which is empty of free 

carriers, has a larger value of resistance and therefore a smaller value of relative 

permittivity.

Finally, we estimated the majority carrier’s mobility in M 3EH -PPV  using three different 

methods: from the ohmic and space charge limited conduction mechanism s in the I(V)

characteristics and from the value of the bulk resistance obtained from admittance
12 2measurements. The three values were o f  the same order o f  magnitude (10' m  /V.s), which 

indicated a good estimate o f  the real value, and were consistent with values obtained in the 

literature.
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Chapter V ORGANIC LIGHT-EMITTING 

DIODES USING MWNT

V.l. Introduction
As discussed in Chapter I, carbon nanotubes have so far reached few viable practical 

applications. W e believe that the most accessible applications are those using nanotubes to 

improve the performance of existing functional organic devices. In this Chapter, we will 

show the effects o f  using a composite fabricated from carbon nanotubes and Pm PV, as an 

electron-transport layer in organic light-emitting diodes. The conductivity and the 

electrode behaviour of the nanotube and polymer composite will be discussed in Section 

V.2 and Section V.3 respectively. Current-voltage-luminance and electroluminescent 

spectral measurements of double layer devices using the composite as an electron-transport 

layer, triple layer devices with a composite electron-transport layer and PV K  as a hole- 

transport layer, as well as M 3EH-PPV single layer devices will be presented and discussed 

in Section V.4.

V.2. Conductivity of the Nanotube and Polymer Composite
In this Section, we will show the conductive nature o f  the nanotube and polymer composite 

used in this Thesis. W e will discuss both DC and AC conductivity results in terms of 

percolation and will first introduce the theory o f  percolation.

V.2.1. Percolation Theory

V.2.1.1. In t ro d u c t io n

Percolation deals with the effects of varying the richness of interconnections present in a 

random system. The basic idea o f  percolation is the existence o f  a sharp transition at which 

the long-range connectivity of the system appears. This transition occurs abruptly when 

some generalised density in this system reaches a critical value: percolation threshold.

Due to the importance of percolation in application, many mathematical theories have been 

developed to describe percolation. Table V .l  lists some situations to which percolation

ideas have been applied:
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Table V. 1 Applications of percolation theory.__________________________

P h en o m en o n  or System Transit ion

F low  o f  l iquid in a porous  m edium Local / ex ten d ed  w etting

S pread  o f  d isease  in a population C o n ta in m en t /  ep idem ic

C o m m u n ica t io n  or resistor netw orks D isco n n ec ted  /  co nnec ted

C o n d uc to r- in su la to r  co m p o s ite  m aterials Insu la to r  /  m etal

D iscon tinuous  metal films Insu la to r  /  m etal

C o m p o si te  superconducto r-m eta l  oxides N orm al /  superconduc ting

Stochastic  star fo rm ation  in spiral galaxies N o n p ro p ag a tio n  /  p ropagation

Q uarks in nuclea r m atter C o n fin em en t  /  nonconf inem en t

Thin  helium  films on surface N orm al / superflu id

M eta l-a tom  dispers ion  in insulators Insu la to r  /  m etal

Dilute m agnets P ara  /  fe rrom agne tic

P o ly m er  gelation, vu lcanisa tion L iqu id  /  gel

T he  glass transition L iqu id  /  gel

M obility  edge  in am orphous  sem iconduc to rs L oca lised  /  ex tended  states

V ariab le-range hopp ing  in am orphous  sem iconduc to rs R esis to r  ne tw ork  ana logy

V.2.1.2. Bond Percolation and Site Percolation

C onsider the passage o f  a fluid through a ne tw ork  o f  channels ,  w ith  so m e  o f  the channels  

random ly blocked. A sketch  o f  such a bond-perco la tion  situation, with the channel netw ork  

idealised as a 2D h o n ey co m b  lattice, is show n in F igure  V. l :

COMNECTEDOR 
UNBLOCKED BOND

blocked  bond

CLUSTEROf SIZE S = 2

u n b c x jn d e d  c o s t e r  o r

PERCOLATION RftTH ( s = » |  - ^ /

Figure V.l Percolation of a fluid through a porous medium that is modelled as a network of 
interconnected channels (some of which are blocked at random) constitutes a bond-percolation 
process. The connectivity map shown in the lower part of the figure corresponds to the array of 
blockages shown in the upper diagram. In the latter, liquid is shown in the channels which belong 
to the percolation path.
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There is a possible percolation path in this network, as labelled in the lower part of the 

figure. This kind o f  bond-percolation can thus be viewed in terms o f  the flow o f  some 

generalised fluid through a medium represented by interconnecting pipes, some o f  which 

are valved shut as shown in Figure V.2b.

Such a plumbing analogy can similarly be constructed for site-percolation, as indicated in 

Figure V.2a. Now the valves are placed at the joints (intersections), rather than in the 

pipes, of the plumbing network.

It is clear that a combined percolation process can be considered which corresponds to 

valves placed both in the pipes and on at the joints. It is called site-bond percolation.

V.2.1.3. Characteristic Functions of Lattice Percolation

Figure V.3 portrays a portion of a square lattice upon which a site-percolation process has 

been superimposed. The three frames represent the same region of the lattice at three 

different concentrations; The fraction of filled sites (p) grows from 0.25 to 0.50 to 0.75 in 

going from Figure V.3a to V.3b to V.3c. Nearest-neighbour filled sites (which are 

connected, i.e. belong to the same linked cluster) are shown jo ined  by heavy lines, and 

several cluster sizes are indicated.

For p «  1, the low-concentration regime, nearly all o f  the filled sites occur as isolated

singlets, clusters o f  size one. Choosing a site at random, the chance o f  it being a filled site

is p. Since there are four nearest neighbours in the square lattice, and p «  1, the likelihood

that it belongs to a cluster o f  size two is 4p“, which is negligible. By similarly counting the

possibilities, the probability of a given filled site belonging to a cluster o f  size 3 is 18p' for

the square lattice, which is even more negligible in the small-p limit. In fact, at low
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concen tra tion  tiie probabili ty  o f  encoun te r ing  a c lus te r  o f  s ize  s is o f  the o rder  o f  p^ Thus 

the cluster-s ize  d istribution, in the p ^  0 low -density  limit, is sharp ly  p eak ed  at s = 1 and 

falls o f f  exponen tia lly  w ith  increasing s.

Figure V.3 Site percolation on the square lattice, illustrating various cluster sizes (s) for three 
values of p, the fraction of filled sites. For p = 0.75, an unbounded cluster is present.

The cluster-s ize  distribution is typically  expressed  as a d iscre te  function n(s), def ined  at s =

1, 2, 3, 4  w here  n(s) is the num ber o f  c lusters  o f  size s d iv ided  by the total n u m b er  o f

sites in the huge system . A w ay  from p ~  0, it is not easy  to spec ify  n(s) analytica lly . For
2 3site percolation  on the square lattice, w e a lready kn ew  that at p 0, n(s) ~ p, 4p  , 18p , for 

s = 1, 2, 3. W e  are in terested  in the qualita tive change  that takes p lace  at the percolation 

threshold. As p increases, the proportion  o f  filled sites be lo n g in g  to s >  2 clusters  increases, 

since the p robab ili ty  o f  con tinu ing  a cluster, by  f ind ing  an ad jacen t filled site, becom es 

larger. T he m ean  c luster  size, w hich  w e will denote  as Sav, grows. S ince  the n u m b er  o f  sites 

occurring in clusters  o f  size s is p roportional to s.n(s), then the s i te -w eigh ted  average 

cluster size is g iven by:

Xs^n(s)
s ----------- Equation V.l

X-S.n(s )
S =  1

Sav starts out (for small p) at unity, re flec ting  the total do m in an ce  o f  s ing le t  c lusters  at low 

concentra tions . A s p increases, Sav increases very rap id ly  indeed, as ind ica ted  in F igure 

V.3. In F igure V .3c w e observe  a large c luster  (spann ing  cluster) w h ich  ex tends  across  the
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entire sample. For an ideal sam ple  with infinite s ize, this infinite ly  ex ten d ed  or unbounded  

cluster is called the perco la tion  c luster or perco la tion  path.

The critical even t in the connectiv ity  has o ccu rred  be tw een  F igure  V .3b  and  V.3c, i . e . ,  

betw een  p = 0 .50  and  0.75. Actua lly  the perco la tion  path  is first o b se rv ed  at p ~  0.59, 

w hich  is the perco la tion  threshold  pc for site perco la tion  on the 2D  square  lattice. It signals 

the point at which  the sys tem  o f  in terconnections has th ickened  suffic ien tly  for a connected  

netw ork  to propagate  infinitely. A b o v e  pc, the perco la tion  path  exists;  b e lo w  pc, it does not. 

F rom  p = pc to p = 1, the percolation  path  fleshes out until it fills the en tire  lattice. T he 

grow th in vo lum e o f  the infinite c luster is show n as the heavy  curve  in F igu re  V.4. This  

curve describes  the perco la tion  probability  P(p), w hich  is the fraction o f  the  en tire  system  

that is taken up by  the infinite percolation  path. T h e  perco la tion  p robab ili ty  vanishes until 

the concentration  o f  connections  reaches pc, and then it rises very  steeply. E ven tua lly  P(p) 

approaches p as p approaches  1. It m arks the qualita t ive  change  at pc as the opportun ity  for 

long-range connectiv ity  goes from  no th ing  to som eth ing ,  and  it p rov ides  the principal 

m easure o f  the g row th  in vo lum e o f  the ex tended  ne tw ork  as the concen tra t ion  increases 

beyond p. W e also d raw  the curve o f  no rm alised  conduc tiv i ty  c / o q  in F ig u re  V.4, w here  ao 

is the conductiv ity  o f  the net at p =  pc. O bv iously  it also vanishes  be low  pc.

y»i

0.8400

P(p)

a€100

P , a

2D0-

0.1100

0,2
Pe

Figure V .4  Behaviour o f  key properties that characterise bond percolation on the square lattice in 
tw o d im ensions, as a function o f  the fraction p o f  filled  bonds.

G oing  back to the low -density  reg im e 0  < p < pc, the functions P(p) and  g / o q  g ive us no

physical in form ation  about the percolation system.
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The average cluster size Sav(p) defined by Equation V .l  diverges as the density draws near 

to p,. The number of connected sites or bonds, s, provides the natural measure of the 

content or volume or mass of a given cluster, while 1 provides a measure o f  the cluster's 

characteristic linear dimension. 1 and s are separate and different attributes. M ost notably, 

because o f  the subtlety and complexity of the question o f  cluster shape for the large 

clusters that occur close to threshold, we shall find that the conventionally expected 

relationship s ~ 1‘* does not hold as 1, s ^  oo (Here d is the space dimensionality of the 

system). In other words, the effective dimensionality o f  the cluster is no longer the original 

one of the net.

It is simplest to take 1 to be the spanning length o f  the cluster, which is defined as the 

maximum separation o f  two sites (or bonds, for bond percolation) in the cluster:

1 = max r -  r Equation V.2
I MI.  j i n  c l u s t e r

For a given p, the characteristic length obtained by averaging 1 over all clusters is the mean 

spanning length lav(p)' This quantity plays a part in analogous to that played by the 

correlation length ^ in phase transition. Both provide length scales which correspond to the 

graininess of the system. This graininess is very fine far away from the percolation 

threshold or phase transition, and coarsens dramatically as the transition is approached. 

This property is indicated by the divergence of lav at pc-

These four characteristic functions displayed in Figure V.4 suffice to illustrate the main 

features of the system. Two of them, S a v ( p )  and l a v ( p ) ,  describe geometric aspects of the 

growth of the clusters below the percolation threshold. These quantities are finite below pc 

and infinite above. They may be regarded as being complementary to the quantities P(p) 

and a(p), which vanish below pc and are finite above. Once the percolation path appears, 

our attention then shifts to P and a , which describe the macroscopically extended 

(delocalised) cluster.

V.2.1.4. Critical Exponents of Characteristic Functions

In the regime very close to the percolation threshold, the critical region in which Ip -  pcI «  

1, the percolation functions are observed to obey power-law dependences on the deviation 

from threshold Ip -  pcI. For the divergence of the average size and linear dimension of the 

clusters as pc is approached from below:
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I  I
’  ̂av  ~(pc-pr (pc-pr

Equation V.3

For the inilia! increase in the content and conductivity o f  the percolation path: 

( p - p j - ^ 0 : p - ( p - p c ) ^ , a  =  ( p - p c ) ' Equation V.4

In Equations V.3 and V.4, the critical exponents y, v, p and t are found to be positive non­

integers for lattices in two and three dimensions, as presented in Table V.2:

Table V.2 Critical exponents controlling the near-threshold scaling behaviour of key quantities in

Functional Form close to p = pc Exponent
Value o f  Exponent in d Dimension

d = 2 d = 3 d > 6

P(p) ~ (P-Pc)** P 0.14 0.4 1

0 (p) ~ (p -  pc)‘ t 1.1 1.65 3

Sav(P) ~ (Pc -  P)'^ y 2.4 1.7 1

lav(p) ~ (Pc -  P)''’ v 1.35 0.85 0.5

s co: n(s) ~ s'^ T 2.06 2.2 2.5

s —> oo; l(s) ~ f 1.9 2.6 4

The percolation threshold pc is a quantity which varies greatly from lattice to lattice. For 

instance, the critical concentration for site percolation on the diamond lattice is more than 

double that for fee lattice. It also depends on the type o f  percolation (site or bond). 

However, the critical exponents do not depend on the details o f  lattice geometry. They are 

the same for all lattices of the same dimensionality d. In a word, the critical exponents are 

dimensional invariants. Each exponent has a fixed value for a given dimensionality d, 

without regard to the specific nature o f  the short-range structure.

Instead of describing the asymptotic behaviour o f  some functions as Ip -  pcI 0, the

exponent t  describes the behaviour, at p = p c ,  of the cluster-size distribution in the 

asymptotic limit o f  large cluster size:

p = p^ ,s ^  oo : n(s) = s Equation V.5
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Experiments show that for large clusters, the relationship between the cluster size s and the 

spanning length 1 is well described by a power law:

p = p^ ,s—>o°:s = l' Equation V.6

This relation links a length dimension (1) w ith a measure o f content or volume (s), and the 

exponent that normally appears in such a relation in the place o f f  is the space 

dimensionality d. But in percolation system, f  does not coincide w ith d for large clusters. 

Instead, it is found to be smaller than d. The dimensionality deficit d -  f  (Hausdorff co­

dimension) provides the best measure o f insubstantialness o f the percolation cluster. It 

vanishes for an ordinary, substantial body.

V.2.1.5. Scaling Laws of Critical Exponents

There exist some important relations between these critical exponents;

f
r - 1  

d = f
V

2 p + y = A v

Equation V.7

Equation V.8 

Equation V.9

There are scaling laws in sufficient supply to ensure that only two o f the six critical 

exponents can be independently set. These laws can be theoretically proved and are 

experimentally verified.

WMOCKmiTVd

Figure V.5 Dimensionality dependences of the cridcal exponents for percolation.
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In Figure V.5 these critical exponents are plotted as functions of the space dimension d. 

Their dimensional universality is clearly indicated. Another striking feature is the existence 

of marginal dimensionality d* = 6, the critical exponents no longer change and keep their 

constant classical (mean field) values for d > d*. For d > d*, the coordination number z is so 

large that Mean Field Approximation can be reasonably applied on the system without 

making any essential mistake. Here the coordination num ber z is defined as the num ber of 

nearest neighbours for a given site, z goes up much more rapidly than space dimensionality 

d. For instance, for close-packed lattice z(d) is 2, 6, 12, 24, 40, 72, 126, 240 for d = 1 

through 8, respectively.

V.2.1.6. Continuum Percolation

We first introduce a basic geometric quantity in continuum percolation. For a given d- 

dimensional lattice j, we imagine there are equal-sized, touching, non-overlapping, d- 

dimensional spheres centred on the lattice sites. Packing factor v(j,d) of the lattice is 

defined as the fraction of space occupied by all of  these spheres. If a fraction p of the 

spheres are made of metal, and the others are made o f  plastic, there is a definite site- 

percolation threshold Pc(j.d), which denotes the fraction of num ber of metal spheres as the 

conductor-insulator transition occurs for the entire system. The critical fraction o f  space 

occupied by metal spheres is then given by;

^^c(j’d ) =  v(j,d)p^,(j,d) Equation V.IO

V and pc definitely depend on the specific lattice structure j. Interestingly, however, <I) is 

found to be almost independent of the specific lattice s tructure]. Oc(j,d) can be written as 

Oe(d). This conclusion can be drown from Figure V.6 (For bond percolation, the packing 

factor V is replaced by lattice coordination number z).

The critical volume fraction Oc is an approximate dimensional invariant for the threshold 

in lattice percolation processes. Hence in continuum percolation, we can let the volume 

fraction O play the same role as p plays in lattice percolation. Both o f  them provide a 

measure of the difficulty of percolation in systems.
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Figure V.6 Tw o empirical correlations between percolation threshold and lattice connectivity for 
various 3D structures. For site percolation, the correlation between the reciprocal o f  the percolation 
threshold and the lattice packing factor is shown in (a). For bond percolation, the correlation 
between the reciprocal o f  the threshold and the lattice coordination is shown in (b).

Figure V.7 show s a typical exam ple o f  continuum  percolation: stochastic-geom etry  

conductor-insulator film  photolithographically generated from laser speck le patterns. The 

black areas are metal. W e can use the area fraction o f  metal film  O as the percolation  

criterion, because this concept d ispenses with the need for a lattice.

Figure V.7 Stochastic-geometry conductor-insulator films photolithographically  generated from 
laser speckle patterns. The black areas are metal.
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Figure V.8 Conductivity measurements on films of the type shown in Figure V.7, as a function of 
metal area fraction.

Figure V.8 show s the results o f  electrical m easu rem en ts  on a series o f  such  films. T he  

norm alised  conduc tiv i ty  g / g q  scales as:

where t ~ 1.25, s lightly  d ifferent from the conduc tiv ity  ex p o n en t  t in 2D  lattice percolation 

(see Table  V.2).

V.2.1.7. Critical Transport Properties of Percolation

The N odes-L in k s-B lo b s  (N L B) m odel p rov ides  a quan tita t ive  descrip tion  o f  the 

percolation system . In this picture, the perco la tion  sys tem  above  the th resho ld  is m odelled  

as chain (links) with resistance:

The index cp dep en d s  on the w ay in w hich  these  bonds  are a rranged  to fo rm  a link, i . e . ,  the 

tw istedness o f  a typical chain. A  conduc ting  link consis ts  o f  bo th  s ingly  connec ted  bonds, 

which are responsib le  for the dc resistance and  w hich , if  cut, d isconnec t  the tw o  en d  nodes, 

as well as m ultip ly  co n n ec ted  segm ents ,  the b lobs, as dep ic ted  in F igu re  V.9.

Nodes can only  be rem o v ed  aw ay  from the ne tw ork  by  cu tt ing  m ore  than  tw o links. In an

applied field E, the voltage drop  across a chain  is o f  the o rder  ^E, g iving a cu rren t ^E/runk

and current density  J = (^E/riink)/^‘' ' '  in d d im ensions. T hen , in the n e ig h b o u rh o o d  o f  the
112
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Equation V.l 1

‘‘l.n k  = I b „ n d ( p - P c ) ' ' ’ Equation V. 12

which jo in  at nodes un ifo rm ly  separated  by a d is tance (correla tion  length)

Equation V . l 3
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threshold, the conductivity a  = J /  E behaves like (p -p c )' with: 

l - { d - 2 ) v  + (p Equation V .1 4

i  (

—

(b)

Figure V .9  a) Schematic picture o f  a section o f  the backbone containing four nodes. Upper and 
lower links contain blobs; left- and right-hand links do not. b) Analytically  so lvab le  m odel o f  the 
backbone, which replaces all o f  the different links with identical typical links.

Consider a d-dimensional composite material, a fraction p o f  which is conducting, with 1-p 

being insulating. For the regime above percolation threshold, the material can carry a 

current. A high local current density can cause enhanced heat production and lead to a 

considerable rise in local temperature. When the temperature o f  a hot spot reaches the 

fusing point of the metallic isthmus, an irreversible geometrical change occurs as the 

isthmus is disconnected. As observed in experiments on 2D semi-continuous metal films, 

the breaking process is self-sustaining once the first spot is broken. The entire conducting 

network quickly breaks apart, and the film resistance jum ps to a high level. Usually, the 

first fused isthmus is the weakest and narrowest one in the network. Now consider a 

hypercube with volume which has faces o f  area If a current is injected into one 

face and removed from the opposite, the critical current for the hypercube will be given by:

where Ib is the breakdown current of a typical link.

Combined with Equation V.14, we find that the macroscopic breakdown current scales 

with the resistance R of the system as Ib ~ R“, where:

Equation V .I 5

Kd-I) Equation V .1 6
u(d -  2) + (p
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V.2.2. Results and Discussion

V.2.2.1. Introduction

A1 / Pm PV+M W NT / A1 devices were prepared and both DC and AC conductivity 

measurements were carried out. All DC current voltage I(V) characteristics were ohmic in 

the voltage range studied ( - 0 . 1 5 - 0 . 1 5  V) and the conductivities aoc  were calculated from 

the slope of the I(V) curves as seen in Section III.4.1.1.

O'

10

10*^

10
-10

(a)
10

■ 4.
A 0. 
•  0.
6 0. 
a 0.
V 0
0 iyt

m  MWMT 
54% MWMT 
27% MWMT 
»5% M W H T 
■)74%MWnT
mthm w ht
» MWMT

10'  10'  

CD (rad/s)

10

(b)

1.4

1.2

i.O

0.8
10

4,3% MWMT 
0.54% MWMT 
0-27% MWHT

▼ T '» f  n  y m

10^ 10^ 

® (rad / s)

1 0

Figure V.IO a) Frequency dependent conductivity for some of the samples studied in this work. 
Filled symbols represent PmPV based composites while unfilled symbols represent PVA based 
composites, b) Frequency dependent conductivity results for three of the PmPV composites. The 
shift to frequency dependent conductivity can clearly be seen above 10  ̂ rad/s. In the interest of 
clarity these data have been normalised to the Oo value and two of the curves shifted by 10%.

The real part of the AC conductivities (oac as seen in Section III.4.1.2) for selected

nanotube concentrations are presented in Figure V.lOa as a function of angular frequency

0) for both PmPV and polyvinylalcohol (PVA) composites (PVA composites were

prepared and tested by B. Kilbride' and are shown for comparison purposes). The
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frequency dependent conduc tiv ity  for the P m P V  co m p o sites  can be m o re  clearly  seen in 

F igure V. 10b.

V,2.2.2. Percolation Threshold

T w o  cases must be distinguished: those with low n an o tu b e  m ass  fraction  (p < 0 .037% ) and 

those with higher mass fraction. In the form er case conduc tiv ity  is frequency  dependen t  in 

the frequency range stud ied  with a s lope o f  un ity  on a lo g - lo g  scale. T h is  is in good 

agreem ent with the express ion  a  = C08r So, valid  fo r d ielectr ic  materials.^ T h e  h igher  m ass 

fraction curves are charac te rised  by  a frequency  independen t  conduc tiv i ty  oo up  to a 

critical frequency  coo, fo llow ed  by a region o f  increas ing  conduc tiv ity . T h is  frequency  

independent conductiv ity  is indicative o f  non ze ro  D C  conduc tiv ity ,  i . e .  non-d ie lectr ic  

behaviour. Show n in F igure  V . l l a  are the D C  conduc tiv i ty  a o c  and  the frequency  

independent A C  conduc tiv ity  g q  as a function o f  n an o tu b e  m ass  fraction p  for bo th  P m P V  

and higher mass fraction non-d ielectric  P V A  com posites .  In general, go o d  agreem ent is 

observed  between the D C  and A C  data  with the conduc tiv it ies  o f  bo th  co m p o s i te  types 

appearing to fail on the sam e curve. As the m ass  fraction is increased, the conductiv ity  

increases tVom approx im ate ly  1 0 ' ' '  S /m  for the host m aterial to over  lO'"’ S /m  for the 4.3 % 

Pm PV  sample, with m ost o f  the increase occurring  be low  p = 0.5 % .  E x trapo la tion  to p = 

100 %  using the scaling law described  in E quation  V .4  gives an ap p rox im a te  conductiv ity  

o f  10’̂  S/m, which is 6 orders o f  m agn itude  low er than the conduc tiv i ty  expec ted  for a m at 

o f  m ulti-w alled  nanotubes. This  d iscrepancy  m ay  be partly  d u e  to  the fact that as the film 

thickness (~ 80 nm) is m uch  less than the length o f  the nano tubes  ( length  = 1 - 2  m m , 

diam eter =; 1 5 - 2 0  nm), they are constra ined  to lie in the plain o f  the film, resu lt ing  in a 

larger effective film thickness.

H ow ever  this explanation cannot explain  a d iscrepancy  o f  6 orders  o f  m agnitude. 

Alternatively, previous studies have shown that individual nano tubes  in P m P V  based 

com posites  tend to be coa ted  by a thick po lym er l a y e r . T h i s  layer is though t  to fo rm  in the 

solution phase and is responsib le  for the solubility  o f  nano tubes  in co m p o s ite  solutions. 

This is expected  to result in poor electrical contac t  be tw een  ind iv idual nano tubes ,  resulting 

in lower effective conductiv ity . This  is because  the h ighes t  res is tance sec tions in the 

electrical pathw ay, m anifested  by the in ter-nano tube  connections ,  d o m ina te  the 

m acroscopic  conductivity.

The second explanation seem s m ore  likely as fu r ther m easu rem en ts  o f  conduc tiv i ty  in the
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plane o f the film  (not shown) were observed to be only marginally higher than these 

measurements perpendicular to the plane o f the film . It should be pointed out that in plane 

conductivity measurements could only be carried out for high conductivity samples due to 

limited detection sensitivity.

According to classical percolation theory, introduced earlier, the conductivity o f composite 

materials as conductive fille r content is increased can be described by a scaling law as in 

Equation V.4. The exponent t is expected to depend on sample dimensionality with 

calculated values o f t = 1.1 and t = 1.65 in two and three dimensions, respectively, as 

shown in Table V.2. It should be noted however that these values vary depending on the 

authors and the type o f simulation used.^'^ Both AC and DC conductivities for each host 

polymer have been plotted logarithmically and are shown in Figure V . l 1.
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Figure V . l l  a) DC and frequency independent AC conductivity for all samples studied in this 
work, b) Logarithmic plot of conductivity V5. reduced mass fraction. The solid line is a fit of the dc 
data to the percolation scaling law Equation V.4 giving p̂  = 0.055% and t = 1.36. c) Plot of the log 
of conductivity against p '̂ .̂
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T he solid  line is a fit o f  Equation  V .4  to the D C  d a ta  fo r bo th  co m p o s ites  and  gives pc = 

0 .055±0.01 % by m ass  (pc = 0 .029±0.01 % by v o lum e) and  t =  1 .36±0.13. T h is  fit was 

found by  increm en ta l ly  vary ing  pc until the best linear fit to the equa tion  w as  found.

T his  ex trem ely  low  percolation  threshold  co m p ares  w ith  values for f ibu lar  filler particles 

found in the literature o f  0 .035 % by v o lu m e  for po lyan il ine  -  po lyv iny la lcoho l 

composites*^ to 1.1 % by vo lum e for p o ly m er  -  ca rbon  black  com posites .^  It also com pares  

well with p rev ious  values found for p o ly m er  -  n an o tu b e  co m p o s ites  o f  8 %  by m ass for 

low purity M W N T  -  p o lym er composites'*^ and 1.1 % by  m ass  for low purity  sing le-w alled  

n a n o tu b e -p o ly m e r  c o m p o s i te s ."  This  value is, how ever ,  ra ther low co m p ared  with 

percolation th resho lds  ca lcu la ted  by M u n so n  -  M cG e e  for cy lindrica l conduc to rs  in a 

insulating  m atrix . In this s tudy  statistical ana lysis  w as  used  to show  that a percolation  

threshold  in the region o f  1 % -  5 % is expected  for a system  o f  co n d u c tiv e  fillers o f  aspect 

ratio betw een 50  and 130 (consis ten t w ith  the nano tubes  used  in this s t u d y ) . H o w e v e r ,  it 

should  be po in ted  out that the value p resen ted  here m ay  be ar tific ia lly  reduced  by 

individual nano tubes  shorting  through the thin film  in the san d w ich ed  structure 

configuration.

V.2.2.3. D im ension ality

W hile the low value o f  t = 1.36 suggests  charge transport  th rough a tw o  d im ens iona l  object 

this seem s unlikely  as the charge m ust flow through the film and  not along  any  surface or 

interface. V a lues o f  t in the reg ion  o f  1.3 have, in fact, been o b served  in a n u m b e r  o f  bulk  

systems. T h ese  include t = 1.33 and t = 1.42 in separate  p o ly an i l in e -P M M A  netw orks 

and t = 1.3 in po lye the lene  -  carbon  black  com posites . '^

O ne possib le  exp lana tion  for this is that the ch a rg e  m ust  f low  so le ly  th rough  the 

conduc tive  ne tw ork  w hich  itself m ay be a fractal ob ject  o f  fractal d im ens ion  in the region 

o f  2. An alternative  suggestion  has been m ade  by R eghu  et al. in a s tudy  o f  perco la tion  in 

polyaniline -  P M M A  netw orks . '^  T hey  observed  the critical ex p o n en t  t = 1.99 at 10 K 

indicating transport in three d im ensions. H o w ev er  on return to room  tem pera tu re  the 

exponen t d ecreased  to t = 1.33. This was suggested  to arise from  therm ally  induced  

hopping  transport  be tw een  d isconnec ted  (or w eak ly  connec ted )  parts o f  the ne tw ork . This 

latter descrip tion  seem s p lausib le  and supports  the suggestion  that the nano tubes  are 

separated  by a th ick  p o ly m er  barrier.
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While the data for the DC conductivity for all samples agrees well with Equation V.4, the 

AC data at low mass fraction diverges from the D C data and is approximately 1 order of 

magnitude higher for the 0.074 % mass fraction PV A  sample. It is well known for hopping 

conduction that the DC conductivity is limited by the m axim um  of  the range o f  activation 

energies'^ as a carrier hops through the sample. In contrast, AC conduction is limited by 

the highest barrier experienced as the carrier travels for one half period o f  the field, as we 

have seen in Section II.2.5.1. It is possible for low mass fraction, just above the percolation 

threshold, that AC transport in a small fraction of the network is more favourable than DC 

conduction through the entire incipient network as large energy barriers can be avoided. 

This may result in oac > odc-

As the mass fraction is increased, the num ber o f  inter-nanotube connections increases and 

many conductive paths become available. In this situation, substantial numbers o f  carriers 

travelling through the entire network follow paths which avoid the larger barriers and the 

DC conductivity approaches the AC conductivity. Alternatively at mass fractions just 

above the percolation threshold, relatively large networks may exist which are not 

connected to the main network linking the electrodes. These networks could contribute a 

significant component of the AC conductivity which would not appear in the DC 

conductivity, again resulting in oac  > opc- Given that each nanotube is probably coated 

with polymer which a d s  as a potential barrier to inter-nanotube hopping, it is likely that 

electrical conductivity in this system is limited by tunnelling between conductive regions 

{i.e. nanotubes).

This behaviour is described by the fluctuation induced tunnelling model'* which takes into 

account tunnelling through potential barriers o f  varying height due to local temperature

fluctuations, predicting a conductivity described by, as introduced in Section II.2.5.4:

/
( T d c  exp

T, Equation V.17

where Ti = WAe'/87rkB and To = 2Ti/tiWx, with % = (2mVo/h^)'^*, e = 4V()/qW, q and m the 

electron charge and mass, Vq the potential barrier height, W  the internanotube gap width, 

and A the area of capacitance formed at the junction.

It can easily be seen that for constant temperature this equation can be written in the form^ 

In(oDc) o c  -  CO. If we assume that the nanotube content in the polymer host is homogenous,
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the co m p o site  con d u ctiv ity  at a g iv en  tem perature can be d escrib ed  by the b eh av iou r o f  a
I /-j

sin g le  tunnel ju n ction  w h ere the gap w idth  is co <>= p‘ due to  spatial con sid era tion s. T h is

1/3su g g ests  the D C  co n d u ctiv ity  sh ou ld  fo llo w  the fo llo w in g  rule In(aDc) -p • In F igure  

V .l Ic , both the D C  and A C  co n d u ctiv ity  data p resen ted  in F igure V .l  lb  are sh ow n  on a 

sem ilogarith m ic  sca le  versus p '̂ .̂ T he ex p ected  linear relation sh ip  is o b serv ed , w ith the 

so lid  line as a fit to the D C  con d u ctiv ity  data.

T his plot further supports the idea that the current is lim ited  by potentia l barriers b etw een

nanotubes due to the p o lym er coatin g .

V.3. M W NT and Polymer Composite Injecting Electrode 

V.3.1. Introduction
W h ile  m any organic m aterials can be used  as hole-transport layers, m aterials that w ork  

e ffe c tiv e ly  as electron-transport layers are not so  co m m o n . T here are various reasons for 

this, n-type undoped p o lym ers are rare w h ile  e lectron  m o b ilitie s  tend to  be lo w  as a result 

o f  the e ffic ien t trapping o f  n egative  carriers by im purities, etc. O ne p o ss ib le  a lternative to  

polym ers or m olecu lar m aterials as electron-transport layers w o u ld  be to u se  a high  

m obility  material such as carbon nanotubes.

In this S ection , w e w ill sh o w  how  the co n d u ctiv e  nanotube and p o ly m er c o m p o site  studied  

ab ove can be in fact con sid ered  as an electron  in jectin g  e lec tro d e  that can be used  in 

organic based d ev ices . T h e latter w ill be d iscu ssed  in the n ext S ectio n .

V.3.2. Impedance Measurements
Figure V . l 2 sh o w s the c o m p le x  m od u lu s (as d efin ed  in S ec tio n  I I I .4 .1 .2 .1 ) C o le -C o le  plot 

o f  three d ev ices; A l /  M 3 E H -P P V  /  A l, A l /  M 3 E H -P P V  /  Pt and ITO  /  M 3 E H -P P V  /  

Pm PV -i-M W N T / A l. T he layer o f  M 3 E H -P P V  w as 3 0 0  nm  thick.

S in ce the M 3E H -P P V  layer is s ig n ifica n tly  th icker than 65 nm , w e  ex p ec t to ob serve a 

Schottky  barrier at the in terface b etw een  the p o lym er and A l, as seen  in S ec tio n  III.3 .2 .1 . 

Indeed, the C o le -C o le  p lo ts sh o w  three reg ion s in the A l /  M 3 E H -P P V  /  A l sam p le , and 

tw o reg ion s in the A l /  M 3 E H -P P V  /  Pt, w h ich  ind icate the p resen ce  o f  a barrier at the A l / 

M 3E H -P P V  only.
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a)  A I / M 3 E H - P P V / A I
b) A I / M 3 E H - P P V / P 1
c) ITO / M 3EH -PP V  /  P m P V + M W N T  /  Al
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Figure V.12 Com plex modulus Cole-C ole plots o f Al / M 3EH-PPV / Al, Al / M 3EH-PPV / Pt, and 
ITO / M 3EH-PPV / PmPV-i-MWNT / Al devices.

The ITO / M 3EH-PPV / PmPV-i-MWNT / Al sample however appears to be modelled by 

only one capacitor -  resistor system, which will correspond to the bulk o f  the polymer. 

This result indicates that the Schottky barrier originally present at the M 3EH -PPV  / Al 

interface vanishes following the introduction of the conductive PmPV-t-MWNT composite 

layer. This result strongly supports the idea of using the nanotube and polym er composite 

as an injecting electrode in organic light-emitting diodes for example.

However, the Cole-Cole semi-circle of the ITO / M 3EH-PPV / PmPV-i-MWNT /  Al sample 

is not perfect and this could be explained by the presence o f  another capacitor -  resistor 

system in the model. This would suggest that yet another barrier occurs at the interface 

between the polymer and most likely the composite layer. This will be investigated in the 

next Section.

V.4. MWNT and Polymer Composite in OLEDs 

V.4.1. Introduction
A number of multilayer organic light-emitting diodes (OLEDs), incorporating electron- 

and hole-transport layers, in conjunction with an emissive layer, were fabricated. Table V.3 

shows the different materials used for the different layers o f  the OLEDs tested in this 

Section.

120



Chapter V Organic Light-Emitting D iodes U sing M W NT

Table V.3 Chemical structure, and film thickness for the different organic layers: ETL (electron- 
transport layer), EL (em issive layer) and HTL (hole-transport layer) used in this Section.___________

Layer M aterial C h em ica l structure
T h ick n ess

(nm )

E TL P m P V  -1-  M W N T

MeO MeO

110

EL M 3 E H -P P V

O C ,H ,, ^  

O C ,H , /  \ = /

110

HTL P V K
f c - c 4

(7 u 125

T he d e v ic e s  stu d ied  in th is w ork co n sisted  of:

•  a s in g le  M 3 E H -P P V  layer (to be referred to as SL: FTO /  M 3 E H -P P V  /  A l);

•  a d ou b le layered  d e v ic e  c o n sistin g  o f  P V K  as a hole-transport layer and M 3 E H -P P V  as 

the e m iss iv e  layer (to  be referred to as D LH : ITO  /  P V K  /  M 3 E H -P P V  /  A l);

•  six  d ou b le layer d e v ic e s  w ith M 3E H -P P V  as the e m iss iv e  layer and co m p o site  film s o f  

six  various m ass ratios as the electron-transport layer (to b e referred to as DLE: ITO  / 

M 3E H -P P V  /  co m p o site  /  A l);

•  six  triple layer d e v ic e s  w ith  P V K  as the hole-transport layer, M 3 E H -P P V  as the 

e m iss iv e  layer and co m p o site  film s o f  s ix  various m ass ratios as the electron-transport 

layer (to  be referred to as TL: ITO /  P V K  /  M 3 E H -P P V  /  co m p o site  /  A l)  as d ep icted  in 

Figure V . 13:
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PmPV+:

Figure V.13 Device architecture of the triple layer devices tested in this Section.

V.4.2. Results
Shown in Figure V.14 are typical current voltage characteristics for the four types o f 

OLEDs (SL, DLH, DLE and TL) used in this study. In the case o f the DLE and T L  devices 

the composite mass ratio was 1.2 %.

h can clearly be seen that these curves tend to shift along the voltage axis from the SL to 

the TL device as device thickness increases. This can be characterised by an arbitrary 

voltage required to drive a current o f 15 mA/cm^ through each device.

(a) SL
(b) DLH
(c) DLE
(d) TL

1-2 -

J = 15 mA/cm^

< 10' ' -

10
Voltage (V)

Figure V.14 Typical current-voltage characteristics for the main types of devices used in this work: 
SL (ITO / M3EH-PPV / Al), DLH (ITO / PVK / M3EH-PPV / Al), DLE (ITO / M3EH-PPV / 
composite / Al) and TL (ITO / PVK / M3EH-PPV / composite / Al).
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This ‘operating voltage’ increases from 7.6 V in the SL to 13.2 V, 23.8 V and 30.6 V in the 

DLH, DLE and TL devices respectively.

Shown in Figure V.15 are luminance (in arbitrary units) versus current density plots for the 

four devices described in Figure V.14. These curves are linear in the low current density 

region as expected. These devices can be compared using the luminance at the arbitrary 

current density of 15 mA/cm . This ‘relative efficiency’ value (in arbitrary unit) increases 

from 3.4 for the SL device to 3.7, 15.8 and 19.0 for the DLH, DLE and TL respectively.

(b) DLH
(c) DLE
(d) TL

22

20

cd
<L)oc
COc
E
= 3

— I

0 5 10 15 20

Current density (mA/cm^)

Figure V.15 Typical luminance-current relationships for the main types of devices: SL (ITO / 
M3EH-PPV / Al), DLH (ITO / PVK / M3EH-PPV / Al), DLE (ITO / M3EH-PPV / composite / Al) 
and TL (ITO / PVK / M3EH-PPV / composite / Al).

As mentioned previously, a range of nanotube mass ratios was used in the electron- 

transport layer for the DLE and TL devices. While only the results for the 1.2 % composite 

devices are reported in Figures V.14 and V. 15, the operating voltage and relative efficiency 

for the whole range o f electron-transport layers mass ratios are given in Table V.4.

Two broad trends are observed. In the DLE, as the nanotube mass ratio is increased from 0 

to 4.8 % the operating voltage falls from 36.0 V to 17.6 V. Similarly in the case o f the TL 

device this voltage falls from 39.5 V to 24.4 V. However these voltages are still in excess 

of the operating voltages observed in the absence of the composite layer. These values 

were 7.6 V and 13.2 V for the SL and DLH devices respectively.

123



Chapter V Organic Light-Emitting D iodes Using M W NT

Table V.4 Operating voltage (arbitrary voltage required to drive 15 mA/cm^) and relative efficiency 
(luminance at the arbitrary current density of 15 mA/cm^) for each device: SL (ITO / M3EH-PPV / 
Al), DLH (ITO / PVK / M3EH-PPV / Al), DLE (ITO / M3EH-PPV / composite / Al) and TL (ITO 
/ PVK / M3EH-PPV / composite / Al).______________________________________________________

Device
Operating voltage Effective operating field Relative efficiency

(V) (V/nm) (a.u.)

SL 7.6 0.076 3.4

DLH 13.2 0.066 3.7

DLE

ca
rb

on
 

na
no

tu
be

s 
(%

)

0 36.0 0.360 4.5

0.3 26.7 0.267 6.5

0.6 26.1 0.261 9.5

1.2 23.8 0.238 15.8

2.4 19.3 0.193 5.7

4.8 17.6 0.176 2.9

TL

ca
rb

on
 

na
no

tu
be

s 
(%

)

0 39.5 0.198 3.0

0.3 32.4 0.162 8.8

0.6 31.8 0.159 12.7

1.2 30.6 0.153 19.0

2.4 25.1 0.126 12.6

4.8 24.4 0.122 5.3

For the SL and DLH devices the relative efficiencies were 3.4 and 3.7 (in arbitrary units) 

respectively. For both the DLE and TL  devices as the nanotube m ass ratio increased, the 

relative efficiency rose to a m axim um  of 15.8 and 19.0 respectively at a loading level of 

1.2 %, before falling steadily to 2.9 and 5.3 at 4.8 %.

In addition, for the four devices described above electrolum inescent spectra were m easured

and are presented in Figure V. 16. For com parison purposes the EL  spectrum  for a single

layer Pm PV device is also shown. No significant spectral variations could be seen for any

of the devices studied. For the four types o f OLEDs used in this work, the spectra are
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consistent with emission from M3EH-PPV. No emission was observed from the low 

wavelength spectral region associated w ith electroluminescence from PmPV.

606 nm (a) SL
(b) DLH
(c) DLE
(d) TL
(e) PmPV
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Figure V.16 Electroluminescence (EL) spectra for the SL, DLH, DLE and TL devices. For 
comparison a PmPV single layer device EL spectrum is plotted. The spectra of the four different 
types of devices are consistent with emission from M3EH-PPV.

V.4.3. Discussion

As shown in Figure V .I4  the current voltage curves for the four types o f device seem to 

show a clear trend with the largest current for a given voltage flow ing through the SL 

device and the smallest current flow ing in the T L  device. However this graph is slightly 

misleading as these devices vary in thickness from approximately 110 nm to 345 nm for 

the SL and T L  devices respectively. Thus, the electric fie ld is the more relevant parameter 

in this case. Consideration must also be given to the relative conductivities o f the three 

individual layers.

The conductivity o f M3EH-PPV as estimated from Figure V.14 is approximately SxlO''*^ 

S/m, while PVK can be assumed to exhibit conductivity o f sim ilar magnitude. The 

conductivity o f the 1.2 % composite layer however is 2.83x10'"^ S/m. As this is five orders 

o f magnitude higher than the other two materials we can assume that very little  voltage is 

dropped across this layer. This suggests that virtually all o f the applied voltage is dropped 

across the more resistive materials. Thus, we must use an effective thickness when 

calculating the effective field. This effective thickness is the combined thickness o f the 

resistive layers in the device and does not include the thickness o f the composite layer. 

Thus, the effective devices were 110 nm, 235 nm, 110 nm and 235 nm for the SL, DLH,
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DLE and T L  devices respectively. Plots o f current versus effective fields calculated using 

these thicknesses are presented in Figure V.17.

(a) SL (110 nm)
(b) DLH (235 nm) the figures in brackets
(c) DLE (110 nm) are the effective thicl<ness
(d) TL (235 nm) (

J = 15 mA/cm'

-TTTT------------------------■--------------1---------1-------1------1 I I ■ I

0.01 0.1

Effective electric field (V /nm )

Figure V.17 Typical current-effective electric field characteristics for the main types of devices 
used in this work: SL, DLH, DLE and TL. For each device the effective electric field represents the 
applied voltage divided by the effective thickness defined as the device thickness without 
considering the polymer-nanotube composite layer. The composite exhibits conductivity 10̂  
greater than PVK and M3EH-PPV so it could be assumed that almost no voltage would be dropped 
across the composite layer.

In this plot the four curves are clearly split into two groups o f two. A t lower field values 

are the SL and DLH current-effective field characteristics, while those for the DLE and T L  

devices are shifted up in field. The only difference between these groups is the presence o f 

a composite electron-transport layer in the higher fie ld curves. This data strongly suggests 

that for the materials used in this study the introduction o f the electron-transport layer is 

accompanied by an increase in the potential barriers at the M3EH-PPV / composite 

interface, blocking the passage o f holes into the composite layer, as it was suspected in 

Section V.3. Electron injection into the M3EH-PPV is probably also impeded at low 

nanotube doping level. This is most like ly due to the complicated energy structure in the 

composite with states associated with the semiconducting polymer and both 

semiconducting and metallic nanotubes.
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Figure V.18 Proposed schematic band diagram for a TL device (ITO / PVK / M3EH-PPV / 
composite / Al) after equalisation of Fermi energy levels. The HOMO and LUMO of the polymers 
(PVK, M3EH-PPV and PmPV) and work functions of electrodes (ITO, Al) and nanotubes are in 
eV. The stars on PmPV and MWNT refer to the HOMO/LUMO of PmPV and work function of the 
nanotubes respectively.

Shown in Figure V.18 is a proposed schematic diagram representing the band structure of a 

TL device, after equalisation o f  Fermi energy levels. As PV K  and M 3EH -PPV  are organic 

semiconductors, their Fermi energy levels lie close to the Highest Occupied Molecular 

Orbits (HOM O) allowing efficient hole injection from the ITO anode. The situation is not 

so clear for the composite electron-transport layer. W hile aluminium has a work function 

of 4.2 eV, multi-walied carbon nanotubes have been experimentally shown to have a work 

function'^ in the region of 4.8 eV. This should suggest that the composite should act as a 

hole-injection layer.

However, electroluminescence is observed from the M 3EH-PPV layer, so it is clear that 

electrons are injected from the cathode and through the composite layer. W hile it is 

probable that the difference between the nanotube work function and the M 3EH-PPV 

Lowest Unoccupied M olecular Orbits (LUMO) (2.8 eV) is responsible for the potential 

barrier inferred from the current-effective electric field data, this is probably not a 

complete picture. Field enhancement due to curvature effect at nanotube tips probably 

plays a more important role in the injection of electron in the emissive layer.

The potential barrier however seems to be dependent on nanotube mass ratio. As the 

nanotube mass ratio is increased (not shown) the current flowing for a given voltage

127



Chapter V O rganic L ight-E m itting D io d es U sin g  M W N T

increases. This can be clearly seen in Figure V.19b and Table V.5 where the operating 

voltage can be seen to fall as the mass ratio rises. This suggests that the potential barrier 

associated with the relative band energies of M3EH-PPV and the composite falls as more 

nanotubes are introduced into the system. This could possibly be explained by the 

formation of a new band as the nanotube concentration increases or curvature related field 

enhancement at the nanotube tips. However it should be noted that as the current in the 

DLE or TL devices never reaches the level observed in the SL, barrier effects are 

significant even at high nanotube mass ratios.

Another effect to be noted is that more current is observed in the TL device than in the 

DLE for a given voltage. The difference between these structures is the presence of a hole- 

transport layer in the TL device. This result shows that this PVK layer acts to improve 

band matching and hence hole injection at the ITO electrode in these devices.

The electroluminescence spectra presented in Figure V.16 showed no spectral variations 

for all different devices with an emission wavelength characteristic of M3EH-PPV. 

Therefore, we can assume that every singlet exciton’s radiative decay occurs in the M3EH- 

PPV layer. This result is of great importance since it shows that no radiative recombination 

occurs within the composite layer and emphasises that the composite only acts to inject 

electrons into the emissive layer. Nevertheless this data doesn’t exclude the formation of 

singlet excitons in the composite layer but shows that their decays are non radiative.

Shown in Figure V.19a is the electroluminescence at a given current as a function of 

nanotube mass ratio for the DLE and TL devices. This number is proportional to the 

relative efficiency of each device. For both DLE and TL devices this efficiency value 

increases to a maximum at approximately 1.2 % mass ratio before falling by ca. 80 % from 

the peak value. As both PVK and M3EH-PPV have good hole-transport properties it is 

probable that a significant number of holes travel from the ITO to the M3EH-PPV / 

composite interface where they are confined by the potential barrier caused by the 

difference in M3EH-PPV and composite band energies. Thus, it is probable that formation 

of singlet excitons is limited by the number of electrons entering the M3EH-PPV. Thus, as 

the nanotube mass ratio is increased and more electrons enter the M3EH-PPV, more 

excitons are formed and the luminescent intensity increases.
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Figure V.19 a) Relative efficiency (luminance at the arbitrary current density of 15 mA/cm^), and 
b) operating voltage (arbitrary voltage required to drive 15 mA/cm^) as a function of nanotube to 
polymer mass ratio for the DLE (ITO / M3EH-PPV / composite / Al) and TL (ITO / PVK / M3EH- 
PPV / composite / Al) devices.

As electron injection into the M3EH-PPV increases with nanotube content, we would 

expect to see a plateau in the efficiency as the mass ratio is increased in the absence of any 

change in the hole current. However Figure V.19a shows that the efficiency reaches a 

maximum for the 1.2 % sample before dropping to close to the 0 % value by 4.8 % mass 

ratio. This shows that this picture is too simplistic and some other effects must occur. 

While PL shows that singlet excitons in PmPV formed by photoexcitation are quenched by 

the presence of nanotubes, this quenching is much less than expected. This w ill be 

discussed later in Section V II.2 .1. The PL intensity for the 4.8 % sample was reduced by 

only 42 % relative to the pure PmPV. Thus, even i f  all excitons were formed in the M3EH- 

PPV, near the interface, quenching due to nanotubes cannot explain a fall in EL o f 

approximately 80 % relative to the 1.2 % doping composite TL  device. Other quenching 

processes such as singlet-singlet exciton annihilation are also unlikely in this case.

While it is likely that the barrier to electrons at the M3EH-PPV / composite interface falls 

as nanotube mass ratio increases, we have not considered changes in the barrier to holes 

travelling in the other direction. We have assumed that holes are confined in the M3EH- 

PPV by a potential barrier at the composite interface. Increased electron current then
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allows the formation of more excitons by better current balance. How ever if the barrier to 

holes was also dependent on nanotube mass ratio, this confinement could be reduced 

resulting in the leakage o f  holes into the composite. As a result, even though we have more 

electrons in the recombination zone, we are losing holes faster due to leakage above 1.2 % 

nanotube mass ratio. As a result less singlet excitons are formed resulting in lower EL 

intensity.

While the luminance efficiency (photons/injected charges) appears to increase in the 

presence of the composite electron-transport layer, current density flowing through the 

devices actually falls. This means that the device power efficiency (photons/watt) is 

lowered upon the introduction of the carbon nanotubes. W e have assumed that this is partly 

due to a barrier effect at the M 3EH-PPV / composite interface. However, it must be noted 

that the composite layer was spin coated onto the M 3EH -PPV  layer. As toluene used for 

the composite is a com m on solvent for both materials, a degree o f  mixing can be expected 

at the interface. This is known to degrade carrier injection. ’

In fact, an increase in current injection o f  up to six orders o f  m agnitude has been

observed"" using the composite in heterojunctions with clean interfaces (A1 / PM M A  /

composite / Al). This effect was not observed for devices were mixing had occurred (A1 /

PmPV / composite  / Al). This suggests that electron injection from the composite could be 

substantially improved by careful choice, with regard to solvent, o f  the emissive layer or 

the use of host polymers, such as water-soluble polyvinylalcohol (PVA), in the composite 

material.

V.5. Conclusions
In this Chapter, we studied and analysed the conductive nature o f  the nanotube and 

polymer composite and its use in organic light-emitting diodes.

As regards the conductivity o f  the nanotube and polymer composite, both DC and AC 

conductivities were measured for a series of composite thin films with varying nanotube 

mass fraction. In all cases DC I(V) characteristics were ohmic, while in general the AC 

conductivities displayed two regions: a low frequency region o f  constant conductivity and 

a high frequency region of increasing conductivity.

All DC conductivities followed the percolation scaling law with percolation threshold pc =
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0,055 % by mass and exponent t = 1.36. While AC conductivities for higher mass fraction 

composites fell on the same curve as the DC measurements, those for the lower mass 

fraction samples exhibited significantly higher conductivity.

The extrapolated conductivity for a nanotube film was significantly lower than expected 

with ont =10'^ S/m. This was due to a thick coating of polymer, resulting in poor electrical 

connection between nanotubes, suggesting that conduction in this system is due to 

fluctuation induced tunnelling.

As regards the use of the composite in M3EH-PPV based OLEDs, introduction of the 

composite layer causes a potential barrier to both holes and electrons at the M3EH-PPV / 

composite interface. This barrier decreases with nanotube to polymer mass ratio leading to 

larger device currents. However, at all nanotube to polymer mass ratios used for the 

composite, the relative efficiencies for the devices using this material as an electron- 

transport layer have been improved compared to the M3EH-PPV single layered devices. In 

addition, for all devices studied, the electroluminescence spectra showed exciton 

recombination to occur in the M3EH-PPV layer.

The optimum in the relative efficiency was observed for a nanotube mass ratio of 1.2 % 

suggesting increased electron injection into the M3EH-PPV with increasing mass fraction 

coupled to increased hole leakage into the composite layer above 1.2 %.
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Chapter VI ORGANIC PHOTOVOLTAIC 

DEVICES

VI. 1. Introduction
This Chapter will outline both physical and technical issues concerning the second type of 

organic devices, which we focused on in this Thesis: organic photovoltaic devices. It will 

be divided into two distinct sections. W hile Section VI.2 will discuss issues regarding 

polymer solar cells. Section VI.3 will focus on photoelectrochemical cells. Results and 

discussion on subjects such as the optical filter effect in polymer solar cells and the choice 

of either electropoiymerised or soluble polymers in photoelectrochemical cells will be 

included in the respective Sections.

VI.2. Polymer Solar Cells
In this Section, fundamental properties o f  polymer solar cells will be outlined. In 

particular, results on the optical filter effect will be presented and discussed.

VI.2.1. Basic Principles 

VI.2.1.1. Photovoltaic Effect

The conversion of solar light into electric power requires the generation o f  both negative 

and positive charges as well as a driving force that can push these charges through an 

external electric circuit. When connected to the external electric circuit any electrical 

device may then utilise the converted solar energy.

In fact, a solar cell may be seen as a ‘solar-light driven electron pu m p ’: the maximum 

height the electrons can be ‘pum ped’ is equal to the highest voltage the solar cell can 

develop. The m aximum current is determined by the ‘pum p rate’.

VI.2.1.2. Photogeneration of Free Carriers

In organic semiconductors, absorption of photons leads to the creation of bound excitons 

rather than free charges. These excitons carrying energy but no net charge may diffuse to 

dissociation sites where their charges can be separated. The separated charges then need to 

travel to the respective device electrodes, holes to the anode and electrons to the cathode to
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provide voltage and be available for injection into an external circuit.

Given that photo excitation results in the formation of excitons with a binding energy 

considerably higher than IcbT (26 meV), photogeneration of charge is always assisted by an 

external factor such as the presence of traps, a donor / acceptor (D / A) interface or a metal 

which can also act as an electron or hole acceptor or simply provide an electric field that 

can split the exciton. Thus photogeneration o f  charge in these organic semiconductors can 

be regarded as extrinsic as opposed to inorganic semiconductors where separation occurs 

mainly together with photo excitation.

VI.2.1.2.1. Photogeneration due to Oxygen Traps

It is widely believed that oxygen atoms can act as traps for electrons in the LUM O of 

organic materials and thereby lead to a higher num ber of free holes in the HOM O. In this 

sense oxygen can act as a dopant that favours p-type conductivity. However, oxygen traps 

can also act as exciton dissociation sites and therefore generate free charge carriers in the 

presence of excitons. The proposed mechanism is the following: after a certain period, an 

electron in the oxygen trap may further decrease its energy by decaying to the HOM O 

where it recombines with either a free hole or the hole o f  an exciton. Thus three scenarios 

may be distinguished:

• The electron stems from a not yet dissociated exciton and it recombines with a hole that 

comes from a different exciton. Both excitons are dissociated -  but only two charges 

(the hole of the first exciton and the electron o f  the other) are produced since the other 

two recombined;

• Only one recombination partner is associated with an exciton. This means its 

dissociation produces one free charge but still eliminates two;

• None of the recombination partners belongs to an exciton. Tw o charges are lost, none is 

generated.

Note that both electrons and holes can be produced with the same probability according to 

the above list. In any case, the electron in the oxygen trap still reduces predominantly the 

mobility of negative charges thus sustaining its p-dopant character. W e note that basically 

any defect that leads to an allowed free energy level between the middle of the bandgap 

and the LUMO may have the same effect as the here discussed oxygen trap -  although 

other effects may become more important. For example, photo-oxidised PPV is believed to 

contain a large amount o f  carbonyl-groups which can facilitate exciton splitting but may
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also decrease both electron and hole as well as exc iton  transport  p rope rt ie s . '

VI.2.1.2,2. Electron Transfer at a Donor / Acceptor Interface

W e have seen that photogenera tion  o f  charge due to traps is no t very  effic ien t s ince  there is 

always the recom bination  o f  tw o charge ca rriers  involved. H ere  w e describe  a m ore 

efficient way to generate  free charge  carriers  -  the fo rm ation  o f  an e lec tron  do n o r (D) / 

electron acceptor (A) interface. A lthough  at first g lance  the concep t  m ay  be rem in iscen t o f  

the p/n junction  in inorganic m ateria ls , the physical  p rocess  is often  very different.

D A

ITO Al

Figure VI. 1 Schematic diagram o f  the energy levels at a donor /  acceptor interface.

Figure VI. 1 shows that the required  transfer  o f  charges  can be realised  at the interface 

between two materials if one material has a h igher electron affinity  (E A ) w hereas  the o ther 

has a lower ionisation potential (IP). T he one with  the larger E A  can accep t an electron 

from the L U M O  o f  the o ther and  is therefore  ca lled  e lec tron  acceptor. T he  m ateria l with 

the lower IP can accept the ho le  from  the H O M O  o f  the con tac t ing  sem ico n d u c to r  m ay 

therefore be term ed  hole accep to r or electron d o n o r  since it a lso  donates  the e lec tron  to the 

contacting  acceptor.

W e  note that the onset o f  IP and  EA  needs to be large en o u g h  so that the resu lting  field 

(the potential gradient at the ju n c tio n )  can o v e rco m e  the exc iton  b ind ing  ene rgy  w hich  is 

typically around 0.4 eV. O therw ise  charge transfer m ay  occur  but the exc itons  do  not split 

into their constituent charges and recom bine  even tua l ly  at the D  /  A interface.

Confirm ation  o f  exciton d issociation  can be ob ta ined  by  co m p ar in g  the spectral response  

(SR) o f  a b lend solar cell with equ iva len t devices  co m p ris in g  only  the pu re  com ponen ts .  If 

the SR o f  the b lend cell is c learly  h igher  over the entire  spec trum , exc iton  splitt ing  at the D 

/ A interface is m ost likely. E x tra  confirm ation  m ay  be ob ta ined  if  the expe rim en ta l  and / 

or theoretical L U M O  and H O M O  data  o f  the co m p o n en ts  also suggest  a suffic ient onset o f  

the band edges to split the exciton. W e  note that the p red ic tion  o f  the onset o f  the band
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edges actually requires the knowledge of the accurate position of the Fermi levels -  since 

those have to equalise upon contact.

Studies of MEH-PPV /  Ceo Systems

Independently, Sariciftci et al. and Yoshino et al. reported studies on the photophysics of 

mixtures of semiconducting polymer (poly((2-methoxy-5-(2’-ethylhexoxy)-p-phenylene) 

vinylene) (MEH-PPV) and Ceo-^’"  The observations clearly evidenced an ultrafast, 

reversible, metastable photo-induced electron transfer from conjugated polymers onto 

buckminsterfullerene in solid films. A schematic description of theses systems is shown in 

Figure VI.2:
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Figure VI.2 Hnergy levels  o f  a MEFI-PPV / C^o system  under fiat band conditions.

The linear optical absorption spectrum of a MEH-PPV / Ceo film is a simple superposition 

of the two components without any indication of states below the n-n gap of the 

conducting polymer as might arise from interaction between the two materials in the 

ground state.

The strong luminescence of MEH-PPV was, however, quenched by a factor in excess of 

10^." The luminescence decay time was reduced from tq = 550 ps to Trad «  60 ps (the 

instrumental resolution) indicating the existence of a rapid quenching process; e.g. sub­

picosecond electron transfer.^ The strong quenching of the luminescence of another 

conjugated polymer, P30T, reported by Morita et al.  ̂ was also consistent with efficient 

pholo-induced electron transfer. Thus, the quenching of luminescence was observed in a

number of conjugated polymers in composites with fullerenes, indicating this to be a
1 ̂general phenomenon for the non-degenerate ground state conjugated polymers. ~ This 

confirmed that photo-induced electron transfer occurs in a timescale sufficiently fast to 

quench the radiative relaxation of the conjugated polymer excited state.
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Photo-induced  absorp tion  detected  m agnetic  re so n an ce  (P IA D M R ) ex p e r im en ts  were 

perfo rm ed  in con jugated  p o ly m er  / Ceo co m p o s ites  g iv ing  ev id en ce  for a com ple te  

quench ing  o f  the M E H -P P V  trip let -  triplet absorp tion  signal at 1.35 eV. Instead  a strong 

spin =  1/2 signal do m in a ted  the P IA D M R  spec trum , ind icating  cha rged  po larons  as 

photoexcita tions on the p o lym er donor.^ This  co n f irm ed  that the p h o to - in d u ced  electron 

transfer occurs on a t im e scale suffic iently  fast to quench  the in tersys tem  crossing  to the 

triplet state.

Very recently the forw ard  transfer  o f  the pho to ex c ited  e lec trons from  con juga ted  p o lym er 

donors onto l - (3 -m e th o x y ca rb o n y l) -p ro p y l- l - l -p h en y l- (6 ,6 )C 6 i  (P C B M ) acceptors  was 

resolved by p um p-probe  expe rim en ts  with an unprecen ted  tim e reso lu tion  o f  10 fs.'^ In 

these studies, the re laxation  o f  the p h o to -induced  exc ita tions  on the p o ly m er  chain 

sw itched  from radiative ( in tense s t im ulated  em iss ion  in p ris tine po lym er,  AT >  0) to non- 

radiative (electron transfer  in com posites ,  PIA, AT <  0) upon  m ix in g  P C B M  into the 

p o lym er matrix. This experim enta l  setup a llow ed  to t im e-reso lve  the pho to-induced  

electron transfer tim e w ith  ~ 4 0  fs after an initial re laxation (K ash a  re laxation).  As a 

consequence  o f  the resonan t exc ita tion  o f  the con juga ted  p o ly m er  by a s u b - 10 fs laser 

pulse, the phonon m odes  w hich  are s trongly  co u p led  to the Tt-electron exc ita tions  were 

directly  observed as coheren t oscilla tions within the p u m p  p robe  experim ent.  B y  Fourier 

transform ing  the oscilla tory  decay  o f  the tim e dep en d en t  signal the resonan t / non-resonant 

Ram an spectrum  o f  the con jugated  p o lym er w as reproduced . Fu rtherm ore ,  by  adding 

P C B M  to the con jugated  p o ly m er  m atrix  these v ibrational oscil la t ions  w ere  quenched  

nearly  com plete ly  ind icating  a rapid  depopula tion  o f  the exc ited  state on the con jugated  

p o lym er due to the e lec tron  transfer. T hese  results dem onstra ted  a d irect com petit ion  o f  

photo -induced  electron transfer w ith  vibrational oscil la t ions  the co n ju g a ted  p o ly m er  donor 

indicating a pho to-induced  electron transfer rate o f  > 10 '^  s ' '  ( id  <  100 fs). A s such  this 

photo -induced  electron transfer  is indeed  ultrafast,  resu lting  in a q u an tu m  yield  o f  p h o to ­

induced charge generation  o f  100 %.

The tim e-reso lved  transient pho tocurren t (PC) o f  M E H -P P V  / Ceo co m p o s ites  with 

different C6o content'" ' show s an increase o f  initial p h o tocu rren t  by an o rd e r  o f  m agnitude  

upon adm ixture  o f  1 % o f  Ceo- This  increase o f  the p h o tocarr ie r  generation  effic iency  w as 

accom panied  by the successive  increase in lifetim e o f  the pho tocarr ie rs  upon  add ing  m ore  

and m ore  Ceo- Thus, the u ltrafast pho to -induced  e lec tron  transfer  f rom  the sem iconduc ting
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polymer to C6o not only enhances the charge carrier generation in the host polymer but also 

serves to prevent recombination by separating the charges and stabilising them .’"*

VI.2.1.3. Physical Processes

In the following we com m ent on the individual conversion steps with regard to the special 

situation in organic solar cells. Figure VI.3 shows the charge generation process in a single 

layer polymer solar cell:

v a c u u m  lev e l

CU
i \ '
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c i’H 5ii"ulcd p o ly m e r

Figure VI,3 Charge generation process in a single layer conjugated polymer device under short
circuit conditions.

VI.2.1.3.1. Absorption of Photons

In most organic device only a small portion o f  the incident light is absorbed for the

following reasons:

• The semiconductor bandgap is too high. A polymer with bandgap o f  I . l  eV absorbs 

only 77 % of the solar radiation on Earth. Semiconducting polymers have bandgaps 

higher than 2.0 eV, limiting the possible absorption to less than 30 % ’

• The organic layer is too thin. The typically low charge carrier and exciton mobilities 

require layer thickness in the order o f  100 nm. Fortunately the absorption coefficient of 

organic materials is generally much higher than in e.g. Si so that only about 100 nm are 

necessary to absorb between 60 and 90 % if a reflective back contact is used;

• Reflection losses are probably significant but little investigated in these materials. 

Systematic measurements of photovoltaic materials are desired to provide knowledge of 

their impact on absorption losses. Anti-reflection coatings as used in inorganic devices 

may then prove useful once other losses such as recombination become less dominant.

138



Chapter VI Organic Photovoltaic Devices

VI.2.1.3.2. Exciton Diffusion

Ideally, all photoexcited excitons should reach a dissociation site. Since such a site may be 

at the other end of the semi-conductor, their diffusion length should be at least equal the 

required layer thickness (for sufficient absorption) -  otherwise they recombine and photons 

would be wasted. Exciton diffusion ranges in polymers and pigments are typically around 

10 nm .‘  ̂ '^ However, some pigments like perylenes are believed to have exciton diffusion 

lengths of several 100 n m .’^

VI.2.1.3.3. Charge Separation

As we have seen above, charge separation is known to occur at organic semiconductor / 

metal interfaces, impurities {e.g. oxygen) or between materials with sufficiently different 

electron affinities (EA) and ionisation potentials (lA). In the latter one material can than 

act as electron acceptor (A) while the other keeps the positive charge and is referred to as 

electron donor (D) -  since it did actually donate the electron to A.

If the difference in lA and EA is not sufficient, the exciton may just hop onto the material 

with the lower bandgap without splitting up its charges. Eventually it will recombine 

without contributing charges to the photocurrent.

Vl.2.1.3.4. Charge Transport

The transport of charges is affected by recombination during the journey  to the electrodes -  

particularly if the same material serves as transport medium for both electrons and holes. 

Also, interaction with atoms or other charges may slow down the travel speed and thereby 

limit the current -  see also space charge limited current in Section IV.3.3.

VI.2.1.3.5. Charge Collection

In order to enter an electrode material with a relatively low work function {e.g. Al, Ca) the 

charges often have to overcom e the potential barrier o f  a thin oxide layer. In addition, the 

metal may have formed a blocking contact with the semiconductor so that they can not 

immediately reach the metal.

VI.2.2. Device Architecture
In the following we give a brief summary including the strengths and weak points of the 

main four different architectures for polymer solar cells.
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VI.2.2.1. Single Layer Cells

The simplest and most widely used organic semiconductor device is a metal -  insulator -  

metal (MIM) tunnel diode with metal electrodes o f  asymmetrical work function. Under 

forward bias, holes from the high work function metal and electrons from the low work 

function metal are injected into a thin film of a single-component organic semiconductor. 

Because of the asymmetry of the work function of the cathode and the anode, forward bias 

currents for a single carrier type material are orders of magnitude larger than reverse bias 

currents at low voltages. The rectifying diode characteristics can be accompanied by 

radiative recombination channels of the injected electrons and holes within the molecular 

solid.
vacuum  level

CB

m cla) 2

VB

m etal I

conjugated polym er

Figure VI,4 Energy diagram o f a metal / semiconductor /  metal Schottky barrier under open circuit 
conditions, when the metals have different work functions (O m  ̂ work function, Xŝ  electron affinity, 
Ip: ionisation potential. Eg; bandgap, W: depletion width).

In the photovoltaic mode, where no external voltage is applied and short circuit conditions 

exist, the potential difference available in the M IM  device is caused by the difference 

between the workfunctions of the metal electrodes. In most o f  the cases (e.g. ITO and Al) 

the potential difference due to this workfunction difference is not high enough to give 

efficient photo-induced charge generation, limiting the operation o f  the PV cells. Some 

improvement was reported for photodiodes utilising a Schottky-type junction formed 

between the conjugated polymer and one of the metal electrodes as shown in Figure VI.4. 

However, the problem of inefficient charge generation in conjugated polymers was not 

overcome by this approach, since both positive and negative photoexcited charges travel 

through the same material.

To overcome this limitation of the photo-induced charge carrier generation, a donor /
2 20-22acceptor (dual molecule) approach, as described above, has been suggested ’ ' and used

140



Chapter VI Organic Photovoltaic Devices

in the fo llow ing devices architectures.

VI.2.2.2. Double Layer Cells

Double layer ce ll’s structure, shown in Figure V I.5, benefits from the separated charge 

transport layers that ensure connectivity w ith the correct electrode and give the separated 

charge carriers only little  chance to recombine w ith its counterpart. The drawback is the 

small interface that allows only excitons o f a thin layer to reach it and get dissociated.

The findings for the different bilayer systems investigated so far can be summarised the 

following way: although the quantum efficiency for photo-induced charge separation is 

near unity for a D / A  pair, the energy conversion efficiency in a bilayer heterojunction 

device is limited:

• Due to the molecular nature o f the heterojunction, efficient charge separation occurs 

only close to the D / A  interface, either w ith in the exciton diffusion path or w ith in the 

space charge region; thus, photoexcitations created far from the D / A  junction 

recombine prior to diffusing to the heterojunction.

• Since charge separation is restricted to a rather small region o f the photoactive device, 

the PV conversion efficiency is lim ited by the amount o f photons absorbed w ithin this 

region and materials with high molar absorption coefficients are required. Further 

increase o f the layer thickness o f the single components would reduce the efficiency by 

the increased series resistance.

Hole
Acceptor

O Electron 
h acceptor

Figure VI.5 Schematic diagram of a double layer polymer solar cell.

Vl.2.2.3. Blend Cells

The strong point o f blend cells is the large interface area i f  the molecular m ixing occurs on 

a scale that allows good contact between alike molecules (charge percolation) and most 

excitons to reach the D / A  interface.

Donor -  acceptor heterojunctions, as depicted in Figure VI.6, are formed simply by

blending the two organic materials serving as electron donor and electron acceptor. The
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advantage of these structures over the flat-junction organic solar cells is the 

interpenetration o f the two materials that conduct positive and negative charge carriers, 

reducing the size o f the individual phase domains to the nanometre range. This overcomes 

one o f the problems o f the first generation o f organic photovoltaic cells: the unfavourable 

ratio o f exciton diffusion length to optical absorption length. L ight is absorbed throughout 

the composite material, but in the composite, the distance the exciton has to travel before 

reaching the interface is at most a few nanometres, which is commensurate w ith its 

diffusion length. Hence photo-induced charge separation can occur very efficiently.

Polymer blend
Hole
acceptor

h E^itonITO

Electron acceptor

Figure VI.6 Schematic picture of a D / A blend cell.

One o f the technological challenges, however, is to achieve good m ixing between the 

donor and the acceptor molecules and good connectivity w ith the correct electrode.

V I.2.2.4. Laminated Devices

Laminated devices are relatively recent types, which represent the successful attempt to 

unify the advantages o f the two structures above. Charge separation occurs in the blend 

layer in the middle that is obtained after laminating the two separate layers together and 

charge transport can only occur via the correct transport layer.

Figure VI.7 Device preparation of laminated polymer solar cell.

This structure, shown in Figure V I.7, also features the useful options to treat each layer
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separately {e.g. doping, physical / chemical conversion) before forming the blend layer and 

instant encapsulation between the two substrates. The drawback is that certain mechanical 

properties of the organic semiconductors are required (low glass transition temperature) to 

form the intermixed layer.

VI.2.3. Materials 

VI.2.3.1. Introduction

For the design of D / A solar cells it is important to know whether a specific material 

combination is likely to lead to charge transfer. One way to find out is to build blend 

devices and look for PL quenching of both components and enhanced SR with respect to 

the single components -  as discussed above.

In the following we provide some background knowledge that allows the prediction of not 

only the D / A properties but also some other relevant properties for organic photovoltaic 

materials.

VI.2.3.2. Donor / Acceptor Properties

Since a donor can act as an acceptor for an even stronger donor -  these two terms can not 

really be used separately. There are certain functionalities that are likely to make a material 

an electron acceptor with respect to most other materials. Examples for functionalities that 

favour electron acceptor properties are: CN, CF3, F, keto-groups or diimides. These groups 

are known as electron withdrawing groups if they are attached to an unsaturated {i.e. 

conjugated) system. Note that their ability to enhance the electron affinity (EA) of the 

entire molecule is not purely connected to the electron withdrawing properties o f  these 

functionalities. It is essentially a result of  both the inductive and the m esomeric effect. 

While the inductive effect is determined by the electronegativity o f  the substituents, the 

mesomeric effect takes into account the influence o f  free electron pairs. The latter 

considers that many conjugated structures can equally be drawn with a different double / 

single bond {i.e. electron) arrangement. The average o f  these possible electron locations 

can be regarded as the overall mesomeric effect o f  a specific molecular structure. 

Examples for electron acceptors are: CN-PPV, CF3 substituted PPV and perylene 

d i i m i d e s . M o s t  organic semiconductors behave more like electron donors, for example 

PPV, PT, PPP and phthalocyanines.
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VI.2,3,3. Bandgap

As a rule of thumb: the lower the bandgap, the larger the conjugated system. Exam ples for 

large systems are phthalocyanines,'^"'*’"  ̂ naphthalocyanines'^ '^^ and perylenes.'^ ’̂ °’̂ ' 

Sulfur in a conjugated systems also tends to reduce Eg. The bandgap can also be small if a 

molecule consists of a donor and an electron acceptor that are connected via a conjugated 

structure to create a ‘push / pull system’ as in e.g. polymethines. Such structures can 

accomplish charge transfer sometimes already in the ground state (e.g. charge transfer salt) 

or only little extra photonic energy is required to complete it. Exam ples for charge transfer 

salts are PVK-TNF'^ and for polymethines: merocyanines.^^’̂ ^

VI,2.3.4, Solubility

Solubility is good if the planar parts of the conjugated -  systems o f  the molecules cannot 

get too close to each other. Otherwise they would stick together, driven by their 

interaction, to form aggregates i.e. larger clusters, particles which do not contain solvent. 

Flexible and bulky side chains or atoms that stick out o f  the molecular plane can prevent 

molecules from getting to close. The general rule is: molecules dissolve in solvents with 

similar structure. Polar solvents like water, alcohol or isopropanol dissolve polar molecules 

while less polar solvents (e.g. toluene, xylene) dissolve non-polar molecules. As a rule of 

thumb, it can be said that a solvent containing other atoms than carbon and hydrogen has a 

good chance to be more polar -  particularly if the structure is asymmetric.

VI,2,3,5. Photoluminescence

Practice shows that PL is quenched if the molecules can aggregate. Consequently, 

molecules in solution fluoresce with greater efficiency. Materials with higher bandgaps 

tend to show stronger PL. Moreover, the presence o f  impurities or structural defects 

usually leads to energy levels within the bandgap. The energetic decay o f  an excited 

electron can occur faster and therefore more efficiently if smaller energy jum ps are 

required. Also conjugated systems containing certain atoms like sulphur, which tend to 

lower the band gap,^"’ give lower PL than conjugated structures containing only carbon and 

hydrogen.

VI.2.4. Devices Performances 

VI.2.4.1. Single Layer Cells

Results on devices based on derivatives of polythiophene showed high photoresponse (80
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% el/p h  at -  15 V ), co m p etitiv e  w ith  u ltrav io let sen sitised  Si p h o to d io d e s /^ ’̂  ̂ A  

p h otovo lta ic  response w as ob served  under zero  b ias co n d itio n s. T h e charge carrier 

concentration  in these u ndoped , pristine m aterials is su ffic ien tly  lo w  in dark so  that the 

sem icon d u ctin g  layer (severa l hundred nm ) is  fu lly  d ep leted . N o te , h o w ev er , that the 

m ob ility  o f  in jected charge carriers is not sym m etric . U p on  p h o to in d u ced  ch arge carrier 

generation , an additional e ffec t  m ay b eco m e representative. For lo w  ch arge carrier d en sity  

m aterials p h otod op in g  m ay be su ffic ien t in th ese  m aterials to lead  to in terface e ffe c ts  such  

as photo-in d u ced  band b en d in g  or p h oto in d u ced  sp ace  charge reg ion s. Su ch  e ffe c ts  are 

typical for organic s e m i c o n d u c t o r s . T h e  ex a ct nature o f  th is band b en d in g  and barrier 

creation at the in terfaces under ligh t illu m in ation  w ill be an im portant param eter for  

op tim isin g  the solar ce ll perform ance in th ese d e v ic e s .

For ph otovo lta ic  c e lls  m ade w ith pure con ju gated  p o lym ers, en ergy  co n v ersio n  e f f ic ie n c ie s  

are typ ica lly  1 0 '^ - 10'’

VI.2.4.2. Double Layer Cells

T he use o f  organic b ilayers w ith  p h oto -in d u ced  electron  transfer at the in terface has been  

investigated  h eav ily  during the last co u p le  o f  d e c a d e s . T a n g  dem onstrated  PV  

activ ity  in sm all m o lecu lar  b ilayers w h ich  w ere vacuum  deposited."'^ In th is p ion eerin g
o , .

work T ang used a vacuum  evaporated  cop p er-p h ta locyan in e  (2 5 0  A ) /  p ery len e  d erivative  

(4 5 0  A ) system  sa n d w ich ed  b etw een  In203 and s ilv er  e lec tro d es, w ith  a w h ite  light PV  

pow er co n version  e ff ic ie n c y  o f  around 1 %.

E xten sive  literature ex is ts  on the fabrication o f  so lar c e lls  based  on sm all m o lecu la r  d y es as 

w ell as donor -  acceptor s y s t e m s . I n o r g a n i c  o x id e  sem icon d u ctors a lso  w ere  used  to  

facilitate electron transfer from  organic d y es on to  in organ ic  n anoparticles to  ach ieve  

charge separation and P V  conversion.''*’'̂  ̂ Y am ash ita  and co -w o rk ers reported a b ilayer  

p h otod iod e based  on the organ ic donor tetrath iafu lvalen e (T T F ) and Ceo-'^”

A  recent approach to en h an ce the P V  properties o f  organ ic solar c e lls  by sen sitisa tio n  w ith  

fu llerenes w as introduced by M eissn er  e t  T h e p erform an ce o f  a z in c-p h th a lo cy a n in e

(Z nPc) /  N ,N M ’-d im eth y lp ery len e-3 ,4 ,9 ,1 0 -te tra ca rb o x y lic  d iim id e  (M P P ) b ilayer  d ev ice  

w as sign ifica n tly  enhanced  by inserting a 3 0  nm  thick Ceo -  Z nP c co m p o site  layer b etw een  

the ZnPc (50  nm ) and the M PP (2 0  nm).'^" T h ese  d e v ic e s  d e liv ered  a short c ircu it current o f  

5 .2 6  m A /cm " under 8 6 0  W /m ‘ A M  1.5 solar sim ulators, and an op en  circu it v o lta g e  o f  0 .3 9
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V. Together with a fill factor o f 0.45 the overall power efficiency was calculated as 1.05 

%. For PV cells made with bilayers o f conjugated polymer and Cgo, monochromatic energy 

efficiencies as high as 1% and incident photon to converted electron (IPCE) efficiencies as 

high as 15 % were measured.

VI.2.4.3. Blend Cells

Conversion efficiency from incident photons to current o f over 50 % has been achieved 

with a blend containing PPV and methanofullerene derivatives.^^ The overall conversion 

efficiency from solar to electric power under full sunlight achieved with this cell was 2.5 

%.

9 1 22 57 58Important progress has been made toward creating materials for blend cells." ’ ’ ’ Yu et 

al. used the bulk heterojunction formed in a solid-state composite o f conjugated polymers
91 2

and methanofullerene PCBM* with a short circuit current, Isc = 0.5 mA/cm under 20 

mW/cm" monochromatic illumination, approximately two orders o f magnitude higher than 

that o f pure MEH-PPV tunnel diodes. Uniform film s with even higher concentrations o f  

the PCBM were cast from 1,2-dichlorobenzene solutions containing up to 1:4 weight ratio 

MEH-PPV / PCBM. The efficiencies o f the devices are nearly independent o f the incident 

illumination intensity.

The groups of Friend in Cambridge and Heeger in Santa Barbara also simultaneously made
22 57 58a PV bulk heterojunction using two different conjugated polymers. ” ’ Both approaches 

use MEH-PPV as donor conjugated polymer in com posite with a cyano substituted MEH- 

PPV-type polymer. The cyano substitution was originally introduced into the light emitting 

device materials because o f the lowered LUMO level o f this derivative relative to 

unsubstituted one.^^ This lower LUMO of the high electron affinity material, on one side 

eases the electron injection from a medium workfunction metal such as aluminium.

VI.2.5. Optical Filter Effect in Single Layer Cells

In this Section, we will show one the main issues encountered when testing single layer 

(SL) polymer solar cells; the optical filter effect. W e prepared and tested single layer ITO / 

M3EH-PPV / Al photovoltaic cells. The thickness o f the M3EH-PPV layer was varied 

from 40 nm to 100 nm.
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Figure VI.8 shows the I(V) characteristics o f  the SL  polymer cells. The summary o f  the 

cell’s photovoltaic parameters, as defined in Section III.4.3.2.1, is given in Table VI. 1:

a) ITO / M3EH-PPV (40 nm) / Al
b) ITO / M3EH-PPV (70 nm) / Al
c) ITO / M3EH-PPV (100 nm) / Al

70 mW/cm^ W-halogen 10° lamp illumination

<

IE-7

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

A p p lied  V o lta g e  (V)

Figure V I.8 Current-voltage characteristics o f  the ITO /  M 3E H -P PV  /  A l ce lls  tested in this 
Section.

Table VI. i Short-circuit current density (Jsc), open-circuit vo ltage (V qc), m axim um  pow er (Pmax). 
fill factor (FF) and pow er effic ien cy  (r]) o f  ITO /  M 3E H -P P V  / A l c e lls  as a function o f  the
thickness of the M3EH-PPV ayer.

Film Thickness Jsc V oc P max FF

(nm) (X 10'“ A/m^) (V) (X 10-  ̂W/m^) (%) (X 10'^ % )

40 8.58 0.63 14.92 27.6 2.13

70 4.12 0.59 6.97 28.7 0.996

100 2.63 1.07 6.45 22.9 0.921

These results show that for a given material in a single layer device structure, the cell’s 

short-circuit current density as well as its power efficiency increase as the thickness o f  the 

polymer layer decreases.

This can be seen in Figure VI.9, where the power efficiency is plotted as a function of the 

cell’s thickness. Only three data points can be shown and the graph is somewhat 

misleading. Indeed one can expect the power efficiency o f  the cell not to exponentially 

increase to infinity but to plateau (or peak at an optimum thickness) as the device gets 

thinner.
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Figure VI.9 Power efficiency of the ITO / M3EH-PPV / A l single layer cells as a function of the 
M3EH-PPV layer’ s thickness.

This result however shows that part o f the photogenerated current in th ick single layer 

devices is lost, since only a thin active layer gives rise to the photocurrent. This 

phenomenon is often called the filte r effect and is explained below.

Figure VI. 10 In organic devices very often only a thin layer (active layer) near back electrode is 
electronically active (contributes to the photocurrent). Depending on the thickness and absorption 
coefficient a significant fraction of photons can be absorbed in the semiconductor bulk (optical 
filter) before this region is reached.

The region in the semiconductor that allows photoexcited excitons to dissociate and the 

separated charges to reach their respective electrons is often called the ‘ active region’ -  see 

Figure V I. 10. Thus, only ligh t absorbed in the active region can contribute to the 

photocurrent. The layer that absorbs ligh t before it reaches the active region is the actual 

optical filter.

.Al

Activc Layer

O rg a n c
film Optical Fitter

ITO
Glass

substrate

Incident Ligh!

148



Chapter VI Organic Photovoltaic Devices
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Figure VI. 11 Two scenarios that can lead to the formation of an optical filter: a) exciton 
dissociation occurs throughout the entire bulk but one charge carrier (here the electron) can only 
travel a very short distance before it recombines, b) exciton dissociation occurs only near the (here 
negative, Al) electrode due to a local high field. Thus a small exciton diffusion length determines 
the width of the active layer -  provided the charge carrier travelling distance is sufficiently high.

Figure VI. 11 shows two scenarios for the formation o f  an active region smaller than the 

bulk which can lead to an optical filter effect:

• Exciton dissociation throughout the entire bulk but small mobility o f  one charge carrier. 

Often the mobility of the hole is considerably higher than the mobility o f  the electron. 

Thus, free electrons have to be generated close to the negative electrode for charge 

collection. Even if the excitons have large diffusion lengths, a considerable fraction of 

the photogenerated excitons would dissociate too far away from the negative electrode. 

Thus the width of the active layer is determined by the distance electrons can travel in 

the specific material i.e. the electron mobility -  see Figure V .l  la;

• Exciton dissociation occurs only near one electrode interface. If exciton splitting occurs 

due to a strong local field (band bending), excitons that are generated outside the band 

bending area have to diffuse into this region to supply charges. Although small hole and 

electron mobilities can still become limiting factors it is usually the exciton diffusion 

length that determines the width of the active layer in this case -  see Figure VI. 1 lb.

Only if the active region extends across the entire bulk i.e. the bulk is thin enough, most of

the dissociated excitons can generate a photocurrent so that the spectral response (SR)

essentially follows the absorption features, as shown in Figure VI. 12 below:
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a) ITO / M3EH-PPV (40 nm) / Al
b) ITO / M3EH-PPV (70 nm) / Al
c) ITO / M3EH-PPV (100 nm) / Al
d) M3EH-PPV absorbance
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Figure VI. 12 Spectral response of the ITO / M3EH-PPV / A l single layer cells with M3EH-PPV 
absorbance for comparison.

Due to short exciton diffusion lengths most organic cells have a bulk thickness that is 

considerably larger than the active layer (to avoid shorts). Thus these SR spectra show a 

strong filter effect resulting in SR maxima at wavelengths where the optical density (OD) 

is low and SR minima where the OD is too high to allow many photons to reach the active 

region. Such a spectrum is termed antibatic spectrum in contrast to the symbatic spectrum 

that shows no onset between absorption and SR fe a tu re s .N o te  that a symbatic spectrum 

can be obtained i f  the device is illuminated through the other contact -  i f  it is sufficiently 

transparent.

VI.3. Photoelectrochemical Cells
We w ill now introduce the basic principles and devices architecture o f 

photoelectrochemical cells, and present results on single layer devices using no M W NT.

VI.3.1. Semiconductor -  Electrolyte Interface
When a semiconductor is placed in contact with an electrolyte, electric current in itia lly  

flows across the junction until electronic equilibrium is reached, where the Fermi energy o f 

the electrons in the solid (Ep) is equal to the redox potential o f the electrolyte (Eredox), as 

shown in Figure VI. 13 The transfer o f electric charge produces a region on each side o f the 

junction where the charge distribution differs from the bulk material, and this is known as 

the space-charge layer. On the electrolyte side, this corresponds to the fam iliar electrolytic 

double layer, that is, the compact (Helmholtz) layer followed by the diffuse (Gouy -
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C hapm an) layer. On the sem ico n d u c to r  side o f  the ju n c t io n  the nature  o f  the b and  bending  

depends on the position o f  the Ferm i level in the solid. If  the F erm i level o f  the e lec trode  is 

equal to the flat band  potential,  there is no excess  charge  on e ither side o f  the ju n c t io n  and 

the bands are flat. If  e lec trons accum ula te  at the sem ico n d u c to r  side one obta ins  an 

accum ulation  layer. If, how ever,  they deplete  from  the solid  into the solution , a depletion 

layer is formed, leaving beh ind  a positive excess  charge  fo rm ed  by im m o b ile  ion ised  donor 

states. Finally, electron dep le tion  can go so far that their  concen tra tion  at the in terface falls 

below  the intrinsic level. A s a consequence ,  the sem ico n d u c to r  is p - type  at the surface  and 

n-type in the bulk, co r respond ing  to an invers ion  layer. T he  illustra tion  in F igu re  VI. 13 

refers to n-type m ater ia ls  w here  e lec trons are the m o b ile  ch a rg e  carriers. F o r  p-type 

sem iconductors ,  ana logous  considera tions apply. P os it ive  holes are the m ob ile  charge 

carriers and the im m obile  negative ly  cha rged  states o f  the accep to r  do p an t  fo rm  the excess 

space charge within the deple tion  layer.
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Figure VI. 13 Schematic showing the electronic energy levels at the interface between an n-type 
semiconductor and an electrolyte containing a redox couple. The four cases indicated are: a) flat 
band potential, where no space-charge layer exists in the semiconductor; b) accumulation layer, 
where excess electrons have been injected into the solid producing a downward bending of the 
conduction and valence band towards the interface; c) depletion layer, where electrons have moved 
from the semiconductor to the electrolyte, producing an upward bending of the bands; and d) 
inversion layer where the electrons have been depleted below their intrinsic level, enhancing the 
upward band bending and rendering the semiconductor p-type at the surface.
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The flat band potential is a very useful quantity in photoelectrochemistry as it facilitates 

location of the energetic position o f  the valence and conduction band edge o f  a given 

semiconductor material. It is obtained by measuring the capacity o f  the semiconductor -  

electrolyte junction. The semiconductor is subjected to reverse bias —  that is, a voltage is 

applied to increase the potential step across the junction —  and the differential capacity is 

determined as a function o f  the applied potential, V. The space charge capacity o f  the 

semiconductor (Csc) is in series with that o f  the Helmholtz layer (C h) present at the 

electrolyte side of the interface. In the depletion regime the condition Ch > Csc applies, so 

the measured capacity is that o f  the space-charge layer. This depends on the applied bias 

voltage according to the M ott-Schottky  equation:

1 AO R T /F
- -  = 2  Equation VI. 1
Ĉc fN
where AOsc = V -  Vfb is the voltage drop in the space-charge layer, R is the gas constant, F 

the Faraday number, e the dielectric constant o f  the semiconductor, and 'N  the ionised 

donor dopant concentration.

A plot of the square of the reciprocal capacity against the applied voltage gives a straight 

line and this is extrapolated to Csc'“ = 0 to derive the flat band potential, Vft.

VI.3.2. Devices Architectures

VI.3.2.1. Regenerative Cells

Research investigations on photoelectrochemical cells focused on two types of cells whose 

principle of operation is shown in Figure VI. 14.

The first type is the regenerative cell, which converts light to electric power leaving no net 

chemical change behind. Photons o f  energy exceeding that o f  the band gap generate 

electron -  hole pairs, which are separated by the electric field present in the space-charge 

layer. The negative charge carriers move through the bulk o f  the semiconductor to the 

current collector and the external circuit. The positive holes are driven to the surface where 

they are scavenged by the reduced form o f  the redox relay molecule (R), oxidising it: 

h " ^ - l -R -^ 0  Equation VI.2

The oxidised form O is reduced back to R by the electrons that re-enter the cell from the
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external circuit.
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Figure VI. 14 Principle o f  operation o f  p hotoelectrochem ical c e lls  based on n-type sem iconductors, 
a) R egenerativc-type cell producing electric current from  sunlight; b) a ce ll that generates a 
chem ical fuel, hydrogen, through the p hoto-cleavage o f  water.

Much of the work on regenerative cells has focused on electron-doped (n-type) II/VI or 

III/V semiconductors using electrolytes based on sulphide / polysulphide, vanadium(II) / 

vanadium(III) or I" /  I redox couples. Conversion efficiencies of up to 19.6 % have been 

reported for multijunction regenerative cells.

VI.3.2.2. Photosynthetic Cells

The second type, photosynthetic ceils, operate on a similar principle except that there are 

two redox systems: one reacting with the holes at the surface of the semiconductor 

electrode and the second reacting with the electrons entering the counter-electrode. In the 

example shown, water is oxidised to oxygen at the semiconductor photoanode and reduced 

to hydrogen at the cathode. The overall reaction is the cleavage o f  water by sunlight.

Titanium dioxide (TiOa) has been the favoured semiconductor for these studies, following

its use by Fujishima and Honda for water p h o to ly s is .U n fo r tu n a te ly ,  because of its large

band gap (3 -  3.2 eV), Ti02 absorbs only the ultraviolet part o f  the solar emission and so
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has low conversion efficiencies. Numerous attempts to shift the spectral response o f  TiOi 

into the visible, or to develop alternative oxides affording water cleavage by visible light, 

have so far had very little success.

VI.3.2.3. Dye-sensitised Electrochemical Cells

VI.3.2.3.1. Introduction

In view of these prolonged efforts, disillusionment has grown about the prospects of 

photoelectrochemical cells being able to give rise to competitive photovoltaic devices, as 

those semiconductors with band gaps narrow enough for efficient absorption of visible 

light are unstable against photocorrosion.

The resolution of this dilemm a came in the separation of the optical absorption and charge- 

generating functions, using an electron transfer sensitiser absorbing in the visible to inject 

charge carriers across the semiconductor-electrolyte junction into a substrate with a wide 

band gap, and therefore stable. Figure VI. 15 shows the operational principle of such a

device:
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Figure VI. 15 Schem atic o f  operation o f  the dye-sen sitised  electroch em ical photovoltaic ce ll. The 
photoanode, made o f  a m esoporous d ye-sen sitised  sem iconductor, rece ives electrons from  the 
photo-excited  dye which is thereby oxid ised , and w hich in turn ox id ises  the m ediator, a redox  
sp ecies d issolved  in the electrolyte. The m ediator is regenerated by reduction at the cathode by the 
electrons circulated through the external circuit.

In the conventional picture, the photovoltage of photoelectrochemical cells does not exceed 

the potential drop in the space-charge layer. But nanocrystalline cells can develop 

photovoltages close to 1 V even though the junction potential is in the millivolt range. It 

has been suggested that a built-in potential difference at the back contact of the
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nanocrystalHne film with the conducting glass is responsible for the observed 

p h o to v o l tag e .O th e r  evidence^'* suggests that under illumination, electron injection from 

the sensitiser increases the electron concentration in the nanocrystalline electrode, raising 

the Fermi level of the oxide and thus shifting its potential.^^ From recent electrical 

impedance studies,^^ it seems that both changes —  the potential drop across the back 

contact and the Fermi level shift of the Ti02 nanoparticles —  contribute to the 

photovoitage of dye-sensitised solar cells.

VI.3.2.3.2. Materials

The need for dye-sensitised solar cells to absorb far more of the incident light was the 

driving force for the development of mesoscopic semiconductor materials^^ —  minutely 

structured materials with an enormous internal surface area —  which have attracted great 

attention during recent years. Mesoporous oxide films are made up of arrays of tiny 

crystals measuring a few nanometres across. Oxides such as Ti02, ZnO, Sn02 and NbaOs, 

or chalcogenides such as CdSe, are the preferred compounds. These are interconnected to 

allow electronic conduction to take place.

Between the particles are mesoscopic pores filled with a semiconducting or a conducting 

medium, such as a p-type semiconductor, a polymer, a hole transmitter or an electrolyte. 

The net result is a junction of extremely large contact area between two interpenetrating, 

individually continuous networks. Particularly intriguing is the ease with which charge 

carriers percolate across the mesoscopic particle network, making the huge internal surface 

area electronically addressable. Charge transport in such mesoporous systems is under 

intense investigation today ’ and is best described by a random walk model.

VI.3.2.3.3. Device Performances

Cells based on a spirobisfluorene-connected arylamine hole transmitter,'*^ which fills the 

pores of a dye-sensitised nanocrystalline TiOi film, have reached a conversion efficiency 

of 2.56 % at full s u n l i g h t . T h e  high open-circuit voltage of these devices, exceeding 900 

mV, is particularly noteworthy and promising for further substantial improvements in 

performance. In general, dye-sensitised heterojunction cells offer great flexibility because 

the light absorber and charge-transport material can be selected independently to obtain 

optimal solar energy harvesting and high photovoltaic output. The great advantage of such 

a configuration is that the charge carriers are generated by the dye precisely at the site of 

the junction where the electric field is greatest, enhancing charge separation.
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Incident-photon-to-current conversion efficiency (IPCE) value obtained with a single­

crystal electrode is only 0.13 % near 530 nm (where the sensitiser has an absorption
72maximum), whereas it reaches 88 % with the nanocrystalline electrode —  more than 600 

times greater. The photocurrent in standard sunlight augments 10^ -  10“* times when 

passing from a single crystal to a nanocrystalline electrode. This striking improvement is 

due largely to the far better light harvesting of the dye-sensitised nanocrystalline film as 

compared with a flat single-crystal electrode, but is also due, at least in part, to the
73mesoscopic film texture favouring photogeneration and collection o f  charge carriers.

Under full sunlight, short-circuit photocurrents ranging from 16 to 22 mA.cm'^ are reached 

with state-of-the-art ruthenium sensitisers, while V qc is 0.7 -  0.8 V and the fill factor 

values are 0.65 -  0.75. A certified overall power conversion efficiency o f  10.4 % has been 

attained at the US National Renewable Energy Laboratory.

Although this efficiency makes dye-sensitised cells fully competitive with the better 

amorphous silicon devices, an even more significant parameter is the dye lifetime achieved 

under working conditions. For credible system performance, a dye molecule must sustain 

at least 10 redox cycles of photo-excitation, electron injection and regeneration, to give a 

device service life of 20 years. The use of solvents such as valeronitrile, or g- 

butyrolactone, appropriately purified, in the electrolyte formulation provide a system able 

to pass the standard stability qualification tests for outdoor applications, including thermal 

stress for 1,000 h at 85 °C, and this has been verified independently.^^

VI.3.3. Single Layer Photoelectrochemical Cells

VI.3.3.1. Polyterthiophene Based Photoelectrochemical Cells

In this Section, we are now interested in studying the effect of the redox properties of 

polyterthiophene based photoelectrochemical cells on their power efficiency. Several 

terthiophene films were electropolymerised onto ITO glass substrates with different 

reduction bias and number of cycles, and fabricated into photovoltaic devices as described 

in Section III.3.2.

156



Chapter VI Organic Photovoltaic Devices

ITO : pTTh : I '/l ; Pt 
pTh : - 400mV / 20 cycl

E(V)
a)

ITO : pTTh : l’' / ! ' : Pt 
pTh : - 400mV / 30 cycles

01232 <

E(V)
b)

2.0 ITO : pTTh : l^/l’ : R  
pTh : - 200mV / 30 cycles

1.5

1.0

0 .5

0.0

-0 .5

•1.0

022Q L30-!•1.5

-0 .8  -0 .6  -0 .4  -0 .2  0 .0 0.2 0.4 0.6 0.8 1.0

ITO : pTTh : i’ /i' : PI 
pTh : - 200mV / 20 cycles

2.0

1.5

1.0

0 .5

0.0

-0 .5

•1.0

•1.5

-0 .8  -0 .6  - 0 4  -0.2 0.0 0.2 0.4 0.6 0.8 1.0

E(V, E,V)

Figure VI. 16 Cyclic voltammogram of the growth of polyterthiophene (pTTh) on ITO coated glass 
for a) -  400 mV final bias and 20 cycles, b) -  400 mV final bias and 30 cycles, c) -  200 mV final 
bias and 20 cycles and d) -  200 mV final bias and 30 cycles.

Cyclic vo ltam m ogram s (C V ) obta ined  for each  o f  the p o ly m er  m ater ia ls  after g row th  are 

show n in Figure VI. 16. In all cases, the p o lym er u n d e rw en t  revers ib le  co lou r  changes  from  

blue (oxidised) to red /o range (reduced). As it is k now n  for con d u c tin g  po lym ers  

incorporated with small m obile  coun ter  anions, these  redox  p rocesses  can be represen ted  

by F igure VI. 17:

Figure VI. 17 Redox process encountered by polyterthiophene.

w here  the coun ter anion (C IO 4 ) is re leased into the e lec tro ly te  solution.

Figure VI. 16 illustrates that at a g iven nu m b er  o f  cyc les  o f  C V  grow th , the final reduction 

potential o f  the po lym er film s decreases  as the reduction  bias increases. M o re o v e r  one can 

see that the final reduction potential o f  the p o ly m er  f ilm s decreases  as the n u m b er  o f  cycles 

increases.
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Figure VI, 18 shows a typical I(V ) characteristics o f the photoelectrochemical cells tested 

in this Section. W hile it only shows the dark and illuminated I(V ) characteristics o f the 

polyterthiophene cell prepared with a -  200 mV reduction bias and 30 cycles, Table V.2 

summarises the photovoltaic parameters o f each o f the cells.

0 .75-1

0 .5 0 -

■D
<D
VI0>
>c

0 .2 5 -

0 .0 0 -

E
o
<
E

- 0 .2 5 -

ITO : pTTh : I'VI : Pt 
pTh ; - 200 mV / 30 cycles

-0 .5 0 -

c
0)

-0 .7 5 -

o a) dark
- 1 .0 0 -

b) 1/2 sun illumination
• 1.2 5 -

- 0.15  - 0.10  -0.05  0.00  0.05  0.10  0.15  0.20  0.25  0.30

Voltage (V)

Figure V I. 18 Current-voltage characteristics a) in the dark and b) under illumination of the 
polyterthiophene based photoelectrochemical cell.

Table V I.2 Short-circuit current density (JsJ, open-circuit voltage (V qc), fill factor (FF) and power 
efficiency (i]) of IT O  / polyterthiophene / I^VF / Pt cells as a function of the polymer reduction 
potential._____________________________________________________________________________________

Bias N° o f
Reduction
potential Jsc V o c FF n

(mV)
cycles

(mV) (mA/cm^) (V) (%) (x lO ‘^% )

-400
2 0 300 0.322 0.205 33.8 4.66

30 232 0.407 0.213 32.5 5.64

- 2 0 0

2 0 252 0.336 0.209 33.8 4.82

30 226 0.442 0.195 33.7 5.80

Correlating the reduction potential o f the polymer film  and the power efficiency o f its 

photoelectrochemical cell, an interesting trend appears. Indeed, as Figure V I. 19 shows, the 

ce ll’s power efficiency decays exponentially as the reduction potential increases.
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Figure VI. 19 Power efficiency of the polyterthiophene based photoelectrochemical cell as a 
function of the reduction potential of the polyterthiophene film.

This result shows that the more oxydised the polymer is, the more efficient the 

photoelectrochemical cell is, which is consistent w ith results published in the literature.

VI.3.3.2. Soluble Polymer Based Photoelectrochemical Cell

Soluble polymers have rarely been used in photoelectrochemical cells since their low 

conductivity makes them poor candidates for such cells. However, we tested an ITO / 

M3EH-PPV / r^ '/r / Pt cell in order to compare its efficiency to the more conventional 

electropolymerised based photoelectrochemical cells, as shown above.

ITO : M3EH-PPV : l"7 l ': R

30-1
a) dark

25

b) 1/2 sun illumination

•10

•15

•20
-0.05 0.00 0.05 0.10 0.15 0.20•0.10

Voltage (V)

Figure VI.20 Current-voltage characteristics a) in the dark and b) under illumination of the M3EH- 
PPV based photoelectrochemical cell.
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Figure VI.20 shows the results of the photovoltaic effect in the soluble polymer based 

photoelectrochemical cells tested in this Section. The photovoltaic parameters are 

summarised below:

• Jsc = 20.2 (.iA7cm“

.  Vo, = 0.147

• FF = 3 4 .0 %

•  11 =  2 . 0 2  X 1 0 '^  %

We have therefore shown that such soluble polymer based photoelectrochemical cells can 

be prepared and be as efficient as single layer polymer cells. However, they are about an 

order o f magnitude less efficient than electropolymerised based cells.

VI.4. Conclusions
Many o f  up-to-date physical issues and developments on polymer solar cells and 

photoelectrochemical cells have been reviewed in this Chapter.

Photoinduced charge transfer from a donor acceptor molecule to an acceptor molecule 

represents one of the most used and efficient processes in polymer solar cells. This implies 

that bilayers, blends or laminated architectures using two materials with different and 

suitable ionisation potential, give the best power efficiency results.

In order to characterise the photovoltaic response o f  the main conjugated polymer used 

throughout this Thesis, a single M 3EH-PPV layer polymer solar cell was prepared and 

studied in this Chapter, and discussed in terms of optical filter effect. W e found that only a 

very thin layer was photo-active in single layer polymer solar cell, since primarily the 

exciton diffusion length in conjugated polymers remains small. This resulted in power 

efficiency being greater for thinner polymer solar cells.

As regards single layer photoelectrochemical cells, we found that, in the case of 

electroplymerised materials, the cell’s power efficiency decayed exponentially as the 

reduction potential of the material increased. Soluble polymer based cells were also tested 

and found to have similar power efficiency to that o f  polymer solar cells. However, such 

cells were an order of magnitude less efficient than that of the electroplymerised based 

cells.
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Chapter VII ORGANIC PHOTOVOLTAIC 

DEVICES USING MWNT

VII.1. Introduction
As seen in Chapter VI, carbon nanotubes have been successfully used in organic light- 

emitting diodes. In this Chapter, we will now show the effects of using the same nanotube 

and polymer composite in organic photovoltaic devices. Section VII.2 will firstly discuss 

the photophysical processes occurring in nanotube and polym er bilayers and blends. 

Section VII.3 and Section VII.4 will then show the results and discussion on current- 

voltage characteristics and spectral responses under illumination both through the ITO 

electrode and the A1 contact of polymer solar cells and photoelectrochemical cells 

respectively.

VII.2. Photophysical Processes in MWNT Bilayers and Blends

VII.2.1. Photoluminescence (PL) of the MWNT and Polymer Composite
We prepared several nanotube and polymer composite films with six various M W N T  to 

PmPV mass ratios and measured their photoluminescence (PL).

Figures V II . la  and V II . lb  show the wavelength dependence o f  the com posites’ PL 

intensity and the normalised PL intensity as a function o f  the M W N T  to Pm PV mass ratios 

respectively:

a)
PmPV + MWNT

545.489 MWNT m ass fraction:12000 -

1 0 0 0 0 -
b) 0.3 %
c) 0,6 %
d) 1.2%
e) 2.4 %

3  8000  -

6 0 0 0 -

^  4000  -

2 0 0 0 -

400 500 600 700

b)

W avelength (nm)
1 2  3 4

NTs m a ss  fraction in the com posite  (%)

Figure VII. 1 a) Photoluminescence (PL) intensity for polymer and nanotube composite films as a 
function wavelength and b) normalised PL intensity as a function of mass ratio.
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Figure VII. 1 shows that the photoluminescence intensity decreased linearly with the 

nanotube to polymer mass ratio. This decrease, however, was small. Indeed, in the case of 

the 4.8 % sample the photoluminescence intensity had fallen by only 42 % compared to the 

host polymer.

In addition, no spectral changes occurred in the composite film. As studied elsewhere, this 

result suggests that charge transfer from PPV to MWNT appear less efficient than a from a 

conjugated polymer to Ceo for example'"'® and that only partial charge transfer and energy 

transfer is believed to occur in PPV and M W NT composites. Absorption and 

photoinduced-absorption (PIA) data from Ago et al. illustrated this point." Neither data 

show features, such as polarons states in PIA, in the composite which indicate neither a 

ground state nor an excited interaction between PPV and MWNT.

In order to explain the decrease in PL intensity in the PmPV+MWNT composite, a model
1 ^for the system has been recently developed by Ryan et al. ~ based on the assumption that 

the polymer strands adsorb in an ordered fashion onto the nanotube. A decrease in the 

alignment of the polymer chains will give a transition from a crystalline polymer layer at 

the nanolube surface to the amoiphous structure of the bulk polymer. This will reduce the 

likelihood of low efficiency interchain species such as non-emissive excimers and 

exciplexes’  ̂ forming far from the nanotube since it is the high level of crystallinity brought 

about by chain alignment which makes their formation possible.

A PL efficiency approaching that of the bulk polymer is therefore expected far from the 

nanotube while strong quenching in PL efficiency is anticipated at the nanotube surface 

due to greater interchain interactions.''* Based on this argument the PL efficiency is 

assumed to fall off linearly from a maximum value at the amorphous-crystalline polymer 

boundary to a minimum at the crystalline polymer-nanotube interface.

VII.2.2. Absorption and PL of MWNT Bilayers and Blends
In this Section, absorption and photoluminescence studies were performed on polymer 

bilayers and blends with MWNT, in order to elucidate the photophysical processes that 

could occur in the PmPV and MWNT composite and at the interface between the 

composite and other polymers.
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VII.2.2.1. Introduction

Table VI. 1 shows the summary of the samples prepared and tested in this Section.

Table VII. 1 Thickness of the PmPV, M3EH-PPV and MWNT single layer, bilayers and blend 
samples prepared in this Section.________________________________________________________

Type Polymers Thickness (nm)

Single-layers
PmPV 41

M3EH-PPV 95

PmPV / M3EH-PPV 106

Bi-layers
M3EH-PPV / PmPV 136

PmPV+l% M W NT / M3EH-PPV 78

M3EH-PPV / PmPV+l% M W NT 290

M3EH-PPV 25% PmPV 75% 54

M3EH-PPV 50% PmPV 50% 46

Blends
M3EH-PPV 75% PmPV 25% 83

M3EH-PPV 25% Pm PV+l% M W NT 75% 61

M3EH-PPV 50% Pm PV +1 %MWNT 50% 63

M3EH-PPV 75% Pm PV+l% M W NT 25% 97

VII.2.2,2. Results and Discussion 

VII.2.2.2.1. Absorption

In this Section, we are examining the ground state electronic interaction in the systems 

described above using UV-Vis absorption spectroscopy.

As discussed in Section III.4.2.1, absorption data reflect the vibrational energy distribution 

of the first excited state of a molecule or system of molecules either in solution or in solid 

state form. No shift in the absorption data of either blends or bilayers will indicate no 

ground state electronic interaction between the different macro-molecules involved. 

However, a red shift in the absorption data will not necessarily be the signature of ground
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state interaction, but is often due to increased conjugation upon doping.

In the follow ing Sections, the absorbance absolute values were divided by the thickness o f 

the film  in order to be able to compare the relative absorbance o f each material or blend o f 

materials. In each Figure below, the incident light was coming from the ‘right’ o f the 

sample, e.g. for a PmPV / M3EH-PPV device from the M3EH-PPV side.

Bilayers

a) b)
a) PmPV

U.UIU-) a) PmPV
b) M3EH-PPV
c) PmPV/M3EH-PPV
d) M3EH-PPV/PmPV

491
3

0 .0 0 8 -
399J

0.006-Voc
502<0

€o 0.004 -
505

0 .0 0 2 -

0.000
400 450 500 550 600 650 700

b) M3EH-PPV
C) PmPV + 1 % MWNT /  M3EH-PPV 
d) M3EH-PPV/PmPV+ 1%MWNT

0.010-1
1491

=! 0.008-

0.006-

0.004-

0 .002 -

0.000
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W avelength (nm) W avelength (nm)

Figure VII.2 Relative absorbance of a) PmPV / M3EH-PPV and M3EH-PPV / PmPV bilayers, and
b) PmPV+MWNT / M3EH-PPV and M3EH-PPV / PmPV+MWNT biiayers.

Figure VII.2a shows the relative absorbance o f PmPV / M3EH-PPV and M3EH-PPV / 

PmPV biiayers, while Figure V II.2b shows the relative absorbance o f PmPV+MW NT / 

M3EH-PPV and M3EH-PPV / PmPV+MW NT biiayers. The relative absorbance o f PmPV 

and M3EH-PPV single layers is shown for comparison.

Although the absorbance should be independent o f how the sample is oriented in the light 

path, a difference is observed between the PmPV / M3EH-PPV and M3EH-PPV / PmPV 

biiayers. This result could be explained by the difference in m ixing at the interface and 

could be related to the result on blends, which w ill be presented in the fo llow ing Section. 

No significant changes in terms o f shift in wavelength however can be observed w ith the 

presence of M W N T in the system, which indicate there are no ground state interactions 

between M W NT and either PmPV or M3EH-PPV.

Blends

Figure VII.3a shows the relative absorbance o f M3EH-PPV 25 % : PmPV 75 %, M3EH- 

PPV 50 % : PmPV 50 %, M3EH-PPV 75 % : PmPV 25 % blends, and Figure VII.3b
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shows the relative absorbance o f M3EH-PPV 25 % : Pm PV+MW NT 75 %, M3EH-PPV 50 

% : PmPV+MW NT 50 %, M3EH-PPV 75 % : PmPV+MW NT 25 % blends, compared 

with the relative absorbance o f PmPV and M3EH-PPV single layers.

ass’ :

b)
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b) M3EH-PPV
c) M 3EH-PPV 25%  : Pm PV 75%
d) M 3EH-PPV 50% : PmPV 50% -g-
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Figure V II.3 Relative absorbance of a) M3EH-PPV 25 % : PmPV 75 %, M3EH-PPV 50 % : PmPV 
50 %, M3EH-PPV 75 % : PmPV 25 % blends, and b) M3EH-PPV 25 % : PmPV+MWNT 75 %, 
M3EH-PPV 50 % : PmPV+MWNT 50 %, M3EH-PPV 75 % : PmPV+MWNT 25 %  blends.

This result interestingly shows that the M3EH-PPV to PmPV peak ratio scales with the 

blend concentration and that the relative absorbance o f each o f the blend samples is 

consistent w ith that o f the bilayer samples.

Again one can see that M W N T show no ground state electronic interaction w ith the other 

materials, since no shift appear between the samples without and w ith M W NT.

Vll.2.2.2.2. Photoluminescence

In this Section, we are now examining the excited state electronic interaction in the 

systems described above using photoluminescence (PL).

W hile PL reflects the vibrational energy distribution o f the ground state as discussed in 

Section III.4.2.2, a decrease in PL is here o f greater importance. Indeed processes such as 

charge transfer in bilayer or blend systems might compete w ith excitons radiative decay 

and therefore result in a PL decrease. Energy transfer on the other hand w ill result in the 

enhancement or generation o f new peaks. Finally, the addition o f two overlapping PL 

species might results in an apparent shift in the overall PL spectrum.

In the fo llow ing Section, the PL absolute intensity o f each sample was divided by the 

thickness o f the film  in order to be able to compare their relative PL intensity.
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Single Layers

a) PmPV

b) M3EH-PPV
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Figure V11.4 Relative PL intensity o f  a) PmPV and b) M 3E H -PPV  single layers.

Figure VII.4a and VII.4b show the relative PL intensity o f  Pm PV and M 3EH-PPV single 

layers respectively. Once can see that the PL efficiency of  Pm PV is greater than that of 

M3EH-PPV.

Bilayers

Figure VII.5 shows the relative PL intensity of PmPV / M 3EH-PPV and M 3EH-PPV / 

PmPV bilayers, compared with the relative PL intensity o f  Pm PV and M 3EH-PPV single

layers.

When excited from the M3EH-PPV side, there is an addition o f  PL relative intensity in the 

PmPV / M3EH-PPV bilayer, as showed in FigureVII.Sc. However, on excitation from the 

PmPV side, as seen in Figure VII.5d, one can see a clear M 3EH-PPV dominance PL 

relative intensity. This result suggests that energy transfer is occurring from PmPV to 

M3EH-PPV.
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Exciting from  M3EH-PPV side
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Figure V II.6 now shows the relative PL intensity o f Pm PV +M W N T / M 3EH -PPV  and 

M 3EH -PPV  / Pm PV +M W N T bilayers, com pared w ith the relative PL intensity  o f Pm PV 

and M 3EH -PPV  single layers.

PL from the M 3EH -PPV  side shows a slight increase in the M 3EH -PPV  peak in the 

presence o f M W NT, but the main result is that the PL  o f the M 3EH -PPV  /  Pm PV +M W N T 

bilayer {i.e. excited from  the Pm PV side) show ed a decrease by m ore than half in relative 

intensity com pared to the PL relative intensity o f the sam e bilayer w ithout M W NT.

This would suggest there a possible charge transfer from  M 3EH -PPV  to M W NT.

Blends

a) PmPV

b) M3EH-PPV

c) M3EH-PPV 25% : PmPV 75%

d) M3EH-PPV 50% : PmPV 50%

e) M3EH-PPV 75% : PmPV 25%
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Figure VI1.7 Relative PL intensity of c) M3EH-PPV 25 % : PmPV 75 %, d) M3EH-PPV 50 % : 
PmPV 50 %, and e) M3EH-PPV 75 % : PmPV 25 % blends.
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Figure V II.7 shows the relative PL intensity o f M3EH-PPV 25 %  : PmPV 75 %, M3EH- 

PPV 50 % : PmPV 50 %, M3EH-PPV 75 % : PmPV 25 %  blends, compared w ith the 

relative PL intensity o f PmPV and M3EH-PPV single layers.

The M3EH-PPV PL is dominant in each blend samples, suggesting that, as in bilayer 

samples, energy transfer is occurring from PmPV to M3EH-PPV.

a) PmPV

b) M3EH-PPV

c) M3EH-PPV 25% : PmPV + 1% MWNT 75%

d) M3EH-PPV 50% : PmPV + 1% MWNT 50%

e) M3EH-PPV 75% : PmPV + 1% MWNT 25%
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Figure VII.8 Relative PL intensity of c) M3EH-PPV 25 % : PmPV-hMWNT 75 %, d) M3EH-PPV 
50 % : PmPV-t-MWNT 50 %, and e) M3EH-PPV 75 % : PmPV-t-MWNT 25 % blends.

Figure VII.8 shows the relative PL intensity o f M3EH-PPV 25 % : PmPV-i-MWNT 75 %, 

M3EH-PPV 50 % : PmPV-t-MWNT 50 %, M3EH-PPV 75 % : Pm PV+MW NT 25 % 

blends, compared with the relative PL intensity o f PmPV and M3EH-PPV single layers.

Again, the M3EH-PPV PL is dominant, suggesting energy transfer from PmPV to M3EH- 

PPV. But there is this time no evidence o f charge transfer from M3EH-PPV to M W NT, 

since the presence o f M W NT in the blend samples is not followed by a decrease in the PL 

relative intensity.
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VII.2.2.3. Summary

Absorption spectroscopy has showed that no electronic interaction is occurring between 

the different species present in the systems studies (bilayers and blends): M 3EH-PPV, 

PmPV and M W NT.

On the other hand, PL studies have showed that in M 3EH -PPV  / PmPV, M 3EH -PPV  / 

Pm PV bi-layers;

• excited from the M 3EH-PPV side, there is an addition in the PL;

• excited from the PmPV side, M 3EH-PPV PL is dominant; 

suggesting energy transfer from PmPV to M 3EH-PPV.

Moreover, comparing the relative PL intensity of M 3EH -PPV  / Pm PV + M W N T  to that of 

M 3EH-PPV / PmPV, a definite quenching was observed, suggesting a possible charge 

transfer from M 3EH-PPV to M W NT. However, this w asn’t observed in the M 3EH-PPV : 

Pm PV +M W N T blend samples, suggesting that the physical interface is needed in order for 

the process to happen.

Nevertheless, the energy transfer from Pm PV to M 3EH-PPV , consistent with both M3EH- 

PPV and PniPV energy levels, was observed in the blends, as well as in the bilayers.

VII.3. Polymer Solar Cells 

VII.3.1. Introduction

In this Section, we will show the use o f  the Pm PV  and M W N T  composite as the active 

layer in a photovoltaic cell in order to investigate the role of carbon nanotubes in such a 

device. A buffer layer was used between an indium tin oxide (ITO) anode and the 

composite layer in order to avoid short-circuits, which could occur in single-layered 

composite cells due to the highly conductive nature o f  M W N T. The choice o f  M 3EH-PPV 

as the thin buffer layer was motivated by both the need to isolate the composite layer and 

provide a good hole-transport medium. Therefore, the main solar cell studied in this work 

consisted of the following structure; ITO / M 3EH -PPV  / P m PV + M W N T  / Al. In addition, 

PmPV and M 3EH-PPV single-layered photovoltaic cells were fabricated, as well as a 

double-layered cell without M W NT, as shown in Figure VII.9;
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I T O  /  M E H -P PV  /  Al

IT O  /  M E H -PPV  /  
PPV /  Al

Figure VII.9 Polymer solar cells with M W NT tested in this Section.

VII.3.2. Results and Discussion

I T O  /  PPV /  Al

I T O  /  M E H -P P V  /  
PPV-t-M W NT /  Al

VII.3.2.1. Optical Filter Effect

Show n in F igures VII. 10 and VII. 11 are the cu rren t-vo ltage  charac teris t ics  and  spectral 

response o f  each pho tovolta ic  device  when il lum inated  th rough  the IT O  elec trode 

respectively. T he im portan t electrical param eters  assoc ia ted  w ith  these  dev ices  are 

sum m arised  in Table  V II .2:

1) 1 X 0 / M E H - P P V / A l
2) I T O / P P V / A l
3) ITO /  M EH -FP V  /  PPV /  Al
4) ITO /  M E H - P P V / P P V + M W N T / A I

illuminated through ITOEu
<
=1.

I.O -0.5 0.0 0.5 I.O 1.5 2.0
A pplied  V o ltage  (V)

Figure VII. 10 Current-voltage characteristics for each cell under 80 mW/cm2 white illumination 
through ITO.
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1) ITO / MEH-PPV /  Al
2) IT O /P P V /A l
3) ITO / MEH-PPV / PPV /  Al
4) ITO /  MEH-PPV / PPV+MW NT /  Al

illuminated through ITO

T '------------1------------'------------1------------'------------1------------ '------------1------------ '------------T

400 450 500 550 600 650
W avelength (nm)

Figure VII. 11 Spectral response for each cell under 80 mW/cm2 white illumination through ITO.

The ‘M W N T ’ cell (device n° 4) exhibited the highest open-circuit voltage (Voc) at 1.33 V, 

short-circuit current density (Jsc) at 4.05 m A/cm  and indeed pow er conversion efficiency 

(ri) at 11.2x10'“* %. The pow er conversion efficiency o f the ‘M W N T ’ cell was an order o f 

magnitude greater than that o f the cell ‘w ithout M W N T ’ (device n° 3) and even greater 

than that o f the ‘P P V ’ single-layered cell (device n° 2), despite the partial absorption o f the 

incident light by the M EH -PPV  buffer layer.

Table VII.2 Open-circuit voltage (Voc), short-circuit current density (JsJ, fill factor (PP) and power 
conversion efficiency ( t ] )  for each photovoltaic cell tested under 80 mW/cm^ white illumination 
through ITO; ITO / MEH-PPV / Al ( ‘MEH-PPV’), ITO / PPV / Al (‘PPV’), ITO / MEH-PPV / 
PPV / Al ( ‘without MWNT’) and ITO / MEH-PPV / PPV-t-MWNT / Al (‘MWNT’).______________

Name of cell n° Voc (V) Jsc (i^A/cm^) FF (%) ri(xlO'Vo)

‘M E H -PPV ’ 1 0.95 0.84 16.4 1.63

‘P P V ’ 2 1.18 3.40 15.5 7.75

‘without M W N T ’ 3 1.05 0.34 22.9 1.01

‘M W N T’ 4 1.33 4.05 16.7 11.2

As regards their spectral response under illum ination through ITO, the ‘M W N T ’ cell

exhibited a wide response, also referred as to ‘sym batic’ response, while the cell ‘without

M W N T ’ show ed a narrow response, also referred as to ‘an tibatic’ response. Sim ilarly, the

‘P P V ’ device show ed a narrow spectral response. This result, referred as optical filter

effect as discussed in Section V I.2.5, is a consequence o f the poor electron m obility in
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PPV. The only active region in this device is that which lies close to the Al contact, where 

excitons are split and collected. This ‘filter-effect’ decreases dramatically if the PPV 

thickness is reduced or if the cell is illuminated through the Al contact as shown in Figure 

VII.13.

Shown in Figure VII. 12 are the current-voltage characteristics and spectral response of 

each photovoltaic device when illuminated through the Al electrode respectively. W hile it 

is to be noted that the ITO / PPV / Al, ITO / M E H -PPV  / PPV / Al and ITO / M EH -PPV  / 

PPV-hM W N T  / Al cells showed no difference in terms o f  either power conversion 

efficiency or spectral response despite the presence of M W N T, the spectral response of 

each cell clearly demonstrated no ‘filter effect’, as Figure VII.13 shows.

Under illumination through ITO however, we have shown that the addition o f  M W N T  has 

significantly increased the short-circuit current o f  the device to a value slightly better than 

that of the original ‘P P V ’ cell. Moreover, the shape o f  the spectral response has changed 

significantly. Indeed, this spectral response is almost identical to that o f  a device 

illuminated through a semi-transparent Al electrode. Thus, the ‘filter effect’ has been 

effectively eliminated in the presence of M W N T  and thus the excitons that are contributing 

to the current have been created by photons that have not been absorbed by the PPV 

material.

1) ITO /  M EH -PP V  / Al
2) I T O / P P V / A l
3) I T O / M E H - P P V / P P V / A l
4) ITO / M E H - P P V /P P V - i - M W N T /A I

illuminated through Al

2), 3), 4)

fa 0 .25 .

0.0251

1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Applied Voltage (V)

Figure VII. 12 Current-voltage characteristics for each cell under 80 mW/cm^ white illumination 
through Al.
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4) ITO / MEH-PPV / PPV-i-MWNT / Al
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Figure V ll.  13 Spectral response for each cell under 80 m W /cm ' white illumination through Al.

VII.3.2.2. Charge Dissociation

As shown in Figure VII. 12, the ‘M W N T ’ and ‘without M W N T ’ devices behave identically 

when illuminated through Al. If there would be any additional charge transfer from PPV to 

M W NT, we would see an increase in the efficiency o f  the ITO /  M EH -PPV  / PPV-i-MWNT 

/ Al cell over the ITO / M EH-PPV / PPV / Al cell. Therefore, these results clearly suggest 

that no or little additional charge transfer process occurs between PPV and M W N T, which 

confirm the results from the previous Section VII.2.1.

As a result, the improvements that we have seen under illumination through ITO, can only 

be explained by charge dissociation at the one extra planar interface, namely the MEH- 

PPV / PPV interface, involving hole transfer from PPV to M EH-PPV.

As we have demonstrated in Section VII.2.2, we believe that further to this electronic 

transfer, energy transfer from M 3EH-PPV to M W N T  is likely to occur at the M 3EH -PPV  / 

PmPV-i-MWNT interface.

Kymakis et al. attributed their two orders of magnitude increase in short-circuit current to 

an efficient charge transfer and transport through SW NT,'^  while Ago et al. explained their 

increase in external quantum efficiency by an energy transfer and partial hole transfer from 

PPV to M W NT together with scattering and absorption by M W N T.'^  This suggests that, 

although some form of charge and / or energy transfer is likely to occur in our ‘M W N T ’
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photovoltaic cell, we are not seeing the fruits o f  these processes and the efficient charge 

transport via the continuous conductive nanotube network the A! electrode, following 

charge dissociation at the M EH-PPV / PPV interface, is to play a more significant role.

VII.3.2.3. Charge Transport

Since the absorbance of the ‘M W N T ’ device is comparable to that of the ‘without M W N T ’ 

device, the change in spectral response under illumination through ITO, as seen in Figure 

VII. 14, is not due to a reduction in the optical absorbance of the material. The only 

explanation, therefore, is that M W N T  have allowed the optical active layer in the device to 

be larger. W e have seen above that no charge transfer is occurring between PPV and 

M W N T in order to explain this increased active layer.

We therefore believe that efficient charge transport via the continuous conductive nanotube 

network to the A1 electrode is to play a significant role. As we have seen no improvement 

in hole transport between the ‘M W N T ’ and ‘without M W N T ’ cells when illuminated 

through Al, enhanced electron transport can only explain the increased power conversion 

efficiency when illuminated through ITO. W e believe that following light absorption near 

the M EH-PPV / PPV interface, electrons are transported through the M W N T  phase to the 

Al electrode, as they cannot be transported through the PPV. Figure VII. 14 summarises the 

different processes believed to take place in the ITO / M EH-PPV / PPV + M W N T  / Al cell 

under short-circuit conditions when illuminated through ITO:

ITO M EH-PPV composite Al

Figure VII. 14 Proposed schematic band diagram for the ‘MWNT’ cell under short-circuit 
conditions and 80 mW/cm^ white illumination through ITO. The crosses show excitons / charges 
that are not giving rise to the photocurrent.
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VII.3.2.4. Open-circuit Voltage

The open-circuit voltage (Vqc) o f  the ‘M W N T ’ cell was 0.15 V greater than that of the 

‘P P V ’ cell and 0.32 V greater than that o f  the cell ‘without M W N T ’ under illumination 

through ITO, while no difference in V qc was observed when illuminated through Al. 

Interestingly, the presence o f  M W N T not only has increased the magnitude of the short- 

circuit current density but was also responsible for a change in the device open circuit 

voltage.

Although Voc is to be set by the difference in work functions o f  the two electrodes, this 

model doesn’t work as in our case it should be ~ 0.5 V. However, models have proposed 

that in donor-acceptor organic solar cells this parameter depends on the energetic levels of 

the species involved in the process o f  dissociation o f  photo-generated excitons.''* 

Interfacial layers at the electrode / polymer boundary (e.g. oxygen, aluminium-polymer 

complexes) is also known to play an important part.

Given the conducting nature of the M W NT, electrons would immediately decay to the 

Fermi energy, and thus there should be no potential difference maintained at the PPV / 

M W N T inlert'ace. Given also that the M W N T are in the layer adjacent to the Al electrode 

it is unlikely that the Voc change is related to the ITO interface. Therefore, the change in 

the open-circuit voltage is likely to arise from differences in work functions and chemical 

reactions at the PPV-hM W N T  / Al interface.'^’'* W hile charges transferred to M W N T  and 

then to Al may lose less energy than charges transferred from polymer to Al, it also 

plausible that M W NT, in contact with the Al electrode, may cause a difference in 

a lum inium ’s oxidation state and thus change the open-circuit voltage o f  the device.

VII.4. Photoelectrochemical Cells 

VII.4.1. Introduction

In order to investigate the effect of M W N T in another type o f  organic photovoltaic device, 

we prepared and studied an ITO / M 3EH -PPV +M W N T / I^VF / Pt photoelectrochemical 

cell. An ITO / M 3EH -PPV  / I^VT / Pt photoelectrochemical cell was also prepared for 

comparison and I(V) characteristics in the dark and under 50 mW/cm^ (half sun) white 

illumination were analysed for both devices.
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VII.4.2. Results and Discussion
Current-voltage characteristics of the devices listed above are shown in Figure VII. 15, and 

the photovoltaic parameters o f  each cell are summarised in Table VII.3:

ITO : M 3 E H -P P V  : : P t
a )  d a rk
b) 1/2 s u n  illum ination0.05 n

0 .0 4 - ITO : M 3E H -P P V + M W N T  : : P t
c) d a rk
d) 1/2 s u n  illum ination

0 .0 3 -

" eo
E

0 .0 2 -

0.01  -

0  0 0 -c
(D

3o
■0.01  -

•0.02  ->c
•0.03 -

•0.04 -

•0.05 -

-0.06
0.20-0.10 -0.05 0.00 0.05 0.10 0.15

V oltage (V)

Figure VII. 15 Dark current-voltage characteristics o f a) the M 3EH-PPV photoelectrochem ical cell 
and b) the M 3EH-PPV+M W NT photoelectrochemical cell, and I(V)s under illumination for c) the 
M 3EH-PPV photoelectrochemical cell and d) the M3EH-PPV-(-MWNT photoelectrochem ical cell.

The current intensity of the photoelectrochemical cell with M W N T both in the dark and 

under illumination is greater than that of the cell without M W NT, suggesting enhanced 

charge carrier transport in the polymer film with M W N T  as seen before.

Table VII.3 Short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and power 
efficiency (ii) o f ITQ / M 3EH-PPV /  T̂ Vr / Pt and ITQ /  M3EH-PPV-KMWNT /1^71' / Pt cells.

Film
Jsc V oc FF

(laA/cm^) (mV) (%) ( X  10'^ % )

M 3EH-PPV 18.63 141 31.4 1.65

M 3EH -PPV +M W N T 20.78 97 30.9 1.24

This resulted in the short current density of the M3EH-PPV-I-MWNT cell to be greater than 

that of the M 3EH-PPV cell. However, the open-circuit voltage of the cell with M W N T 

dropped by 40 mV. The power efficiency of the M 3E H -PPV + M W N T  

photoelectrochemical cell therefore was overall slightly smaller than that o f  the M 3EH- 

PPV cell.
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VII.5. Conclusions
In this Chapter, photophysical processes in bilayers and blends comprising carbon 

nanotubes and the use of nanotubes in organic photovoltaic devices were studied and 

analysed.

No electronic interaction in the ground state were found to occur between Pm PV, M 3EH- 

PPV and multi-walled carbon nanotubes, while a slight decrease in photoluminescence 

intensity in Pm PV and M W N T composite w asn’t believed to be attributed to charge 

transfer between PmPV and M W NT.

Absorption and photoluminescence studies on M 3EH -PPV  and Pm P V + M W N T  bilayers 

however revealed that energy transfer from M 3EH -PPV  to Pm PV, followed by charge 

transfer from M 3EH -PPV  to M W N T  is likely to occur.

As regards the use of nanotubes in polymer solar cells, we measured the photovoltaic 

response of cells using a nanotube and polymer composite and a thin M EH -PPV  buffer 

layer in a sandwich structure with ITO as the anode and A1 as the cathode. Moreover, an 

ITO / M3E11-PPV+MW NT / I'^Vr / Pt photoelectrochemical cell was prepared and 

characterised.

The ITO / M EH-PPV / PPV-t-MWNT / Al photovoltaic cell was found to have an operating 

voltage (Voc) of 1.33 V, a short-circuit current density (Jsc) o f  4.05 m A /cm “ and a power 

conversion efficiency (r|) of  11.2x10 '* % under 80 mW/cm^ white illumination through 

ITO. The presence of M W N T  widened the optical active layer and increased the power 

conversion by an order o f  magnitude, compared to a cell without M W NT.

Increased short-circuit density in polytertiophene based photoelectrochemical cells with 

M W N T was also observed.

We have concluded that the carbon nanotubes have allowed electrons to be transferred and 

efficiently transported, via their continuous conductive network, to the Al electrode. In 

addition, we have seen that electrochemical changes at the composite  / Al interface have 

lead to an increase in open-circuit voltage in polymer solar cells.
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Chapter VIII CONCLUSIONS AND IDEAS 

FOR FUTURE WORK

VIII.l. Conclusions
The discovery o f  carbon nanotubes has marked an important milestone in materials science 

and nanotechnology, due to the prospects for their use in future nano-scale applications. 

The work presented in this Thesis has clearly demonstrated that carbon nanotubes can be 

used as charge transport media in organic devices.

In order to understand the physics o f  conjugated polymers based organic devices without 

the use of carbon nanotubes, we firstly prepared and characterised single layer organic 

light-emitting diodes (OLEDs) and organic photovoltaic devices.

W e presented the electrode limited injection model at a Schottky barrier interface between 

a polymer and a metal, and the space charge limited bulk conduction m echanism in 

conjugated polymers. Single layer O L E D s’ current-voltage characteristics were analysed 

using both models in order to extract intrinsic parameters such as the po lym er’s Fermi 

energy level, or majority charge carriers’ mobility.

As regards single layer photovoltaic devices, we discussed the results in terms o f  optical 

filter effect and found that only a very thin layer was photo-active in single layer polymer 

solar cell, resulting in power efficiency being greater for thinner polymer solar cells.

Research characterising polymer and carbon nanotube composites (Pm PV +M W N T) 

determined that the nanotubes can be easily purified, processed and then used in existing 

all organic devices.

Both DC and AC conductivities of the nanotube and polymer composite were measured 

and percolation scaling laws were used to discuss the results. Percolation threshold pc = 

0.055 % by mass and exponent t = 1.36 were extracted from the experimental data. The 

extrapolated conductivity for a nanotube film was significantly lower than expected with 

Ont =10'^ S/m. W e suggested that this was due to a thick coating o f  polymer, resulting in 

poor electrical connection between nanotubes and concluded that conduction in this system

183



Chapter Vlll Conclusions and Ideas for Future Work

is due to fluctuation induced tunnelling.

Absorption and photoluminescence studies on Pm PV + M W N T  composites and M 3EH- 

PPV and Pm PV +M W N T bilayers were also carried out. No electronic interaction in the 

ground state was found to occur between PmPV, M 3EH -PPV  and multi-walled carbon 

nanotubes. Charge transfer between Pm PV and M W N T  was believed to be very unlikely, 

as photoluminescence intensity in Pm PV +M W N T composites only decreased slightly as 

the M W N T  content increased. However, absorption and photoluminescence studies on 

M 3EH-PPV and Pm PV +M W N T bilayers revealed that energy transfer from M 3EH-PPV to 

PmPV, followed by charge transfer from M 3EH-PPV to M W N T  is likely to occur.

As regards the use o f  the Pm PV +M W N T composite in M 3EH -PPV  based OLEDs, 

introduction of the composite layer causes a potential barrier to both holes and electrons at 

the M 3EH -PPV  / composite interface. This barrier decreased with nanotube to polymer 

mass ratio leading to larger device currents. However, at all nanotube to polymer mass 

ratios used for the composite, the relative efficiencies for the devices using this material as 

an electron-transport layer improved compared to the M 3EH -PPV  single layered devices. 

The optimum in the relative efficiency was observed for a nanotube mass ratio o f  1.2 %.

Concerning the use of nanotubes in polymer solar cells, we measured the photovoltaic 

response of cells using a nanotube and polymer composite and a thin M EH -PPV  buffer 

layer in a sandwich structure with ITO as the anode and A1 as the cathode. Moreover, an 

ITO / M 3EH -PPV +M W N T / 1̂ 71" / Pt photoelectrochemical cell was prepared and 

characterised. The presence o f  M W N T  widened the optical active layer and increased the 

power conversion by an order o f  magnitude, compared to a cell without M W N T, while 

increased short-circuit density in polytertiophene based photoelectrochemical cells with 

M W N T was observed. W e concluded that the carbon nanotubes have allowed electrons to 

be transferred and efficiently transported, via their continuous conductive network, to the 

A1 electrode.

VIII.2. Future Work
While these results have shown that one particular class o f  organic materials: carbon 

nanotubes can be used as charge transport m edia to enhance the efficiency o f  existing 

organic devices, there are still improvements to be made.
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As regards increasing the power efficiency of polymer solar cells with M W N T , work is 

ongoing to use M W N T  in conjugated polymer and Ceo derivatives blend cells in order to 

both tackle charge transfer and charge transport in such organic devices. Another 

interesting subject to explore will be the use of photonic bandgap structures to extend the 

range of available low bandgap materials. Such photonic structures may even be realised in 

an highly ordered structure consisting o f  co-block polymers.

However, a common problem for all the applications of conjugated polymers will also 

remain: stability. Even though the expectation on the lifetimes o f  electronic devices is 

shrinking due to very short life / fashion cycles o f  such applications and even though 

industry may be interested in the cost o f  an item rather than in a very long durability o f  it, a 

shelf lifetime o f  several years as well as an operational lifetime o f  tens o f  thousands of 

hours are requested for all durable applications. Conjugated polymers have to be protected 

from air and humidity to achieve such lifetimes. These protection m ethods are being 

developed for light emitting diodes (LEDs) as well as PV elements. Their effectiveness is 

going to be crucial for the success of any applications using these materials. Recent reports 

from LED research indicate that the stability problem has been sufficiently overcome in 

order to enter into large scale applications, which in turn is a good sign for plastic solar 

cells.
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