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0.1 Technical Summary

Polymer based solar cells are interesting because their fabrication process can be less expensive and
less complicated as compared to that of inorganic solar cells. Bulk heterojunction polymer fullerene
solar cells consist of an absorber layer of an interpenetrating network of donor (polymer) and accep-
tor (fullerene) materials sandwiched between two electrodes, carefully chosen to selectively transport
one type of the optically generated charge carriers and block the other. Usually Indium Tin Oxide
(ITO) and Aluminium (Al) are used as electrodes. For improved performance, a PEDOT:PSS layer
is spin-coated between ITO and the absorber layer. The physics of such solar cells is only scarcely
understood, and low energy conversion efficiencies have held back their application. If the physics
is understood, then it will be possible to optimize device fabrication and performance and hence,
improve the efficiency and lifetime of such devices so that high efficiency practical solar cells can be
made out of these materials.

In this work, transport properties of the donor poly(hexyl-thiophene) (P3HT), acceptor [6,6]-
phenyl-C61 butyric acid methyl ester (PCBM), and P3HT:PCBM blends of selected ratios, were stud-
ied, by analysing dark, temperature dependent current-voltage characteristics of P3HT sandwiched
between various pairs of electrodes. This was done in order to establish the current limiting mech-
anisms in the respective devices. Interface potential barriers were estimated from Fowler-Nordheim
and /or Richardson-Schottky emission theories. In cases where the contacts were ohmic, the current
conduction was found to be limited by bulk transport properties of the P3HT itself, and the trap den-
sity could also be estimated from space charge limited current (SCLC) models with traps distributed
at different depths within the band gap.

In order to establish the role of the PEDOT:PSS layer spin coated between the positive ITO elec-
trode and absorber layer, studies of solar cells prepared from single layer P3HT, PCBM or blend
devices with, and without the PEDOT:PSS layer were done. The obtained parameters could be used
to explain some of the features observed in the current-voltage characteristics of solar cells employ-
ing P3HT:PCBM blends as absorber. Such understanding leads to some clue as to what must be
varied in such solar cells in order to improve their efficiency.

We concluded that besides participating as an electrode, the PEDOT:PSS layer provides the charge
separating interface in blend devices. It is suggested that the observed optimum exciton splitting
network consists of a homogeneous P3HT:PCBM weight ratio of 1:1 corresponding to 6 monomer
units of P3HT per molecule of PCBM. Extra amounts of either material introduce shielding effects
which reduce the exciton splitting efficiency.

It was observed that the efficiency of P3HT:PCBM solar cells improves after a thermal annealing
step. Experiments were carried out to determine why this is so, by studyingJ(V) characteristics of
P3HT, PCBM or P3HT:PCBM blend sandwiched between ITO and Al and/or ITO/PEDOT:PSS and
Al electrodes. It was established that the number of traps decreases on annealing P3HT, and this was
attributed to oxygen dedoping of the P3HT. It was also established that the hole injecting barrier at
the PEDOT interface increases on thermal annealing of all three materials. On thermally annealing
the cells, different degrees of conglomeration of pure PCBM islands within the P3HT:PCBM blends
were also observed, dependent on the P3HT:PCBM ratio, and commensurate with the observed in-
crease in efficiency.

iv



0.2 Zusammenfassung

0.2 Zusammenfassung

Organische Solarzellen sind interessant, da ihre Herstellung im Vergleich zu anorganischen So-
larzellen g̈unstiger und weniger aufẅandig ist. Eine ”Bulk Heterojunction Polymer - Fullerene”
Solarzelle besteht aus einer Absorberschicht aus einem Donator-Akzeptor Gemisch, das sich zwis-
chen zwei Elektroden befindet, die so ausgewält werden, daß jeweils eine Art der optisch erzeugten
Ladungstr̈ager transportiert wird, ẅahrend die andere blockiert wird.Üblicherweise verwendet man
Indium-Zinn-Oxid (ITO) und Aluminium (Al) als Kontakte. Zur Verbesserung des Wirkungsgrades
wird zwischen die ITO- und die Absorberschicht PEDOT:PSS aufgebracht. Die Physik solcher So-
larzellen ist noch in den Anfängen und die geringen Wirkungsgrade haben bisher ihre Anwendung
verhindert. Sobald die Physik verstanden ist, kann nicht nur die Herstellung und Funktion dieser So-
larzellen optimiert werden, sondern auch der Wirkungsgrad und die Lebensdauer verbesert werden,
so daß hocheffiziente, praktische Solarzellen produziert werden können.

In dieser Arbeit wurden die Transporteigenschaften des Donators P3HT, des Akzeptors PCBM
und von Gemischen von P3HT:PCBM in verschiedenen Verhältnissen untersucht, indem die tem-
peraturabḧangigen Stromspannungskennlinien von P3HT-Dioden mit unterschiedlichen Elektroden
analysiert wurden, um jeweils den strombegrenzenden Mechanismus zu bestimmen. Die Energiebar-
rieren an den Grenzflächen wurden mit Hilfe der Fowler-Nordheim- bzw. der Richardson-Schottky-
Theorie abgescḧatzt. Im Falle ohmscher Kontakte wurde festgestellt, dass der Strom durch die Vol-
umeneigenschaften von P3HT begrenzt wurde. Die Störstellendichte konnte dann aus der Theorie
der raumladungsbegrenzten Ströme (SCLC) ermittelt werden.

Um die Rolle der zwischen der ITO Elektrode und der Absorberschicht aufgebrachten PEDOT:PSS
Schicht zu kl̈aren, wurden Untersuchungen an Dioden mit P3HT, PCBM und Gemischen aus beiden
Materialen mit und ohne PEDOT:PSS gemacht. Mit den auf diese Weise gefundenen Parametern
konnten einige Aspekte der Stromspannungkennlinien von P3HT:PCBM Solarzellen erkärt werden.
Eine derartiges Verständnis liefert Anhaltspunkte dafür, welche Parameter geändert werden m̈ussen,
um den Wirkungsgrad dieser Solarzellen zu erhöhen.

Wir kamen zu dem Schluß, dass die PEDOT:PSS Schicht nicht nur als Elektrode, sondern auch als
ladungstr̈agertrennende Grenzfläche fungiert. Die optimale Exziton-Aufspaltung wurde bei einem
homogenen P3HT:PCBM Gewichtsverhältnis von 1:1 beobachtet, was einem Verhältnis von sechs
P3HT Monomer-Einheiten zu einem PCBM Molekül entspricht. Abweichungen von diesem Mis-
chungsverḧaltnis haben Abschirmungseffekte zur Folge, die zu einer Senkung der Effektivität der
Exziton-Aufspaltung f̈uhren.

Es wurde beobachtet, daß es nach einem Temperschritt zu einer Erhöhung des Wirkungsgrades von
P3HT:PCBM Solarzellen kommt. Um die Ursache zu klären, wurden die Stromspannungskennlin-
ien von P3HT, PCBM und P3HT:PCBM-Dioden mit ITO und Al bzw. ITO/PEDOT und Al als
Elektroden untersucht. Dabei stellte sich heraus, dass es durch Tempern von P3HT zu einer Ver-
ringerung der Sẗorstellendichte kommt, die auf Entfernen von Sauerstoff zurückzuf̈uhren ist. Zudem
wurde in allen drei Materialen festgestellt, dass die Energiebarriere für die Injektion von L̈ochern
an der PEDOT:PSS Grenzfläche durch das Tempern erhöht wird. Desweiteren bewirkte das Tem-
pern der P3HT:PCBM-Solarzellen eine unterschiedlich starke Bildung von PCBM-Inseln, die vom
P3HT:PCBM-Verḧaltins abhing und dem beobachteten Anstieg der Wirkungsgrades dieser Solarzellen
korreliert war.
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0.3 Preamble

NATURE - the entire universe (including the earth-atmosphere system) is a physical system that is
constantly trying to achieve thermal equilibrium. Matter and energy are therefore being constantly
exchanged in space and time to try and achieve this equilibrium on local and universal scale. These
move from spaces of high to those of lower concentration at speeds determined by external fields and
concentration gradients. The media that transport energy and matter, like solids, liquids and gases,
as well as man, plant and animal life are vehicles through which local and universal thermal equi-
librium is being achieved. Our environment is the earth-atmosphere system fueled by solar energy.
The position of the sun in the solar system, the elliptical orbit of the earth around sun, the rotation of
the earth about its axis, and the inclination of the earth’s axis to the ecliptic plane govern the natural
distribution of energy in the earth-atmosphere system. We are all matter transforming into energy
and vice versa in the vast infinity of space and time, which also transform one into the other con-
tinuously. The only way for man to get enough food and thermal comfort as efficiently as possible,
in a sustainable manner, is to live in harmony with nature and with each other within the commu-
nity, and for communities to live in harmony with each other, countries and continents alike. Man,
unlike other animals and plants, can deliberately enact policies that guarantee this sustainability and
harmony, and can also destroy these if not careful and considerate enough. Man must acknowledge
the importance of living with the deep rhythms of nature and understand that when we conduct our
activities aligned with the world’s natural cycles, the energy of our actions is blessed by the energies
of nature.
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1 Introduction

We discuss the need for research in polymer solar cells and outline the aims and objectives we set
out to meet. We describe the structure of the thesis and give small summaries of the main aspects
investigated in each chapter.

1.1 Background

In the quest to meet mankind’s monotonously increasing energy demand in face of dwindling fossil
fuel reserves, renewable energy has been identified as the most environmentally friendly and viable
complement. Renewable energy sources comprise of all naturally flowing energy streams, continu-
ous or periodical within time scales ranging from minutes to days. If such natural flows of energy
are not harnessed, they are just dissipated in the natural cycles which try to achieve universal thermal
equilibrium. Harnessing renewable energy requires technologies that convert the naturally flowing
energy streams to forms convenient for human requirements, before allowing the energy to flow back
into the natural cycle through a load of our choice.

Renewable energy harnessing technologies include photovoltaic systems, solar thermal applica-
tions, wind mills, wind energy electricity generators, micro-hydro power plants, biomass/biogas
plants, geothermal, wave and tidal plants, and their associated energy storage components.

Photovoltaic electricity generation has the singular advantage of being modular, thus decentralized
electricity generation, and systems of different sizes are possible. The conversion of solar radiation
into electrical energy by means of solar cells has been developed as a part of satellite and space travel
technology. The theoretical efficiency of solar cells is about 30 percent, and in practice, efficiencies
as high as 25 percent have been achieved with silicon photovoltaic laboratory devices. Overall system
efficiencies are in the range of 10 to 14 percent [1]. The technology of photovoltaic devices is well
developed, but large scale application is hampered by the high price of the cells.

The widespread use of solar power has been elusive because it can be difficult and costly to man-
ufacture the commercial photovoltaic cells, which are made of inorganic crystals such as silicon.
One possible alternative to circumvent this problem is to develop photovoltaic cells from materials
that can be processed as easily as plastics. Organic solar cells have a singular advantage over their
inorganic counterparts, in that they are much less expensive to produce. They do not require the
high deposition temperatures or complex processing as required in inorganic devices, and they can
be deposited onto large flexible substrates. For example, organic cells might be made in different
colors and be flexible enough to use on window blinds, walls, and other materials in buildings. This
provides design options that could lower the cost of using the cells. Unfortunately, lagging energy
conversion efficiencies have held their application back.

The last few years have seen a tremendous progress in the application of organic materials for
photovoltaics following the success of this class of materials in other electrical, electronic and op-
toelectrical applications. Dye sensitized solar cells as well as Plastic Solar Cells are already on the
verge of industrial production. In addition, they have also stimulated further investigations of pure
organic solid-state cells as well as new cell structures such as interpenetrating networks of donor and
acceptor-type materials.

1



1 Introduction

Conjugated polymers are interesting materials for the fabrication of electronic devices such as
light emitting diodes [2] solar cells [3], [4], and thin film field effect transistors [5] on flexible
substrates. Poly(3-hexylthiophene) (P3HT) has emerged as one of the very promising materials and
is currently a subject of intense research. For instance, power conversion efficiencies of solar cells
based on P3HT-fullerene blends of up to 3.5 % have been reported, [6] [7] while P3HT field effect
transistors reaching mobilities of 0.05 to 0.1 cm2/Vs and on - off current ratios of>106 have been
achieved [8]. However the physics of devices based on P3HT is only scarcely understood.

The understanding of the basic physics underlying the electrical, thermal and optical behavior
of organic polymeric materials is essential for the optimization of devices fabricated using these
materials.

1.2 Aims and Objectives

The aim of this project is to contribute towards the understanding of the operation of organic conju-
gated polymer electronic devices, like light emitting diodes (PLEDs), field effect transistors (FETs)
and polymer solar cells, under different conditions. If the physics is understood, then it will be possi-
ble to optimize device fabrication and performance and hence, improve the efficiency and lifetime of
such devices so that high efficiency practical solar cells can be made out of these materials in the not
so far future. This would go a long way towards cost reduction of solar cell technology, and hence
increase the population that can afford them. All benefits that come with cheap electricity would
then be made available to more than the 2 billion people of this world who rely mainly on daylight
and firewood as main sources of energy.

We proposed that by systematically studying electrical and optical behaviour of separate compo-
nents that make up the solar cell, useful information can be extracted, which helps in explaining the
behaviour of the composite device.

1.3 Factors that affect solar cell performance

The conversion efficiency of a photovoltaic (PV) cell is the proportion of sunlight energy that the cell
converts to electrical energy. The efficiency of solar cells is affected by a variety of factors, which
are discussed herein. Improving this efficiency is vital to making PV energy competitive with more
traditional sources of energy.

1.3.1 Absorption of solar radiation

Absorber materials should be of sufficient band gap to absorb radiation within the UV and visible
range of the solar spectrum. Unit absorptance, i.e., ratio of total absorbed flux to incident flux is
ideal, but in practice this is lower than 1. The limit of efficiency is first determined by the amount of
solar radiation which is incident on the cell but can not be absorbed.

1.3.2 Generation of electron - hole pairs

Only photons with energy greater than or equal to the band gap of the material can excite an electron
from valence band to conduction band. All those photons with energy smaller than the band gap are
just transmitted through and do not count towards the generation of electron-hole pairs (EHPs) in
the device. Those photons with energies greater than the band gap can only generate one electron
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hole pair, unless the energy of the photons is two times, or more than, the required, so that it may
happen that one photon may generate two EHPs. The fraction of photons with energy equal to twice
or greater than band gap energy is however negligible. We may therefore safely assume that each
absorbed photon is capable of creating only one electron-hole pair. This means that excess energy
is dissipated in the lattice, and may increase the temperature of the cells. It must be possible then to
calculate the loss of efficiency only due to unabsorbed radiation, as we describe below.

Planck’s law gives the wavelength distribution of radiation emitted by a blackbody,Eλ:

Eλ =
2πhC2

o

λ5[exp(hCo/λkBT)−1]
, (1.1)

whereλ is wavelength,h is Plancks’s constant andkB is Boltzmann’s constant. The groups 2π hCo
2

andhCo/kB are often called Planck’s first and second radiation constants, and given the symbolsC1

andC2, respectively. Recommended values areC1 = 3.74x10−16 m2W andC2= 0.0144 mK. [9]
Equation (1.1) may thus be written as:

Eλ =
C1

λ5[exp(C2/λT)−1]
, (1.2)

Equation (1.2) can be integrated to give the radiation between any wavelength limits. The total
emitted from zero to any wavelengthλ is given by:

E0−λ =
∫ λ

0
Eλbdλ, (1.3)

Substituting Eq. (1.2) into Eq. (1.3) and noting that by dividing byσT4, the integral can be made
to be only a function ofλT,

fo−λ =
∫ λT

0

C1d(λT)
σ(λT)5[exp(C1/λT)−1]

, (1.4)

whereσ is the Stephan-Boltzmann constant. The value of this integral is the fraction of the black-
body energy between zero andλT, and has been calculated by Sargent [10] for convenient intervals,
as presented by Duffie and Beckman [9]. If the sun is assumed to be a blackbody at 5777 K, the
fraction of energy between zero and the red edge of the visible spectrumλT = 0.78µm× 5777 K =
4506µmK is 56 %.

[h]
We performed absorption spectrometry in order to determine the optical properties of materials

used as well as the usable part of the solar spectrum for electron-hole generation. The Airmass 1.5
solar spectrum is shown in Fig. 1.1. Superimposed are the absorption spectra for P3HT, PCBM,
and for the P3HT:PCBM blend in a 1:3 mass ratio composition. For P3HT, the absorption edge is at
about 0.68µm. The fraction of energy in the zero toλT range is therefore about 46 %. In the case
of [6,6]-phenyl-C61 butyric acid methyl ester (PCBM), a methano-fullerene electron acceptor, there
is no appreciable absorption after 0.55µm, and the fraction capable of generating electron-hole pairs
is therefore about 32 %. Hence, it is not expected that the energy conversion efficiency of the best
P3HT:PCBM based solar cell exceeds the fraction of energy of the photons carried by the photons
whose energy is larger than the required to create electron-hole pairs in the two materials. The
limiting efficiency of such solar cells, only based on radiation that can not be absorbed is therefore
about 46 %. Note that such a value would be reached only if the two materials absorbed like black
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Figure 1.1:Comparison of the absorption spectra of the active components with the AM1.5 solar
spectrum. The absorption spectrum of the P3HT:PCBM blend is a superposition of the
individual spectra of P3HT, and of PCBM.

bodies, where the absorptance is 100 % independent of wavelength, and if every absorbed photon
generated an electron hole pair that is collected. This is obviously not the case.

It may happen that some of those photons with the potential to generate electron - hole pairs
are reflected by the surface (reflection losses), and due to the small thickness of the cell some are
transmitted (transmission losses) without being absorbed. Selection of materials is therefore a fun-
damental step in the development of solar cells. The synthesis of solution processable conjugated
polymers with different bandgaps provides a wide potential of candidate materials for organic solar
cells.

1.3.3 Separation of electrons from holes

It is not sufficient to just create electron-hole pairs, i.e., an electron moving from valence to conduc-
tion band, since these will recombine radiatively at the first possible opportunity. It is necessary to
move the electron away from the hole and to ensure that the two do not recombine. For this to hap-
pen, some mechanism must provide a force equal to or greater than the Coulombic attraction force
between the electron and the hole, such that it will be preferable for the electron to stay away from
the hole, or even to move away from it. If such a force is non-existent, the electron and hole will re-
combine radiatively, emitting bandgap energy that it had absorbed. Such emission may be observed
as photoluminescence. In polymers, the formed electron-hole pair bound by Coulombic forces is
called an exciton, and may be split at defects or interfaces with other materials. For example, almost
complete quenching of photoluminescence was observed on mixing P3HT and PCBM, suggesting
an effective electron transfer from P3HT to PCBM. The idea of bulk heterojunction solar cells is to
create as many exciton splitting interfaces as possible within the bulk of the absorber materials.
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1.3.4 Maintenance of the electron-hole separated state

Once separated the solar cell configuration must ensure that the electron and hole remain separated.
This may be achieved by creating paths that selectively transport holes and block electrons, or vice
versa, or both. In a single layer device, negative electrode materials that have work functions close to
the conduction band, and positive electrode materials with workfunctions close to the valence band
energy is one option, while a two layered device with different types of conductivity (eg. p and n), is
another option. In the latter, the negative and positive electrodes could have the same workfunction.

1.3.5 Transport to electrodes

The separated electrons must be transported to one electrode, and the holes to another electrode,
where their lifetime should be long. This creates a voltage that is measurable on an illuminated
solar cell. The generation rate should be greater than the recombination rate in order to observe the
photovoltaic effect.

The maximum voltage is determined by the difference in potential of the valence (or transport
level for holes) and conducting (transport level for electrons) bands, i.e., when all possible valence
electrons have been excited to the conduction band. Barriers at the electrode/absorber interfaces also
play a critical role on the collection of the generated charges. Big potential barriers limit charge
collection. Ideally zero barrier is the best. Electrode materials must form ohmic contacts with the
polymer. The electron collecting electrode must form an ohmic contact with the conduction band
(CB), while the hole collecting material must form an ohmic contact with the valence band (VB).
Best electrodes are therefore those whose workfunctions are aligned to the VB and CB, respectively.

The natural resistance to electron flow in a cell decreases cell efficiency. These losses predom-
inantly occur in three places: in the bulk of the primary solar cell material, in the thin top layer
typical of many devices, and at the interface between the cell and the electrical contacts leading to
an external circuit.

Like in any battery, the recombination path through the cell should be difficult as compared to the
short circuiting of the two electrodes. This way it is possible to let a current flow through an external
circuit, in order to try and destroy the non-equilibrium state created.

1.4 Scope

The second chapter briefly reviews, and introduces into the thesis, concepts related to solar cells in
general, and to organic solar cells in particular. The accepted model of the operation of p-n junction
solar cells is discussed bringing out the uncertainties related to that model, and hence emphasizing
the need for a systematic study of the operation of organic solar cells. The subject of metal - semicon-
ductor interfaces is treated with a view of understanding current limiting mechanisms. The models
that describe charge injection and transport in single and double carrier devices (the Richardson
Schottky thermionic emission, Fowler-Nordheim field emission, and space charge limited currents
(SCLC) models) are briefly summarized.

The properties of the materials used (structures and mechanisms of degradation), and the meth-
ods used in preparing devices, measuring and analysis of data, are discussed in chapter 3, high-
lighting positive and negative aspects, where possible. The materials used included the solvents
(Acetone, Isopropanol, Chloroform, Toluene, and Chlorobenzene), polymers and electrode materials
(ITO, PEDOT-PSS, Poly(3-hexylthiophene), PCBM, Aluminium, and Gold). The methods used in
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the project included substrate cleaning and electrode patterning; ultra-sonication, plasma etching,
spin coating, thermal evaporation in vacuum, dark, and illuminated temperature dependent current-
voltage (J(V)) measurements; external quantum efficiency measurements; absorption spectrometry;
and surface profiling with an atomic force microscope. These are described in the second part of
chapter 3.

We make an in depth study of charge injection and transport theories, explore their strengths and
weaknesses, and combine them in order to interpreteJ(V) characteristics of metal/polymer/metal
sandwich devices. The explanations are centred on the studies done for ITO/P3HT/Al (chapter 4)
and ITO/PEDOT:PSS/P3HT/Al (chapter 5) devices, with the vision of simplifying the interpretation
of J(V) data for one component diodes, and latter for the hetero-junction solar cell. Some of the
determined parameters include charge injection mechanisms, transport mechanisms, transition from
injection limited to bulk limited conduction and vice versa, charge carrier density, charge carrier
mobility, variation with temperature, variation with field strength, contribution of tunneling currents,
contribution of thermionic currents, calculation of effective interface barriers, trap density in the
bulk, activation energy and effects of thermal annealing, as well as effects of illumination on theJ(V)
characteristics.

The experiments to study charge injection and transport in electrode/Polymer/electrode devices,
where Polymer is either PCBM; or the P3HT:PCBM blend, and electrodes: ITO; PEDOT:PSS; Au
and Al, are described in chapter 6.

Chapter 7 looks at the performance, and improvement of efficiency of polymer-fullerene solar
cells based on Poly(3-hexylthiophene). We discuss possible manifestations of the studies described
in chapters 4, 5 and 6, in a solar cell based on P3HT. Dark characteristics and illuminated temperature
dependentJ(V)characteristics are presented, as well as external quantum effieciency curves, in a
bid to extract the efficiency limiting mechanisms. Effects of heat treatment on morphology and
performance, as well as effects of donor:acceptor ratio, are discussed. In the third section a model of
an ideal organic solar cell based on: origin and limit of Voc, origin and limit of short circuit current,
and limit of Fill Factor is proposed.

Chapter 8 describes the experiments carried out to establish why the efficiency of P3HT:PCBM
solar cells improves after a thermal annealing step. Chapter 9 gives the main conclusions and rec-
ommendations.

Although each chapter is written in such a way that it can be read as a complete unit, it is more
informative to read them in the order presented here because some of the conclusions reached in
preceding chapters may be used without much elaboration in subsequent chapters.

1.5 Main ideas

Below are some of the main ideas developed during the course of this research.
(a) We proposed that the total current in electrode/semiconductor/metal structures is comprised

of the sum of the tunneling and the thermionic emission currents, and identified the corresponding
regions in Fowler - Nordheim plots. We also showed that there is no defined boundary between the
two effects but rather that the measured currents are a superposition of the two, with one dominating
theJ(V)characteristics under given conditions.

(b) The exponential trap distribution model has been briefly described, and an expression for the
calculation of the total trap density was deduced, clarifying the limiting values of a pre-factor that
defines the validity of the model. The deduced expression yielded reasonable agreement with our
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experimentalJ(V) data for ITO/PEDOT:PSS/P3HT/Al devices. The total deep hole trap density was
estimated to be 5× 1016 cm−3, and the activation, energy at absolute zero temperature, was obtained
to be 54 meV. A hole mobility of 3 x10−5 cm2/Vs, at 304 K was also estimated under trap-free space
charge conditions.

(c) We have shown that thermal annealing of ITO/P3HT/Al devices occurs in two stages, the first
leading to a reduction in the conductivity due to dedoping of impurities like oxygen, remnant solvent
and water vapour, and the second stage leading to an increase in conductivity, which we attribute to
stronger interchain interaction resulting from re-ordering and densification of the polymer chains.

(d) We concluded that the optimum donor acceptor ratio by molecular numbers is 6 P3HT monomer
units to one PCBM molecule. This ratio ensures the maximal photo-induced electron transfer from
P3HT to PCBM. Annealing of the blend devices reduces traps in the blend, concentrates PCBM
into islands, thereby conducing to the optimum 6:1 ratio, and hence the efficiency of the solar cells
increases. The pure PCBM islands are regarded as dead parts of the cell.

(e) We concluded that P3HT/PCBM heterojunctions provide the exciton splitting interfaces, while
the PEDOT:PSS/P3HT:PCBM interface provides the charge separating interface in the bulk hetero-
junction solar cells. Considering that PEDOT:PSS is p type material, the P3HT:PCBM blend may be
considered to play the role of an n type material, and the p-n junction theory may be used to describe
some of the features of the developed solar cell.
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We briefly review, and introduce concepts related to solar cells in general, and to organic solar cells
in particular. The subject of metal - semiconductor interfaces is treated with a view of understanding
current limiting mechanisms. The models that describe charge injection and transport in single and
double carrier devices are briefly summarized.

2.1 Semiconductor theory

A conductor may be described as a substance in which the free electron density is of the same order
as the density of atoms, while an insulator is a substance in which the density of free electrons is
negligible when compared to atomic density. In insulators, the ratio of free electrons to atoms per
unit volume is less than 10−20. Semiconductors are defined for ratios greater than this. Metallic con-
ductivity is typically between 106 and 104 (ohm.cm)−1 while typical insulators have conductivities
less than 10−10 (ohm.cm)−1. Some solids with conductivities between 104 and 10−10 (ohm.cm)−1

are classified as semiconductors. Insulators and semiconductors belong to the same class of materials
- a class in which electrons are not free to move from one atom to another; their difference is one of
degree.

All crystals in which the covalent bond is operative exhibit intrinsic semi-conductivity to a greater
or lesser degree, but in many crystals the energy required to free an electron is so large that at
room temperatures only a very few holes and electrons exist per unit volume and the conductivity is
negligible. Extremely small percentages of certain impurities, the atoms of which replace atoms in
the parent substance in the lattice, can give rise to a similar type of conductivity. In connection with
impurity semiconduction, there is always a degree of intrinsic semiconductivity present. For that
reason, the conductivity is never wholly n or p type. Both holes and electrons are always present. We
speak of the major part of the current as the majority carriers and of the minor part as the minority
carriers.

The most striking difference between metals and semiconductors is that, in the former, the number
of carriers is large and constant, whereas in the latter the number is smaller and variable. This variable
characteristic suggests that, in semiconductors, the number of carriers, and hence conductivity may
be controlled. This control may be effected by control of impurity content, but the carrier density
may also be varied for a material of fixed impurity content. The ability to control the carrier density
in semiconductors is the main reason for their great technological importance.

A semiconductor doped with impurities, which are ionized (meaning that the impurity atoms either
have donated or accepted an electron), will contain free carriers. Shallow impurities are impurities,
which require little energy - typically around the thermal energy,kBT, or less - to ionize. Deep im-
purities require energies much larger than the thermal energy to ionize so that only a fraction of the
impurities present in the semiconductor contribute to free carriers. Deep impurities, which are more
than five times the thermal energy away from either band edge, are very unlikely to ionize. Such im-
purities can be effective recombination centers, in which electrons and holes fall and annihilate each
other. Such deep impurities are also called traps. Ionized donors provide free electrons in a semicon-
ductor, which is then called n-type, while ionized acceptors provide free holes in a semiconductor,
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Figure 2.1:The broadening of energy levels occurs when atoms of an element are brought into close
proximity as in a solid.

which we refer to as being a p-type semiconductor.

2.1.1 Charge carrier mobility

Mobility is measured in (cm/sec) per (volt/cm); i.e. the average velocity of a carrier in a field of
1 Volt/cm. For a material exhibiting little intrinsic conductivity, and having effectively only one
type of impurity, the mobility is very high. In absolute terms mobility varies enormously from one
semiconductor to another. The outstanding case of a material having a high carrier mobility which
can be used is indium antimonide. The electron mobility in this substance may be as high as 65000
cm2/Vs, compared with a typical value for silicon of 100, and for Polythiophene of 0.1 to 10−5 in
the same units.

The concept of mobility is very important because it provides us with information on how fast
a charge carrier will move per unit applied field. Achievable fields for a given solar cell maybe
limited by the energetics of the materials employed and dopant concentration, but the current that
can be collected will depend strongly on how fast the charge carriers move under the influence of
the generated external voltage. Electric current measures the number of charge carriers that cross a
unit cross sectional area per unit time. Area of a solid state device may be considered constant, so
mobility becomes the important comparison parameter.

2.1.2 The energy gap

The quantum physics picture of the metallic conductor stresses the importance of energy levels and
energy bands. In the case of a simple metal such as zinc in the gaseous state, the two valency
electrons are in the 4s state, and an energy diagram of the s and p levels would look like the part to
the right of the dotted vertical line of Fig. 2.1 .

For low temperature the atoms are closer together, and the simple s and p levels split up into bands
which overlap. In the metallic crystal the distances are such that the overlap is considerable. The
4s electrons can now pass to the unfilled band represented by the expansion of the p level. In fact,
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the atoms have become so closely interknit that the individuality of the discrete s and p levels has
disappeared. Very little energy is sufficient to move an electron in the metal into the unfilled band.

In a semiconductor the two bands (the filled band and unfilled band or conduction band) do not
overlap, but they are separated by such a small gap that the thermal energies due to ordinary temper-
atures are of the same order of magnitude. An insulator would have an energy gap greater that 7 eV.
In a semiconductor thermal energy can raise electrons from the filled to the conduction band.

2.1.3 Junction theory, Fermi level

If there happens to be an allowed level with energyE = EF it is equally likely to be occupied or to be
empty. In any case, all the levels withE>EF are more likely to be empty, than occupied and all levels
with E < EF are more likey to be occupied than empty. The energy corresponding toEF is called
the Fermi level. The Fermi level is related to the thermodynamic potential, and so is constant for a
system made up of different ”phases”, e.g., two different semiconductors in contact. If two materials
have different Fermi levels, on bringing them into intimate contact, the difference in Fermi levels
creates a potential difference which will cause electrons to move from one material to the other, until
the Fermi levels align.

2.1.4 The p-n junction diode

In a p-doped material, the Fermi level is close to the valence band, i.e. below the midgap position,
while in an n-doped material the Fermi level is close to the valence band (above midgap). On making
a p-n homojunction the Fermi levels will align, and be at the same potential, so that in equilibrium
no net movement of charge is possible. The Fermi level alignment results in a shift of the valence
and conduction bands of the p and n materials by a step equal to the difference in potential that was
originally present before contact was established. Any departure from equilibrium due to injection
of charge by applied field, or due to absorption of light, or to temperature change will split the Fermi
level into quasi Fermi levels for holes and electrons in p and n materials, respectively. The potential
gradients in the quasi Fermi levels will cause a drift of charge carriers towards opposite electrodes
respectively, in a bid to restore equilibrium.

2.1.5 The p-n junction solar cell - principles of operation

Junction formation and built-in potential

When p and n materials are brought into intimate contact, the conduction electrons on the n-side
diffuse to the p-side of the junction, and the valence holes diffuse to the n-side of the junction. When
an electron leaves the n-side for the p-side, it leaves behind a positive donor ion on the n-side right
at the junction. Similarly, when a hole leaves the p-side for the n-side, it leaves behind a negative
acceptor ion on the p-side. As a result of Gauss’s law, an electric field that originates on the positive
ions and terminates on the negative ions is created across the junction. However, the number of
positive ions on the n-side must be equal to the number of negative ions on the p-side.

The electric field at the junction gives rise to a drift current in the direction of the field. Holes
will travel in the direction of the field and electrons will travel in the opposite direction. For both
electrons and holes, the drift component of the current is opposite the diffusion component. From
Kirchhoff’s law, the drift and diffusion components of each charge carrier must be equal since there
is no net current flow across the junction. This phenomenon is known as the law of detailed balance.
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By setting the sum of the electron diffusion current and the electron drift current equal to zero and
recalling from electromagnetic field theory that

E =−dV
dx

, (2.1)

it is possible to solve for the potential difference across the junction in terms of the impurity
concentrations on either side of the junction. Proceeding with this operation yields:

−qµnn
dV
dx

+qDn
dn
dx

= 0, (2.2)

that can be written as:

dV =−Dn

µn

dn
n

. (2.3)

Finally recognising the Einstein relationship,

Dn

µn
=

kBT
q

. (2.4)

and integrating both sides from the n-side of the junction to the p-side of the junction yields the
magnitude of the built in voltage across the junction, Vj , as:

Vj =
kBT

q
ln

(
nno

npo

)
. (2.5)

It is now possible to express the built-in potential in terms of the impurity concentrations on either
side of the junction by recognising thatnno≈ ND andnpo≈ ni

2/NA. Substituting these values in Eq.
(2.5) yields:

Vj =
kBT

q
ln

(
NAND

n2
i

)
. (2.6)

Thus the built in voltage is dependent on the impurity conentrations on either side of the junction.
We add that the built in voltage is also dependent on the energetic levels of the dopant species.

The illuminated pn junction

If an electron - hole pair is generated within the junction, both charge carriers will be acted upon
by the built-in electric field. Since the field is directed from the n-side of the junction to the p-side
of the junction, the field will cause electrons to be swept quickly towards the n-side and holes to be
swept towards the p-side. Once out of the junction region, the optically generated carriers become
part of the majority carriers of the respective regions with the result that excess concentrations of
the majority carriers appear at the edges of the junction. These excess majority carriers then diffuse
away from the junction, since the concentration of majority carriers has been enhanced only near the
junction.

The addition of excess majority charge carriers to each side of the junction results in either a
voltage at the external terminals of the material, or a flow of current in the external circuit or both. If
an external wire is connected between the n-side and the p-side of the material, a current will flow in
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the external circuit. This current will be proportional to the number of electron-hole pairs generated
in the junction region.

If an electron hole pair (EHP) is generated outside the junction region, but close to the junction,
it is possible that due to random thermal motion, either the electron or the hole, or both, will end
up moving into the junction region. Suppose that an EHP is generated in the n-region, close to
the junction, and that the hole, which is the minority carrier in the n-region, manages to reach the
junction before it recombines, then it will be swept across the junction to the p-side and the net effect
will be as if the EHP had been generated in the junction region, since the electron is already on the n
side where it is the majority carrier.

The minority carriers of the optically generated EHPs outside the junction region must not recom-
bine before they reach the junction. If they do, then effectively they are lost from the conduction
process. Since the majority carrier is already on the correct side of the junction, the minority carrier
must reach the junction in less than a minority carrier lifetime,τn or τp.

The carriers travel by diffusion once they are created. The minority diffusion length represents
the distance, on average, which a minority carrier will travel before it recombines. The diffusion
length can be shown to be related to the minority carrier lifetime,τ, and diffusion constant,D by the
formula:

Lm =
√

Dmτm. (2.7)

wherem representsn for electrons andp for holes. It can also be shown that on the average, if
an EHP is generated within a minority carrier diffusion length of the junction, that the associated
minority carrier will reach the junction.

Hence to maximise the photocurrent it is desirable to maximise the number of photons that will
be absorbed either in the junction or within a minority carrier diffusion length of the junction. The
minority carriers of the EHPs generated outside this region have a higher probability of recombining
before they have a chance to diffuse to the junction. Furthermore, the combined width of the junction
and the two diffusion lengths should be several multiples of the reciprocal of the absorption constant,
α, and the junction should be relatively close to a diffusion length from the surface of the material
upon which the photon impinges, to maximise collection of photons.

When a load is connected to an illuminated solar cell, the current that flows is the net result of two
counteracting components of internal current:

(a) The photogenerated current,IL due to the generation of charge carriers by light.
(b) The diode, or dark current,ID, due to the recombination of charge carriers, driven by the

external voltage. This voltage is the photogenerated voltage necessary to deliver power to the load.
In many practical instances, the two currents may be superimposed linearly [11], and the current

in the external circuit can be calculated as the difference between the two components:

I = IL− ID. (2.8)

Only one electron-hole pair is created for each photon absorbed, whatever the energy of that
photon. Thus the number of photogenerated pairs is equal to the number of photons absorbed. The
photogenerated current may therefore be calculated as:

IL = qAC

∫ ∞

EG

S(E)α(E,W)dE, (2.9)
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whereq is the electronic charge,α(E,W) is the spectral absorbance dependent on energyE, and
thicknessW, andS(E)is the number of photons of energyE incident on the cell per unit area, andAC

is the area of the illumiated cell. [11] The non absorption losses are inevitable and depend only on
the properties of the semiconductor. If transmission and reflection losses are minimised by suitable
device design, the maximum photocurrent that can be expected from a solar cell may be obtained by
discounting reflection and transmission losses. It then reaches the theoretical maximum of:

IL ≤ qAC

∫ ∞

EG

S(E)dE, (2.10)

which depends only on the bandgap and the solar spectrum (S(E)). The current therefore decreases
as EG is increased.

Quantum Efficiency

The external quantum efficiency (EQE) of a solar cell is a characteristic of the device that measures
the fraction of incident photons that result in actually collected electron hole pairs, under short circuit
conditions. It does not take into account the reflected and transmitted photons. EQE therefore relates
to the response of a solar cell to the various wavelengths in the spectrum of light shining on the cell.
The QE for most solar cells is less than unity because of the effects of recombination, where charge
carriers are not able to move into an external circuit. The same mechanisms that affect the collection
probability also affect the QE.

The monochromatic external quantum efficiency (EQEλ) is defined as

EQEλ =
Iscλ

qN0λ
, (2.11)

where ISCλ is the short-circuit photocurrent due to incident photons of wavelengthλ, q the ele-
mentary charge, and N0λ is the incident photon flux density at wavelengthλ, which can be calculated
thus:

Noλ =
P(light)λ

P(photon)λ
=

E(light)λλ
hc

. (2.12)

Assuming that each photon absorbed is capable of generating only one electron hole pair, we may
estimate the number of photons actually converted to photocurrent. The short circuit current density
per wavelength is therefore given by:

Jscλ =
qE(light)λλ

hc
EQEλ. (2.13)

If the solar cell area is homogeneous, and the incident light intensity homogeneous over the illu-
minated area, theEQEλ does not depend on the cell area nor on the intensity of the incident light.
From the knowledge of the incident solar spectrum and of the EQE spectrum one can estimate the
short circuit current density of the cell. To obtain the EQE of a solar cell for a given range of incident
wavelengths, one must integrate Eq. (2.13) and evaluate the limits of wavelengths considered. The
AM1.5 solar spectrum gives the intensity (W/m2) of solar radiation for each wavelengthλ, and one
can obtain the contribution of eachλ to the integral intensity from the spectrum. By considering that
the energy of a photonEλ = hc/λ, one can calculate the number of photons of a given wavelength
present in an AM1.5 solar spectrum.
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The quantum efficiency can be viewed as the collection probability due to the generation profile of
a single wavelength, integrated over the device thickness and normalized to the number of incident
photons. As a function of external quantum efficiency, the photocurrent of a given solar cell may be
calculated thus:

IL = qAC

∫ ∞

EG

S(E) · (EQEλ) ·EdE, (2.14)

Internal Quantum Efficiency refers to the efficiency with which light not transmitted through or
reflected away from the cell can generate charge carriers - specifically electrons and holes - that can
generate current. By measuring the transmission and reflection of a solar device, the external QE
curve can be corrected to obtain the internal QE curve.

Dark current

Based on the Shockley ideal diode equation, the dark current may be approximated by a single
exponential of the type:

ID = I0

[
exp

qV
mkT

−1

]
, (2.15)

with 1 < m < 2. At low voltagesm→ 2, corresponding to recombination behaviour in the space
charge region, whereas at high voltagesm→ 1, corresponding to recombination dominated by diffu-
sion in the quasi neutral regions. However, for polymer based and other solar cells, typical values of
m>2 have been observed at low bias voltages. Apart from current leakages that can be modelled as
a parallel resistance, different causes have been suggested such as the tunnel effect, breakdown by
microplasmas, leaks along surface channels, etc.

Current-Voltage Characteristics

Current-voltage (I(V)) curves of a solar cell are obtained by exposing the cell to a constant level of
light, while maintaining a constant cell temperature, varying the resistance of the load, and measuring
the voltage and current that is produced. Alternatively, a variable voltage is supplied to the solar cell,
and the current through, and voltage across, the cell are measured.

The current- voltage characteristics of an illuminated solar cell follows Eq. (2.8), which becomes:

I = IL− I0

[
exp

qV
mkT

−1

]
. (2.16)

On anI(V) plot, the vertical axis refers to current and the horizontal axis refers to voltage. The
actualI(V) curve typically passes through two significant points: The short-circuit current (Isc) is
the current produced when the positive and negative terminals of the cell are short-circuited, and
the voltage between the terminals is zero, which corresponds to a load resistance of zero. The
open-circuit voltage (Voc) is the voltage across the positive and negative terminals under open-circuit
conditions, and the current is zero, which corresponds to a load resistance of infinity. Its value is
such that the photocurrent is completely cancelled by the bias current, i.e.,IL = I D(Voc) under open
circuit conditions, hence:

Voc = m
kBT

q
ln

[
IL
I0
−1

]
. (2.17)
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The cell may be operated over a wide range of voltages and currents. By varying the load resistance
from zero (a short circuit) to infinity (an open circuit), we can determine the highest efficiency as the
point where the cell delivers maximum power. Since power is the product of voltage times current,
therefore, on theI(V) curve, the maximum-power point (mpp) occurs where the product of current
times voltage is a maximum. No power is produced at the short-circuit current with no voltage, or
at open-circuit voltage with no current. So we expect to find maximum power generated somewhere
between these two points. Maximum power is generated at only one place on the power curve, at
about the ”knee” of the curve. This point represents the maximum efficiency of the solar device in
converting sunlight into electricity.

The fill factor measures the ”squareness” of theI(V) curve and describes the degree to which the
voltage at the maximum power point (Vmpp) matchesVoc and that the current at the maximum power
point (Impp) matchesIsc. The higher the fill factor’s percentage or match, the ”squarer” the curve.

2.2 Polymer Semiconductors

2.2.1 Introduction

Polymeric photovoltaics present the possibility of producing coatings that function as sunlight-
harvesting paints on roofs or even as an integral part of fabrics to produce electricity from sunlight.
Since the first report of metallic conductivities in ’doped’ poly- acetylene in 1977 [12], the science
of electrically conducting polymers has advanced very rapidly. Electronically conducting materials
based on conjugated polymers have been applied in diverse items such as sensors, biomaterials, light-
emitting diodes, polymer actuators, and corrosion protection agents. More recently, as high-purity
polymers have become available, a range of semiconductor devices have been investigated; these
include transistors [13], [14], [15], [16], [8], photodiodes [17] and LEDs [18], [19]. The potential
for commercialization is perceived to be high for these semiconductor devices because they are seen
to compete in application areas where the market can bear the costs of development [20]. In partic-
ular, polymer LEDs now show attractive device characteristics, including efficient light generation,
and there are several development programmes now set up to establish procedures for manufacture.
The principal interest in the use of polymers lies in the scope for low-cost manufacturing, using
solution-processing of film-forming polymers.

In a poly conjugated system theπ orbitals are assumed to overlap, and form a valence and a
conduction band as predicted by band theory. If all the bond lengths were equal, i.e. delocalisation
led to each bond having equal partial bond character, then the bands would overlap and the polymer
would behave like a quasi-one dimensional metal having good conductive properties. Experimental
evidence does not substantiate this and reference to the physics of a mono-atomic one dimensional
metal, with half filled conduction band has shown that this is an unstable system and will undergo
lattice distortion by alternative compression and extension of the chain. This leads to alternating atom
pairs with long and short interatomic distances found along the chain. The effect is embodied in the
Peierls’s theorem which states that a one dimensional metal will be unstable, and that an energy gap
will form at the Fermi level because of this lattice distortion so that the material becomes an insulator
or a semiconductor. This break in the continuity of the energy bands is caused by the use of elastic
energy during lattice distortion which is compensated by a lowering of the electronic energy and
formation of a band gap. Peierls distortion leads to formation of an energy gap and production of
semiconductor (or insulator) rather than a conductor.

Conjugated polymers have a framework of alternating single and double carbon-carbon (some-
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times carbon-nitrogen) bonds. Single bonds are referred to asσ-bonds, and double bonds contain
a σ-bond and aπ-bond. All conjugated polymers have aσ-bond backbone of overlapping sp2 hy-
brid orbitals. The remaining out-of-plane pz orbitals on the carbon (or nitrogen) atoms overlap with
neighboring pz orbitals to giveπ-bonds.

Although the chemical structures of these materials are represented by alternating single and dou-
ble bonds, in reality, the electrons that constitute theπ-bonds are delocalized over the entire molecule.
For this reason, polyaniline (PAn) and poly(N-vinylcarbazole) (PVCZ) are considered to be conju-
gated polymers, with the nitrogen pz orbital assisting the delocalization of theπ-electrons. In some
conjugated polymers such as polyacetylene (PA) and PAn, delocalization results in a single (de-
generate) ground state, whereas in other polymers the alternating single and double bonds lead to
electronic structures of varying energy levels [21].

The behavior of conjugated polymers is dramatically altered with chemical doping. Generally,
polymers such as polypyrrole (PPy) are partially oxidized to produce p-doped materials. p-doped
polymers have wide application - for example, electrochromic devices, rechargeable batteries, ca-
pacitors, membranes, charge dissipation, and electromagnetic shielding.

Conducting polymers also act as semiconductors, and their electronic properties appear to be anal-
ogous to those of inorganic semiconductors. The characteristics of theπ-bonds are the source of
the semiconducting properties of these polymers. First, theπ-bonds are delocalized over the entire
molecule; and then, the quantum mechanical overlap of pz orbitals actually produces two orbitals, a
bonding (π) orbital and an antibonding (π*) orbital. The lower energyπ -orbitals produce the valence
band, and the higher energyπ*-orbitals form the conduction band. The difference in energy between
the two levels produces the band gap that determines the optical properties of the material. Most
semiconducting polymers have band gaps that lie in the range 1.5 - 3 eV, which makes them ideally
suited as optoelectronic devices working in the optical light range.

The charge conduction mechanism appears to be more complex for conducting polymers than
for inorganic semiconductors. Although the action of an incident photon on a conducting polymer
excites an electron from the valence band into the conduction band, the resulting electron and hole
are bound, and their motion through the material is coupled. These coupled moieties are known as
excitons and are responsible for many of the electronic properties found in the most common and
efficient polymer-based electronic devices.

In conventional semiconductors, the excited electron and the resulting hole migrate freely to op-
posite electrodes, where they can do useful work in an electrical device. In a conducting polymer,
however, the electron and hole that are generated by the incident photon are bound into an exciton.
However, the bound exciton can be split at interfaces. The simplest interface is created at the junction
between the electrode and the conducting polymer.

Unfortunately, the exciton-splitting process that occurs at a conducting polymer-electrode inter-
face is not very efficient and is one of the causes of the low quality of early polymer photovoltaics.
Another cause of the very low efficiencies of early devices is the effect of impurities, such as oxygen,
which act as traps to the migrating excitons.

Attempts to improve the efficiency of the exciton-splitting process led to the development of new
conducting polymer species that contained electron-donating and electron-accepting species. By
creating interfaces among conducting polymer molecules of differing electron affinities, it is possi-
ble to enhance the probability of electron transfer between molecules. This process (photoexcited
charge transfer) causes the bound charges to separate, and the junction formed at the donor - acceptor
interface is analogous to a semiconductor heterojunction.

These heterojunctions work very well at separating excitons that arrive at the junction. Unfor-
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tunately, the lifetime of excitons is short, and only excitons that are formed within∼10 nm of the
junction will ever reach it. This short exciton range clearly limits the efficiency of these photovoltaic
devices. In an attempt to develop a more efficient photovoltaic structure, interpenetrating networks of
electron-accepting and electron-donating polymers have been produced [22]. With these materials,
the number of heterojunctions within the polymer blend is greatly increased, and thus the probability
that an exciton will encounter a junction and be split.

Under open-circuit conditions, holes are collected at the high work function electrode, and elec-
trons are collected at the low work function electrode. Indeed, the Voc generated by single layer
devices depends upon the work function difference between the two electrodes. Although these
polymer photovoltaic devices are currently much less efficient than their silicon counterparts, they
do produce much higher open-circuit voltages. By using calcium anodes (which need to be capped
to prevent oxidation in the atmosphere) and an ITO cathode, Grandstromet al. obtained open-circuit
voltages>2 V. [23] Silicon-based solar devices, on the other hand, have open-circuit voltages that
are<1 V. The higher open-circuit voltages produced by the polymer-based devices mean that, com-
pared with silicon cells, fewer polymer-based cells need to be cascaded together to obtain the same
net output voltage.

The level of oxidation in the inherently conducting polymer has a dramatic effect on the photo-
voltaic efficiency. Highly oxidized materials are the most conducting, but they are less photoefficient
(fewer excitons generated per photon absorbed). Fully reduced materials are highly resistive but the
most photoefficient. [21]

2.2.2 Doping of polymers

Band theory is not entirely suitable for the description of electronic conduction in polymers, because
the atoms are covalently bonded to one another, forming polymeric chains that experience weak
intermolecular interactions. Thus macroscopic conduction will require electron movement, not only
along chains but also from one chain to another.

Polymers have the electronic profiles of either insulators or semiconductors; thus the band gap in
a fully saturated chain such as polyethylene is 5 eV and decreases to about 1.5 eV in the conjugated
system polyacetylene. Conducting polymers can be prepared either by oxidising or reducing the
polymer using a suitable reagent. The band theory model would explain the increased conductivity
as either removal of electrons from the valence band by the oxidising agent, leaving it with a positive
charge, or donation of an electron to the empty conduction band by a reducing agent. These processes
are called p-type and n-type doping respectively.

While the addition of a donor or acceptor molecule to the polymer is called ”doping”, the reaction
which takes place is actually a redox reaction and is unlike the doping of Si or Ge in semiconductor
terminology where there is a substitution of an atom in the lattice. Although the terminology in
common use is retained here, it should be noted that the doping of conductive polymers involves
the formation of a polymer salt, and that this can be effected either by immersing the polymer in a
solution of the reagent, or by electrochemical methods.

The reactions can be represented in the generalised case for oxidation by:

Pn ⇀↽
Ox/A−

Red
⇀↽
[
P+

n A−
]
⇀↽

Ox/A−

Red
⇀↽
[
P2+

n 2A−
]
, (2.18)

wherePn represents a section of a polymer chain. The first step is the formation of a cation (or
anion) radical, which is called a polaron. This step may then be followed a second electron transfer
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Figure 2.2:Simplified diagram showing the photovoltaic effect in a heterojunction solar cell based
on conjugated organic absorber material

with the formation of a dication (or dianion) known as a bipolaron. Alternatively, after the first redox
reaction, charge transfer complexes may form between charged and neutral segments of the polymer
when possible, as represented in Eq. (2.19).

P+
n A−+Pm→

[
(PnPm)+ A−

]
. (2.19)

2.2.3 Conjugated Polymer solar cells

A simplified diagram showing the photovoltaic effect in a solar cell based on conjugated organic
polymer absorber material is shown in Fig. 2.2.

The steps involved in the generation of the photovoltaic effect are: absorption of photon; exciton
creation; exciton diffusion; electron transfer to charge transfer complex; electron - hole separation
in built-in field; carrier transport to electrodes; electron transfer at electrodes; and electric power
extraction. It is in these areas that there is still is room for improvement.

The efficiency of solar cells depends on their capability for the absorption of photons, charge
carrier generation, separation and transport to the electrodes. Interpenetrating conjugated polymer-
fullerene (donor-acceptor) networks, also referred to as bulk heterojunctions, are a very promising
approach for the improvement of efficiency of polymer solar cells. Photovoltaic devices based on
these interpenetrating networks provide increased charge exciton splitting interfaces, as compared to
bi-layer photovoltaic devices.

The general scheme of the charge carrier generation processes in non-degenerate conjugated poly-
mers (without acceptor) can been described as follows: The mobile charge carriers responsible for the
photocurrent are produced as a result of the dissociation of primarily generated singlet excitons due
to inter-chain interaction, presence of oxygen [24], [25], [26], or impurities. Nevertheless, the charge
carrier generation yield remains low, since other competitive processes, for example, photolumines-
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cence and non-radiative recombination also occur. The carrier generation yield can be enhanced by
the presence of a strong acceptor species, such as e.g. C60 molecule. [22] The process of charge
separation in polymer/fullerene composites is ultra fast, and can occur within 40 fs in PPV/PCBM
composites [27], whereas the electron back transfer is much slower. [22] This results in effective
formation of a metastable charge-separated state. The photo-induced charge transfer is dependent
upon the electronic overlap of the donor (D) - acceptor (A) pair of molecules. A simple scheme
for the charge electron transfer mechanism is as follows: First the donor is excited, the excitation
is delocalised on the D-A complex before charge transfer is initiated, leading to an ion radical pair
and finally charge separation can be stabilised possibly by carrier delocalisation on the D+ (or A−)
species by structural relaxation. [22]

D∗+A→ (D−A)∗→ (D+•−A−•·)→ D+·−A−•· (2.20)

Electron transfer will only take place if the condition:ID
∗ - AA - Uc < 0 is satisfied locally,

whereID
∗ is the ionisation potential of the excited state of the donor,AA is the electron affinity of the

acceptor, andUc is the Coulomb energy of the separated radicals (including polarisation effects). Sta-
bilisation of the charge separation can be enabled by carrier delocalisation on the donor or acceptor
species and by structural relaxation. We add that the presence of a highly polar environment due to
an electric field might assist this delocalisation and facilitate general drift according to a Coulombic
type interaction. Such a ”field” may result from the use of carefully selected electrode materials of
different work functions. This selection is a very important step in the design of polymer-fullerene
solar cells. The properly chosen electrodes will selectively extract one type of charge carrier and
block the other. Further, the accumulation of charges near the electrodes provides the voltage of
the solar cell, while current will depend principally on the mobility of holes within the polymer and
electrons within percolated fullerene networks.

The mechanism of charge transport has been proposed as follows: A polaronic type radical cation
is created due to the positive charge in the organic molecular material, and variable range hopping of
this charge between adjacent polymer chains, or conjugated segments, generates the overall charge
transport. [28], [29], [30] Many results such as those on the structure dependent conductivity and on
field effect transport between metal islands strongly support the model of hopping transport. In a
similar way, it is assumed that the electrons are transported through the fullerene to the electrodes
via a hopping mechanism. The energetic picture of an ideal polymer/fullerene heterojunction solar
cell, with the necessary electronic overlap, where there are no barriers at the electrode interfaces is
proposed in Fig. 2.3.

For the estimation of the limiting values of power conversion efficiency,η, open-circuit voltage,
Voc, short-circuit current, Isc, and fill factor, FF, we propose the consideration of such a model. If
that is the case, then highest purity grade of materials should be assumed.

We note that in practice, even if all workfunctions (Fermi levels) were matched exactly to the
highest occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) levels,
there exists a finite probability of having potential barriers at all the junctions possibly due to surface
states, impurities adsorbed during junction formation and possible chemical reactions between the
materials contacted. In principle, these junctions operate like diodes. Further it is very difficult to find
compatible materials with exact match of the necessary energy levels. For efficient charge collection
from the absorber layer to an external circuit, both the positive and negative electrodes must form
ohmic contacts with the donor and acceptor networks, respectively. If this is not the case, charge
collection would be limited depending on the nature of potential barriers built up at the contacts.
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Figure 2.3:Operation principle of an ideal polymer-fullerene heterojunction organic solar cell: Pho-
tons with energy hν ≥ ELUMO(D) - EHOMO(D) excite electrons into LUMO(D) which are
then transferred to LUMO(A) from which they can be collected by the negative elec-
trode with workfunction equal to LUMO(A). Holes are collected by the positive electrode
with workfunction equal to HOMO(D). The red arrows indicate a complementary photo-
induced electron transfer from D to A.

Analysis of the charge injection capability of an electrode into a polymer can yield conclusive results
of whether a contact is ohmic or not.

2.3 Metal - Semiconductor Interfaces

2.3.1 Introduction

The performance of organic-based electronic and opto-electronic devices depends in a very direct
way on the electronic structure of metal/organic interfaces and the charge carrier injection efficiency
at these interfaces. Up to a few years ago, a widespread misconception was the assumption of
a linear relationship between the work function of the electrode material and the charge injection
barrier to the organic material. From 1997 on, a considerable amount of work done by several
groups [31] [32] [33] [34] started to dispel this notion by demonstrating the existence of large dipole
barriers at metal/organic interfaces. The origin of these dipoles has since been traced to various
mechanisms, such as charge transfer with [35] and without [32] interface chemistry, or modification
of the metal substrate work function by the organic molecules. [31]

Koch et al [36] have shown that hole injection from PEDOT:PSS contacts into organic materials
(α-NPD and pentacene) is much more efficient than from Au contacts, albeit the similar work func-
tion of both electrode surfaces. This is due to the significantly lower hole injection barriers between
the molecular materials and the conducting polymer.

In a theoretical description of bulk transport, the equations of space charge limited currents (SCLC)
in insulators without or with traps (at a single level or at a distribution of energy) [37] can successfully
be applied to conjugated polymers. [38] Similarly, basic principles of inorganic semiconductors have
been applied to explain the injection process in PLEDs as a combination of tunneling, thermionic
emission, and interface recombination current and have been proven to be in agreement with ex-
perimental data. [39] Within the framework of these models the spatial distribution of the internal
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electric field and carrier densities has been calculated, yielding a uniform distribution of electric field
and charge in devices with high barriers, and the accumulation of space charge expected near the
injecting electrode in low barrier devices. [40], [41]

2.3.2 Contacts

An electrical contact is generally referred to as a contact between a metal and a non metallic material
which maybe an insulator or a semiconductor, and its function is either to enable or to block carrier
injection. This type of contact has an interesting peculiarity: Semiconductors can be characterised
by the presence of both electrons and holes, while metals have only electrons as current carriers.
Passage of electric current through a device depends on the charge carrier injection mechanism as
well as the transport mechanism within the bulk.

In modeling the current in metal/polymer/metal structures two basic processes have to be consid-
ered. First, the injection of charge carrier from the electrode into the polymer and vice versa, and
second, the transport of charge in the bulk of the film. Depending on the specific experimental situa-
tion (external bias, temperature, electrode workfunction, transport and trapping levels of the polymer,
trap density, etc.) one of the two processes may have a significantly lower rate, which means that
this process dominates the current characteristic of the sample. The current is then assigned as either
injection limited or bulk transport limited. The transition between injection limited and bulk limited
conduction is bias and temperature dependent. The two most important parameters that have an in-
fluence whether the current is injection limited or transport limited are the externally applied electric
field and the height of the injection barrier, i.e., the difference between the electrode workfunction
and the corresponding transport levels of the polymer. [42] Meanwhile, it has been established that
for barrier heights less than 0.2 eV charge injection is quasi unhindered and the current is solely
limited by SCLC in the bulk of the film. For barriers higher than 0.2 eV a decreasing injection rate
has more and more influence on the charge balance and for barriers greater than 0.5 eV and moderate
biases the current becomes injection limited. [40]

A better knowledge and control of the effects determining the efficiency of charge carrier injection
from a metal contact is important for a better theoretical understanding as well as for optimising
device performance. Kiyet al [43] have shown that the steep current increase in theI(V) curves can
be determined both by injection barriers or by trap filling processes with charge diffusion from ohmic
contacts, depending on the purity of the materials and on the characterisation environment.

2.3.3 Carrier generation in the bulk

Excluding the impact ionisation process, which may lead to the destructive breakdown of the material
specimen, the following mechanisms are, in general responsible for carrier generation which in turn
determines the dark or photoconductivity of the material.
• Injection of carriers from the electrodes:Electrons injected from the cathode and holes from the

anode may result in space charge conduction. The injection may be thermionic, quantum mechanical
tunneling, or both, or via surface states. Electrons may be emitted from illuminated electrodes into a
solid specimen, and this is generally referred to as the photoemission from electrodes and may result
in increase in photoconductivity, in the same manner as the contribution of carrier injection from
electrodes to the dark electric conductivity.
• Intrinsic excitation:
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Electrons and holes may be generated by thermal or photo- excitation from the valence to the con-
duction band in organic semiconductors, as in inorganic semiconductors. Intrinsic photogeneration
may be summarised as:

(i) one quantum processes: (a) Direct ionisation - absorbed photons create directly free electron-
hole pairs without intermediate steps which involve excitons. (b) Indirect ionisation - the absorption
of a quantum produces an exciton, and the carriers are then generated through a reaction of the
exciton with or without a defect. The exciton may move between neighbours in a similar way to
a charge transfer process, and during the transfer the thermal or field dissociation of the exciton to
form free carriers may occur.

(ii) Two quantum processes: two photons, or two excitons, or one photon and one exciton are
involved in a single interaction process. The most probable mechanism for charge carrier generation
in the bulk of molecular crystals is the collision of two singlet excitons.

(iii) Multi quantum processes: More than two quanta (each of which can either be a photon or an
exciton) are involved in a single interaction process.
• Extrinsic excitation:The collision of excitons with impurities or surfaces will generate carriers.
• Field assisted generation:The electric field may separate generated carriers before geminate

recombination due to mutual Coulombic interaction. The electric field may also modify the po-
tential barrier profile of a trap to make it easy for the trapped carrier to be liberated from the trap
(Poole-Frenkel effect). Although avalanche ionisation under a high field is unlikely to occur in a
low mobility molecular crystal even at its breakdown strength, the mutual enhancement between the
electric and thermal conduction processes may cause a rapid increase in the production of thermally
generated carriers.

2.3.4 Charge carrier injection processes

To be injected into the polymer, the charge carriers must overcome the potential barrier at the metal/
polymer interface. As is the case for small barriers or at high temperatures, a large number of charge
carriers will have energies large enough to cross the interface barrier in the classical way - denoted
thermionic emission [44]. But when the temperature decreases or when the potential barrier height
presents a large value, a reduced number of charge carriers has energies larger than the potential
barrier height, and the thermionic emission becomes insignificant. The injection then can only occur
via quantum mechanical tunneling through the potential barrier. The charge carriers tunnel from
the metal to the empty states at the lowest unoccupied molecular orbital (LUMO) or at the highest
occupied molecular orbital (HOMO) level in the polymer. Alternatively, if the polymer layer contains
a high concentration of impurities, the tunneling may occur from the metal to empty localized states
in the polymer layer, constituting a hopping-type process [45]. It is the smallest barrier at each
interface which always dominates the injection. [38]

In the absence of either surface states that may pin the Fermi level at the interface between a di-
electric and the electrode or a depletion layer due to impurity doping, the energy barriers that control
hole and electron injection are∆E = I - ϕanodeand∆E = ϕcathode- A, whereϕ is the workfunction of
the electrode andI andA are the ionisation energy and electron affinity of the organic dielectric, re-
spectively, and indicate at which energies hole and electron transport proceeds or, equivalently, where
the highest occupied and lowest unoccupied molecular orbitals are located energetically. Depending
on the magnitude of∆E a measured current can either be injection limited or transport limited (space
charge limited). The SCLC case requires one of the electrodes to be ohmic, i.e., it must be able to
supply more charge carriers per unit time than the sample can transport. Under these conditions, the
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electric field at the injecting contact vanishes. This requires the injection barrier to be small enough
to guarantee efficient injection without assistance of an electric field. The SCL current is the maxi-
mum currrent a sample can sustain at a given electric field unless the exit contact is able to inject an
amount of opposite carriers sufficient to compensate for the internal space charge.

2.3.5 Thermionic emission

Thermionic emission postulates that only electrons with energies greater than the conduction band
energy at the metal semiconductor interface contribute to the current.

The essential assumption of the RS model of thermionic emission is that an electron from the
metal can be injected into the polymer, once it has acquired a thermal energy sufficient to cross the
potential maximum that results from the superposition of the external and the image charge potential.
This model usually is valid at lower fields and higher temperatures. At higher fields, the metal work
function for thermionic emission is reduced, thus lowering the Schottky barrier height (image force
lowering). The Schottky equation, taking into account image force lowering, may be written as: [46]
[47] [48]

J = A∗T2exp

(
− φB

kBT

)
exp

[(
q3V

4πε0εrd

)1/2

/kBT

]
. (2.21)

whereφB, d, ε0 andεr are the interface potential barrier height, film thickness, vacuum permittivity
and optical dielectric constant, respectively.kB is Boltzmann’s constant,q the elementary electronic
charge,T the absolute temperature, and the applied voltageV is positive for forward bias and negative
for reverse bias. A∗ is the Richardson-Schottky constant (A∗=4π qm∗kB

2/h3 = 120 A/cm2K), for free
electrons, where the effective carrier mass m∗ equals that of the free electron, otherwise it depends
on the anisotropy of the material [49];h is Planck’s constant.

2.3.6 The tunneling (field emission) current

Field emission is the quantum mechanical tunnnelling of electrons through a potential barrier from
a metal to a semiconductor or an insulator under an intense electric field. The Fowler-Nordheim
formulation of tunneling through a triangular barrier [50] has been applied successfully to analyse
J(V) curves for ITO/BDMOS-PPV/Al [51] devices, organic double layer light emitting diodes [52],
Mg/Alq3/Mg devices [43] , PPV [53] , [54] , and in MEH-PPV [55] devices, among many others. In
the following section the basis of the FN theory is described.

Tunneling is a quantum mechanical process without a classical analogue. An electron (or other
quantum mechanical particle) incident upon a potential barrier whose height is larger than the kinetic
energy of the electron will penetrate (tunnel) a certain distance into the barrier. This is most visualised
by considering the one dimensional Schroedinger equation for the wave function of such an electron:

− h̄2

2m
∂2ψ
∂x2 +V(x)ψ = Eψ (2.22)

If V(x)varies relatively slowly with distance,x, the solution of equation (2.22) can be approximated
by:

ψ = ψ0exp

[
±i

√
2m
h̄

√
E−V(x)

]
, (2.23)
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Figure 2.4:Illustration of the tunneling phenomenon

whereψ0 is a constant,x is distance into the barrier, andi is the imaginary factori=
√
−1. The

non-classical case is the one where the electron energyE is smaller than the potentialV(x). Thenψ
is no longer an oscillating wave but it is real and decays exponentially with distance into the barrier.
The penetration probability into the barrier is equal to the ratio of the probability density|ψ(x)|2
at the exit from the barrier to its value at the entrance. Equation (2.23) shows that this probability
is exponentially dependent on barrier height and thickness. The tunneling takes place at a constant
electron energy as there is no scattering involved.

A more accurate solution of equation (2.22) which adequately describes many real situations may
be calculated by the Wentzel, Kramers, Brillouin (WKB) approximation. The tunneling probability
through a barrier then becomes

P≈ exp

[
−2

∫ x2

x1

√
2m
h̄

√
V(x)−Edx

]
(2.24)

Tunneling can occur in many physical situations. The simplest case is that of field emission. This
is the emission of electrons from a solid by the application of very high fields. The energy diagram
of such a system is as shown in Fig. 2.4.

The electrons in a metal surrounded by vacuum may be regarded as an ensemble of quasi free
electrons held in a potential well by the positive charges of the metal ions. The depth of the well is
called the electron affinityχ. The potential well is filled with electrons up to the Fermi level (EF )
and consequently electrons at this level ’see’ a barrier (workfunction) surrounding them. They can
tunnel a short distance into the walls of the potential well, but can not escape from it.

If a high positive fieldF is applied to the metal (e.g., by applying a potential difference between
the metal under consideration and an adjacent piece of metal), the potential energy distribution is
that shown in Fig. 2.4.

There now exists a barrier through which, under appropriate conditions, the electrons may tunnel.
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The maximum height of the barrier isφM, and its width is approximatelyφM /F so that the current
becomes

I ∝ P≈ exp

[
−4

√
2mφ3/2

3h̄F

]
, (2.25)

if φM is given in eV andF in V/cm. SinceφM generally has a value between 2 and 5 eV, an electric
field of the order of 107 V/cm is required before appreciable numbers of electrons will be emitted
into vacuum.

Fig. 2.4 is a somewhat simplified picture of an actual metal-vacuum interface. An electron outside
the metal experiences a polarisation force towards the metal, the so called image force. While this
is not a true potential, it may nevertheless be included in the potential energy diagram as a rounding
off of the band well edge (Schottky effect). When the field is applied, the barrier is lowered so the
tunneling probability increases. Particularly at high fields this causes a departure from the simple
current relationship described above. If these effects are included in the calculation, good agreement
can be obtained with experimental results.

Current flow at a metal/semiconductor interface may be treated in the same way as that at a metal
vacuum boundary. The potential barrier is now given by the energetic distance from the metal Fermi
level to the bottom of the insulator conduction band, which is usually smaller than the workfunction.
Also the dielectric constant of the insulator must be taken into account (e.g., in the image force).
These modifications do not change the basic current-voltage relationship, Eq. (2.25).

The Fowler - Nordheim (FN) model for tunneling injection (field emission) ignores image charge
effects and invokes tunneling of electrons from the metal through a triangular barrier into unbound
continuum states. It predicts that when field emission dominates, theJ(V) characteristics are de-
scribed by

J = AF2exp

(
−8π

√
2m∗φ3/2

B

3hqF

)
. (2.26)

wherem∗ is the effective charge carrier mass,F the applied electric field, andA [in A/V 2] a rate
coefficient that contains a tunneling prefactor and the rate of current back-flow [56]. It can be
deduced from the treatment by Kao and Huang [46] thatA is given by

A =
q3

8πhφB
. (2.27)

Equation (2.26) can also be written as

J = AF2exp

(
−κ
F

)
, (2.28)

where

κ =
8π
√

2m∗φ3/2
B

3hqF
= constant. (2.29)
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If the value ofκ is known, then the barrier height between the electrode and the film may be
estimated from Eq. (2.29) as

φB =
(

3κqh

8π
√

2m∗

)3/2

. (2.30)

There may be localised electronic states in the barrier region, either due to impurities in the in-
sulator region or due to adsorbed molecules at the metal-insulator or metal-vacuum interfaces. An
electron in the metal at the energy of the impurity state will have a higher probability of tunneling
to the impurity state and from there to the other side of the barrier than the probability of tunneling
directly through the barrier. This means that when the voltage raises the Fermi level in the metal to
the energy of impurity states in the barrier, there will be a sudden increase in current. The current
voltage characteristic can then be used to study the distribution of impurity states.

When a potential difference is applied, one tunneling direction is favoured and net current flows.
For small potential differences (much less than the barrier heights) the tunneling probability does not
vary with applied field and the current flowing will be proportional to the difference in number of
electrons available on the two sides of the barrier at the same energies.

2.3.7 Charge transport mechanisms

The structure of the material, - crystalline, amorphous, disordered, etc.- determines the charge trans-
port mechanisms. The current is injection limited when the bulk is able to sweep away and transport
all the injected charge thereby avoiding any accumulation of injected charge near the injection elec-
trode. It is transport limited when the injection rate is higher than the transport rate. In this case the
material cannot transport immediately all the injected charge. As a result, charge accumulates near
the injecting electrode and builds up a field that impedes further injection. Such charge is referred to
as space charge and the current obtained, Space Charge Limited Current (SCLC).

An ohmic contact is defined as an infinite reservoir of charge that is able to sustain a steady state
SCLC in a device. With ohmic contacts, the current-voltage relation is often linear at low bias up to
a certain value since the electrical field due to the injected carriers is negligible compared to that due
to the applied bias. The slope of a log-log plot between currentI (or current densityJ), and voltageV
at low voltages is then equal to 1, and the behavior is described by Ohm’s law, equation (2.31) [57]:

Johm= qnµ
V
d

, (2.31)

whereq is the electronic charge,n the charge carrier density,µ the carrier mobility,V the applied
voltage and d the thickness of the sample. This condition breaks down at the space charge limit when
the injected carrier density becomes so large that the field due to the carriers themselves dominates
over that of the applied bias and then becomes space charge limited. SCLC occurs when the transit
time of any excess injected carrier is less than the bulk dielectric relaxation time. Under these cir-
cumstances, the trap free space charge limited current (TFSCLC) takes the simple form of Child’s
law [see Eq. (2.32)]. This behavior is characterized by a strict quadratic dependence of current on
voltage (slope 2 in a logJ-logV plot). (Note that this does not necessarily imply the absence of traps
in the material, but rather that they are all filled) [58].

JTFSCL=
9
8

ε0εr
V2

d3 . (2.32)
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Here,εr andε0 are relative permittivity and permittivity of free space, respectively. Space charge
limited currents in a device can occur if at least one contact [30] is able to inject locally higher
carrier densities than the material has in thermal equilibrium without carrier injection. An emission
limited contact is one which falls short of an ohmic contact’s ability to supply charge. The emission
limitation can range from totally blocking to finite injecting [59].

In practice, the field dependence of the current is often insufficient to distinguish trap-limited
SCLC from injection limited conduction. In that case, the predicted dependence of the SCLC on
sample thickness provides an unequivocal criterion. Injection limitedJ(F) curves donot depend on
sample thickness while SCL currents do.

When optical excitation is inhomogeneous along the electric field, diffusion and drift act in parallel
on the excess carriers. At low electric field, both carriers move in a coupled way so as to preserve
local neutrality: this is known ambipolar type of motion. Under high electric field, diffusion is
negligible and unipolar carrier motion may appear.

2.4 Summary

Semiconductor theory has been described basing on the doping, which result in n and p type mate-
rials respectively. The pn junction formation and opto-electrical response has also been described.
Further, polymer solar cells have also been introduced. Charge injection and transport mechanisms
have been introduced, and these will be explored further in chapter 4, where an expression is derived,
for employment in the interpretation of current-voltage curves of electrode/semiconductor/electrode
devices.

28



3 Materials and methods

In this chapter we list the properties of the materials studied, and highlight the methods used in
preparing devices, measuring and analysis of data.

3.1 Materials

3.1.1 Indium Tin Oxide (ITO)

Indium oxide doped with tin oxide, ITO, is used to make transparent conductive coatings. Thin
film layers can be deposited by electron-beam evaporation or sputtering. It is one of the few metal
oxides that combine technologically interesting properties such as high transparency in the visible
range, good electrical conductivity and excellent substrate adherence. Because of its transparency,
high conductivity, and efficiency as a hole injector into organic materials, indium tin oxide - ITO
has been widely used as the anode contact for organic light emitting devices - OLEDs. Typical
applications of ITO-coated substrates include touch panel contacts, electrodes for LCD and elec-
trochromic displays, energy conserving architectural windows, defogging aircraft and automobile
windows, heat-reflecting coatings to increase light bulb efficiency, gas sensors, antistatic window
coatings, wear resistant layers on glass, etc.

The optical and electronic properties of ITO films are highly dependent on the deposition param-
eters and the starting composition of evaporation material used. [60] The deposited film layer must
contain a high density of charge carriers for it to conduct. These carriers are free electron and oxy-
gen vacancies, and an excessive population gives rise to absorption. High conductivity (or low sheet
resistance) is balanced against high transmission in the visible region. Sheet resistance can be less
than 10 Ohms/sq. with a visible transmission of>80 %. To obtain transmission near 90%, sheet re-
sistance must be>100 Ohms/sq. ITO films behave as metals to long wavelength light because they
have a plasma wavelength above 1µm. At longer wavelengths, the film becomes reflecting, and the
IR reflectance is related to the sheet resistance of the film; sheet resistance must be<30 Ohms/sq. to
obtain IR reflectance>80 %.

The deposition parameters play interdependent roles in the optimization of film properties. Prin-
cipal among the deposition parameters are partial pressure of oxygen, substrate temperature, rate of
deposition and material composition. Some processes require post deposition baking at 300-500o

C in air to oxidize residual fractionated metal component and improve conductivity. For sputter
processes, a high energy plasma can be substituted for a high substrate temperature.

Since the organic thin film is in direct contact with the ITO, the surface properties of the ITO
are expected to directly affect the characteristics of the device. Abnormal device behaviors such as
shorting, unstable I - V characteristics, and damage on the surface of the top cathode contact after
continuous operation of the device have been observed in OLEDs built on bare cleaned ITO sur-
faces. [61] [62] [63] Furthermore, as-grown ITO contacts have been found to be less efficient for
hole injection than low work function metal cathodes for electron injection, resulting in hole-limited
devices. The mitigation of these problems has so far involved changing the properties of the organic
materials or introducing an intermediate stabilization layer with proper carrier injection/transport
characteristics between the ITO and the active luminescent layers. The alternative of modifying the
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Figure 3.1:Formula of Poly(3,4-ethylenedioxythiophene), PEDOT (bottom) - polysytrenesulphonate,
PSS (top)- PEDOT:PSS

ITO itself, however, has not been extensively investigated. Wuet al. [64] have reported that an oxy-
gen plasma treatment is an effective way to modify the surface of ITO. They have shown that, without
degrading the bulk properties of ITO (sheet resistance and transmittance), the chemical composition
of ITO surface layers could be substantially modified by treatment in plasmas of different gases. As
a result, the OLED device characteristics can be dramatically improved. The oxygen plasma was
found to be the most effective in preparing the ITO surface for high performance OLEDs.

ITO is generally considered as a heavily doped and degenerate n-type indium oxide with both Sn
dopants and oxygen vacancies contributing to its conduction. [65] The enhancement of hole injection
may be due to an increase in the work function of the ITO as the surface Sn:In ratio is decreased and
the oxygen concentration is increased. Ultra-violet photoemission spectroscopy measurments on
the oxygen plasma-treated ITO surfaces show an increase in the work function of 100 - 300 meV
with regard to the cleaned as-grown ITO surfaces. The removal of the organic residue from the ITO
surface could therefore also be partially responsible for the device improvement.

3.1.2 Poly(3,4-ethylenedioxythiophene)-polysytrenesulphonate (PEDOT:PSS)

PEDOT is a conjugated polymer that is positively doped [66] and neutralised with the PSS polyan-
ion. An H+ disassociates from the PSS and dopes the PEDOT polymer backbone. Oxidation (further
p-doping) of PEDOT:PSS results in an absorption spectra in the NIR-region due to more free charge
carriers, i.e. bi-polarons, and the initial sky-blue coloured polymer turns to a more transparent and
uncoloured state. PEDOT:PSS absorbs strongly in the red/orange wavelength region upon reduction,
therefore, it appears as a dark blue colour to the human eye in its reduced state. The reduced form
of PEDOT:PSS shows very low electronic conductivity, while the pristine (semi-oxidized) form of
PEDOT:PSS acts as a one-dimensional synthetic metal with high electronic conductivity.

Poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonic acid) (PEDOT:PSS) is com-
monly used as buffer layer between indium tin oxide anode and the emitting layer in organic light
emitting diodes, where the PEDOT:PSS layer forms effectively the anode in this device set-up. [67]
PEDOT:PSS has been commercialised by H. C. Starck under the trade mark of Baytron P. The for-
mula of PEDOT:PSS is represented in Fig. 3.1.
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Figure 3.2:Proposed chemical mechanism of degradation of PEDOT:PSS:- Diels-Alder-Reaction
/SO2 extrusion.

PEDOT undergoes an electrochemical half-reaction as follows:

PEDOT+1 +PSS−+M+ +e− ⇀↽ PEDOT0 +M +PSS− (3.1)

Where M+ is a cation (sodium, hydrogen, etc.) and PSS is a passive counter-ion (that originally
doped PEDOT). PEDOT+1 is a sky blue material that is highly conductive (≈200 S/cm), while
PEDOT0 is a dark blue material with a relatively low conductivity (estimated at≈10−5 S/cm by
Johanssonet al.[68]). The color change, known as electrochromism makes PEDOT useful in display
cells. The conductivity change makes the material suitable for sensors and transistors. [69]

PEDOT is not intrinsically conductive; theπ- conjugated carbon chain does not conduct. However,
when doped with PSS it becomes a p-type semi conductor. When an electric field penetrates a
PEDOT:PSS layer, the positively charged H+ ions are forced to the extremes of the polymer. This
essentially depletes the polymer of its dopant. Without the H+ dopant, PEDOT is not conductive.

Thermal degradation of PEDOT:PSS depends on temperature (decomposition starts at about 225
to 230oC), UV light, and oxygen. One proposed path of degradation is shown in Fig. 3.2. [70]

Polar compounds, especially acidic solvents like N-Methylpyrrolidone, N,N-Dimethylformamide,
N,N-diethylacetamide, and low volatile alcohols like ethylene glycole, glycerine, sorbitol, partly re-
dissolve PEDOT groups, rearrange morphology, decrease resistances between PEDOT:PSS particles
and increase film conductivity (during drying).

3.1.3 ITO/PEDOT:PSS interface

In the field of OLEDs, the stability of the ITO/organic interfaces determines to a great extent many
of the device properties. [71] [72] [73] [74] [69] [75] [76] In single-layer OLEDs, the oxidation
of the organic emitting layer by oxygen diffusing out of the ITO, the presence of electric shorts
due to the rough ITO surface, and the unbalanced electron - hole injection, limit the device life-
time. [77] [78] [79] To get around these problems, a PEDOT:PSS layer is introduced between ITO
and the emissive layer. Because ultrathin layers of PEDOT:PSS are essentially transparent to vis-
ible light, this additional layer does not readily diminish the light output and instead leads to a
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Figure 3.3:Rieke’s regio-controlled synthesis of poly(3-hexylthiophene). The polymer is prepared by
the regiocontrolled zinc mediated method of Rieke.

significant improvement of the lifetime and luminous efficiency and a reduction in the operating
voltage. [78] [80] [81] [82] [79] [83] The beneficial effects of PEDOT:PSS arise from the smoothing
of the ITO surface and the reduction of the hole-injection barrier due to the high energy of the occu-
pied electronic levels of PEDOT in comparison with that of ITO. [84] [74] The released protons in
the emulsion are susceptible to react with ITO during the coating step. [85] The hole-injecting layer
PEDOT:PSS may undergo interfacial chemistry with ITO. [75] [76] [86] [77]

PEDOT:PSS is a stable emulsion in water, thus easy to spin-coat on ITO. In PSS, all the sulfonate
groups are not involved in the neutralization of the doping charges, most of them are sulfonic acid
groups. To build up polymer light emitting diodes (pLEDs) with a PEDOT:PSS layer, the precusor-
PPV route cannot be used since the high temperature required would destroy PEDOT:PSS. Hence, a
soluble emissive polymer like O-C1-C10-PPV or P3HT can be spin-coated on top of the PEDOT:PSS
layer.

In multi-layer pLEDs using PEDOT:PSS as hole injecting layer, the ITO/PEDOT:PSS interface is
not stable and very sensitive to air. The hydroscopic nature of PSS plays an important role. Upon
exposure to air, water is absorbed by the PEDOT-PSS film and an aqueous acid environment is
formed due to the reaction

H2O+PSS(SO3H).H3O+ +PSS(SO−3 ). (3.2)

This will facilitate etching of the ITO and transport of the etch products throughout the PE-
DOT:PSS film. However, the good news for the pLEDs is that indium is not diffusing in the emissive
polymer, thus avoiding the formation of quenching sites. [77]

32



3.1 Materials

3.1.4 Poly (3-hexylthiophene 2,5 diyl) (P3HT)

For all our experiments we used regioregular head-to-tail P3HT purchased from Rieke Inc., or from
Aldrich - Germany. Regioregularity denotes the percentage of sterio-regular head-to-tail (HT) at-
tachments of the alkyl side chains to the three-position of the thiophene rings. The HT regio-specific
polymers have improved conductivities, [87] mobilities, [8] optical non-linearity and magnetic prop-
erties over the regiorandom HH (head to head) polymers, due to their ability to form supramolecular
self-assembled regions when in the solid state. There are several different synthetic routes used to
prepare the regioregular HT P3HT, but the two that produce the greatest percentage (98%) of RR HT
P3HT are the McCullough method [88] and Rieke method. [89] It is the HT P3HT prepared by the
Riecke method that is commercially available from the Aldrich Chemical Co.

M. M. Erwin et al [90] showed by Rutherford backscattering spectroscopy that in their 98% rr
HT P3HT purchased from Aldrich chemical Co. residual synthetic impurities, Zn and Br were
present. These impurities were also shown to affect the optical properties both in solution absorption
and emission and also affect the solid state absorption. The Zn and Br can be removed during the
methanol phase of Soxhlet extraction.

3.1.5 [6,6]-phenyl-C61 butyric acid methyl ester (PCBM)

The characterization of C60 as an electron acceptor capable of accepting as many as six electrons [91]
candidates it as the acceptor in blends where conjugated polymers are good photoexcited electron
donors.

C60 is a molecule that consists of 60 carbon atoms, arranged as 12 pentagons and 20 hexagons.
The C60 molecule was discovered by Krotoet al. [92], in 1985 - won them the 1996 Nobel prize
in chemistry. Solid C60 is a molecular crystal in which C60 molecules occupy the lattice sites of a
face centered cubic (fcc) structure. Initially, C60 could only be produced in tiny amounts. So there
were only a few kinds of experiments that could be performed on the material. Things changed dra-
matically in 1990, when Kr̈atschmeret al. [93] discovered how to produce pure C60 in much larger
quantities. While the carbon atoms within each C60 molecule are held together by strong covalent
bonding, van der Waals interactions are the dominant intermolecular forces in C60 crystals. [94]
Near the temperatureTc = 250 - 260 K, the C60 crystal is known to undergo a first order phase tran-
sition associated with changes in molecular rotations. AboveTc, C60 molecules rotate almost freely
and therefore are equivalent, thus resulting in fcc structure. [95] BelowTc, the molecular rotations
are partially locked with the five-fold symmetry axes having specific orientations. As a result, the
molecules are no longer equivalent, and the fcc structure transforms into a sc lattice composed of four
sublattices. [96] This phase transition is also accompanied by a discontinuity in the lattice parameter
da (from 14.154Ȧ in the fcc to 14.111̇A in the simple cubic (sc) phase. [96]

Consider the ideal C60 crystal. It is generally assumed that in this solid the charge carriers can eas-
ily move within C60 molecules, and the carrier mobility is limited by the carrier jumps between the
molecules. The jump probability decreases with increase in intermolecular distance. This probability
could also decrease during the phase transition from the rotationally ordered sc to rotationally disor-
dered fcc phase, in which molecular rotation should induce extra carrier scattering. This model was
used by Katzet al. [97] to explain the observed sharp increase in mobility and in dark conductivity
of high quality C60 single crystals when temperature is lowered through the transition region.

Introduction of defects into the ideal C60 crystal may result in disorder, both in the orientations
and in the relative distances between the C60 molecules, as well as in the appearance of defect
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Figure 3.4:The chemical structure of PCBM.

levels (charge carrier traps) in the forbidden gap, and ultimately lead to the vanishing of the phase
transition. Oxygenation and decrease in crystalline quality result in a smaller discontinuity of the
lattice parameter at the phase transition. However changes associated with oxygenation were found
to be fully reversible (by heating the oxygenated samples at 150oC for 2 h).

Reported field effect measurements on thin film evaporated C60 = 8x10−6 m2/Vs. [98] For C60

single crystals grown from the vapour phase, mobilities of 5x10−5 m2/Vs have been measured by
time-of flight measurements. [99]

Buckminsterfullerene is a special spherical electron carbon cluster which, unfortunately, is only
sparingly soluble in most common solvents. Figure 3.4 shows the chemical structure of PCBM used
as the acceptor in PCBM:P3HT solar cells studied in this work. PCBM is a C60 based material in
which a methyl-ester group is attached to improve the solubility of C60 in common organic solvents.
A PCBM SCLC electron mobility of 2x10−7m2/Vs at room temperature has been reported by Mi-
hailetchiet al. [100] They also quote a relative dielectric constant of 3.9 obtained from capacitance
-voltage measurements. HOMO = 6.1 eV, LUMO = 3.7 eV, hence Eg = 2.4 eV (intersite distance
=3.4 nm).

3.2 Methods

Figure 3.5 shows a block diagram of some of the steps undertaken when preparing the electrode/
polymer/ electrode sandwich devices and solar cells. Solutions were prepared by dissolving the
polymer, fullerene, or the polymer-fullerene blend in apropriate solvents, and stirring the solution, in
a dark inert atmosphere for at least two hours, using a magnetic stirrer.

The high work function electrode was patterned by etching commercial ITO coated glass sub-
strates in acid. The substrates were cleaned in deionized water, acetone, toluene and isopropanol,
respectively, in a hot ultrasonic bath (USB). Ultrasound is a cleaning method which is used in pre-
cision mechanical workshops and also for surgical instruments. Ultrasound waves are mechanical
waves that are emitted in liquid media and whose intensity decreases in accordance with the square
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Figure 3.5:Block diagram showing some of the steps employed in device preparation and character-
isation.

of distance. They are produced by ultrasonic transducers operating with either magnetic or electri-
cal energy (piezoelectric effect). The ultrasound waves are broken on solid objects and walls, thus
giving rise to ultrasonic shadowing. The ultrasonic effect is based on cavitation, occurring mainly at
the boundary surfaces between water and a solid object. Here cavities are formed containing gas at
a negative pressure. When these cavities collide with each other, suction pressures of up to 100 bar
are generated and result in the removal of soil particles from solid surfaces. This effect cannot be
generated in the case of soft objects, e.g. materials made of rubber, latex and silicon rubber.

The PEDOT:PSS and/or polymer or blend solution was spin-coated onto the patterned ITO sub-
strates in the nitrogen atmosphere of a glove box, O2 - 2 ppm and H2O - 0.01 ppm. The metal top
electrode (Al) was deposited by thermal evaporation in high vacuum, better than 5x10−7 mbar, at a
rate of between 0.05 and 0.1 nm/s. All devices were stored in nitrogen atmosphere prior to measure-
ment. Dark, temperature dependent, current-voltage characteristics were obtained by utilising a dc
current-voltage Source/Monitor Unit (Advantest TR 6143), as a voltage source and current monitor,
with the device placed in a liquid - nitrogen - cooled cryostat at high vacuum of better than 10−5

mbar in all cases. The temperature range studied was from 100 to 360 K, and the temperature was
allowed to stabilize for 3 minutes within± 0.01 K before measurement was initiated. The thickness
of the devices was then obtained by scrapping off part of the thin polymer film, and using an atomic
force microscope (Burleigh Vista -100 Scanning Probe Microscope) to scan the formed step.

3.3 Summary

In this chapter we have given the properties of the polymers, fullerene, and electrodes studied in this
project. We have highlighted some of the important properties of ITO, PEDOT:PSS as well as the
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properties of their interface. The methods used in the preparation and measurement of the devices
are also highlighted in a block diagram.
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4 Current limiting mechanisms in ITO/P3HT/Al sandwich devices

We studied the temperature dependent current - voltage characteristics of regioregular poly (3-hexyl
thiophene 2.5-diyl) (P3HT) thin films sandwiched between indium tin oxide (ITO) and aluminium (Al)
electrodes (ITO/P3HT/Al devices), with the aim of determining the current limiting mechanism(s) in
these devices, and the temperature and/or applied electric field range(s) in which these mechanisms
are valid. The current-voltage characteristics of the ITO/P3HT/Al devices showed that current flow
across the device is limited by hole injection at the Al/P3HT interfaces at temperatures below 240
K, when the device is biased with high potential on Al. Above this temperature, the bulk transport
properties control the characteristics. For the reverse bias, the ITO/P3HT contact does not limit the
current; instead it is controlled by a space charge that accumulates due to the low charge carrier
mobility in the polymer. An expression that provides a criterion to determine the validity of applying
either the Richardson-Schottky thermionic emission model or the Fowler-Nordheim field emission
model was deduced. It can be employed to determine the electrical field at which the transition
from charge injection by thermionic emission to that by field emission for a given temperature and
interface potential barrier height takes place. Our experimental data fit to the deduced expression.
Theoretical limits of the model are also discussed. By considering the regions of the current-voltage
curves where field emission or thermionic emission was applicable, the interface potential barriers
were estimated, respectively. Hence, conclusions on whether the current-voltage behavior of the
devices was contact limited or bulk limited could be drawn.

4.0.1 Modeling of current in metal/polymer/metal structures

The current - voltage characteristics of metal/polymer/metal devices are controlled by two basic
processes: (a) injection of charge carriers from the electrodes into the polymer and vice versa and,
(b), transport of charge in the bulk of the film. Steady state current is determined by the less effective
mechanism, since this is the one that limits net charge flow depending on specific experimental
situation (the externally applied electric field, the height of the injection barrier, i.e., the difference
between the electrode work function and the corresponding transport levels of the polymer, and the
temperature, etc.). The current is then either injection limited or bulk transport limited.

4.1 Results and discussion

4.1.1 Current - voltage characteristics

An overview of the current density (J) versus voltage (V) characteristics of ITO/P3HT/Al devices,
for temperatures ranging from 100 to 360 K, is shown on a linear scale in Fig. 4.1. The asymmetrical
nature of the curves is attributed to the difference in the work functions of the electrodes, implying
different barriers at each electrode / polymer interface. Figure 4.2 shows double-logarithmicJ(V)
plots for different temperatures, ranging from 100 up to 360 K in 20 K steps.

Figure 4.2 corresponds to hole injection into the HOMO of P3HT through Al (+ is on Al) and
electron injection into the LUMO through ITO (- on ITO). It can be observed that the curves have
a slope equal to about 1 at low voltages, suggesting compliance with Ohm’s law. It is interesting to
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Figure 4.1:An overview of current-voltage curves for d = 20 nm thick ITO/P3HT/Al devices within
the 100 to 360 K temperature range.
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Figure 4.2:J(V) curves in log-log scale for: (a) hole injection through the Al/P3HT interface (dotted
lines correspond to slope 1), (b) through ITO/P3HT interface (dotted lines correspond to
slope 2).
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4.2 Thermionic emission

note that the slope then tends to about 4, and each curve approaches this slope at a higher voltage,
the higher the temperature is. Since the slope is greater than 2, it might indicate the existence of
traps within the bulk of the semiconductor. [30] The limitation of the current by the contact with a
relatively high barrier (such as the hole injection through Al/P3HT) is more pronounced at low tem-
peratures. At such temperatures, thermally generated carriers are very few, and at low voltages the
injected charge density is small so that the overall behavior is ohmic. As the voltage is increased, the
number of injected carriers increases, so that space charge accumulates, tending to limit the current.
The number of thermally generated carriers increases with temperature, hence, the current increases
with temperature, conforming to semiconductor behavior. Therefore, an even higher voltage has to
be applied before the injected charge and the thermally generated charge can become comparable.
The super-linearity is, therefore, expected at a higher voltage, when the temperature increases. Super-
linear behavior [see Fig. 34.2] suggests that the injected charge overwhelms the transport capabilities
of the polymer, hence giving rise to the accumulation of positive charge near the Al hole injecting
electrode. The bulk properties start to control the curent-coltage characteristics. When all the curves
reach the constant slope line, theJ(V) curves depend more strongly on the voltage applied rather
than temperature. Figure 4.2(b) corresponds to electron injection into the LUMO of P3HT through
the Al electrode, and hole injection into the HOMO through the ITO electrode. Below 2 Volts, the
slope of the curves measured at low temperatures is approximately 2 (TFSCLC behavior). The bulk
controls the current. At higher temperatures, the slope found is between 1 and 2. This means that the
thermally generated carrier density exceeds that of the injected charge. The changes in slope with
applied voltage seen in Figs. 4.2 (a) and (b) are different due to the different hole injection barrier
heights.

4.2 Thermionic emission

At low electrical fields when the slope of ln(J) vs. ln(V) is about 1, the region is considered as being
ohmic. Above the ohmic region, the current - voltage characteristics may be fitted to the Richardson-
Schottky (RS) emission model.

Equation (2.21) may be rewritten as

ln

(
J

T2

)
= ln(A∗)+

−φB +

√
q3V

4πε0εrd

 · 1
kB

 1
T

. (4.1)

According to (4.1), plots of ln(J/T2) vs 1000/T are straight lines, since all the other parameters
are constant, at a given voltage,V. The expression in the square brackets of Eq. (4.1) represents the
slope of ln(J/T2) vs. 1000/T and is called activation energy. The effective barrier height between the
electrode and the film may be calculated from the slope, thus,

φB =

−kB ·slope+

√
q3V

4πε0εrd

 . (4.2)

Our experimental data fits well with the RS emission model at high temperatures. As can be noted
from Fig. 4.3 (a) and (b), the slopes of ln(J/T2) vs 1000/T at different voltages tend to straight lines
at high temperatures.

This is particularly clear in the case of hole injection through ITO, Fig. 4.3(b), where the straight
lines are observed from about 250 K (1000/T = 4) upwards. In the case of Fig. 4.3, i.e., hole
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Figure 4.3:ln(J/T2) vs 1000/T plot for (a) hole injection through the Al/P3HT interface,(b) plot for
hole injection through the ITO/P3HT interface. Dotted lines are guides for the eye.

injection through Al, the straight line behavior seems to be evident above 300 K, but there are too few
experimental points to make a reasonable fit. However, the fact that thermionic emission dominated
behavior is observed at higher temperatures indicates that a higher hole injection barrier exists at
the Al/P3HT interface, since more thermal energy is required before the charge carriers will be able
to overcome it. This confirms the difficulty of injection through this barrier as compared to the
ITO/P3HT interface as has been observed and mentioned in Section 4.2.1.

The employment of Eq. (4.2) to the fitted straight lines yielded a hole injection barrier equal
to 0.44 eV for the ITO/P3HT interface. A larger barrier is expected for hole injection through the
Al/P3HT interface. SCLC behavior would be expected for barriers below 0.5 eV.

4.3 Field emission

The equation that relates current density and applied electric field, within the Fowler-Nordheim for-
mulation (Eq. 2.26) may be rewritten thus:

ln

(
J

F2

)
= ln(A)−κ

(
1
F

)
. (4.3)

This is a straight line equation of ln(J/F2) versus (1/F) with a slope equal to -κ, and the plot is
referred to as the FN plot. The value ofκ may, thus, be determined from FN plots. Figure 4.4 show
typical FN plots of ITO/P3HT/Al devices for temperatures ranging between 100 and 220 K for (a) -
positive, and (b) - negative bias on Al, respectively.

At high applied fields (or low values of 1/F), the FN curves for our devices can be fitted to straight
lines. From the slope of the straight part of FN plots, the interface potential barrier height can be
computed by using equation (2.30). In Fig. 4.4(a), the curves obtained for different temperatures
converge into one common line, at high applied fields. The barrier height for hole injection into the
HOMO through the Al/P3HT interface can be, therefore, estimated as 0.85 eV.

In Fig. 4.4(b)), instead, the slopes are temperature dependent. The upper limit of the barrier height
for hole injection into the HOMO through the ITO/P3HT interface is 0.47 eV at T=100 K. This in-
dicates that the barrier height, defined as the energy gap between the HOMO of the polymer and the
respective electrode work function, slightly varies with temperature in different ways. Note that the
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Figure 4.4:Fowler-Nordheim plots for the tunneling (a) of holes from Al into P3HT, and (b) of holes
from ITO into P3HT. Dotted lines indicate the linear parts of the curves.

variation of band bending in the vicinity of contacts, if present, may be responsible for the latter.
The deviation from straight line behavior at lower electric fields is attributed to thermionic emission.
Therefore, the injection of holes through the lower barrier (ITO/P3HT) is expected to be more in-
fluenced by temperature. We have also calculated the HOMO of the polymer using the procedure
suggested by Huemmelgenet al. [101], where knowledge of the thickness and the effective mass is
not required, but only the work functions of electrode materials and the slopes of the FN curves in
reverse and in forward bias, at constant temperature. In this procedure, the ratio of the slopes of the
FN curves, from Eq. (2.30), is considered. Such calculations suggest a linear variation of the HOMO
from about 5.24 eV at 100 K to about 4.9 eV at 220 K, if the electrode work functions were constant
with temperature.

4.4 Transition from field to thermal emission limited characteristics

The concept of tunneling alone, or of thermionic emission alone, does not make much sense within
the transition region. The description of this region would call for some kind of a hybrid model. The
combined contribution of the two phenomena to the measured current has been described either as
field assisted thermionic emission or thermally activated tunneling [49] (see Fig. 4.5).

The increase in electric field implies a stronger barrier lowering (due to image charge), meaning
that charge carriers which have a smaller energy can now be emitted over the barrier, and this is
denoted as field assisted thermionic emission. On the other hand, since the barrier is considered to
be constant in the FN theory, an increase in temperature implies a smaller difference between the
energies of the electrons and the top of the barrier, meaning that the barrier to be traversed is now
thinner, and the probability of tunneling increases. This is denoted as thermally assisted field emis-
sion. Indeed, many studies have been done in other metal/polymer/metal devices, in this respect.
For instance, temperature dependent current-voltage measurements on poly-para- phenylene veny-
lene (PPV) films revealed a thermally activated behavior at low voltages [53]. The absence of this
behavior at higher voltages was attributed to field emission (FN tunneling) at the contacts [102].
However, the theoretical FN expression was not able to quantitatively account for their experimental
J(V)characteristics. The large deviations were attributed to thermionic emission [103], space charge
effects in the bulk of the polymer [104] and band bending effects [105]. It has been demonstrated
that at low electric fields and at room temperature the conduction of holes in PPV devices is limited
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Figure 4.5:Mechanisms of charge carrier injection through a metal/polymer interface. The energy
distribution function is of Maxwell - Boltzmann type.

by space charge effects in the bulk of the polymer and not by the charge injection from the contact
[28]. At high fields, however, the strong field dependence of the current together with its decreased
temperature dependence both seem to argue in favor of the tunneling model [29]. The shortcom-
ings of each of the models, RS and FN, considered separately, are the following: At high electric
fields, barrier lowering may be comparable to the barrier height itself, and its neglect in tunneling
considerations is problematic. Also problematic are the assumptions of a triangular barrier and the
existence of a continuum of unbound states into which carriers can tunnel. The application of the
RS concept suffers from the neglect of inelastic carrier scattering inside the potential well which is
of crucial importance in organic solids where transport is an incoherent process and the mean free
path is small. There, clearly, is a need for the harmonization of the two concepts, the classical RS
thermionic emission over the barrier and the quantum mechanical FN tunneling through the barrier.

4.4.1 Model

We utilize the expression for the temperature dependent tunneling current through a triangular barrier
at metal/polymer interfaces derived in [45], [46], from which we deduce an expression for the
minimum electric field that must be applied to a device with a known interface barrier height, at a
given temperature T, so that the tunneling contribution equals the thermionic emission contribution to
the current. The tunneling current density through the triangular barrier at a metal polymer interface,
considering the effect of temperature on the Fermi distribution is given by [45]

J(T) =
q2πkBT

h2

(
m∗

2φB

)1/2

·F ·exp

(
−8π

√
2m∗φ3/2

B

3hqF

)
· 1
sin(βπkBT)

. (4.4)
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(see full derivation in Appendix 1), where

β =
4π
√

2m∗φ1/2
B

hqF
. (4.5)

Further, this expression is only applicable if the following condition is satisfied:

β <
1

kBT
− 1

φB
. (4.6)

Substituting (4.5) in (4.6), we obtain an explicit relationship (4.7) between temperature, applied
electric field, and interface barrier height, for the threshold field that must be applied,F, for tunneling
to dominate theJ(V)characteristics:

F >
2
√

2m∗kBTφ3/2

qh̄(φB−kBT)
. (4.7)

The inequality (4.7) is not defined forφB = kBT, since this would mean that there is no barrier.
This is logical considering that the definition of tunneling demands that the energy of the electrons
must be smaller than the barrier height, otherwise, forφB < kBT, thermionic emission of electrons
across the barrier occurs. In the low-temperature limit, for temperatures such that kBT << φB, the
denominator of inequality (4.7) is independent ofT. This means that for certain interfacial barriers
φB1 < φB2, a larger field is required to observe the tunneling dominated characteristics. However,
asT is increased, kBT approachesφB1 first, and the required field becomes so high, overtaking that
required forφB2, and then tends to infinity. ForφB1, no more tunneling is possible, but forφB2 it can
still be observed.

The fact that there is no single valued energy for all electrons in a material, but rather distributed
energy values about the average energy kBT according to the Maxwell-Boltzmann statistics, indicates
that a portion, exp(-E/kBT), of the electrons will have energy values larger thanE. When this portion
has crossed over the barrier, we can not distinguish them from those that have tunneled. Another
difficulty arises from the fact that there might be no single valued barrier height, but a distribution
aroundφB, due to the fuzziness in the energy of the polymer band edges caused by disorder [55].
In addition, the evaporated electrodes are not expected to have precisely known values of the work
function due to their amorphous structure. The above implies that analysis of either tunneling or
thermionic emission makes real sense away from the transition region. The inequality (4.7) has been
evaluated for different interface barriersφB (in eV), wherem = 9.11x10−31 kg, kB = 8.62 eV/K, T
is the absolute temperature,q = 1.60x10−19 C, h = 6.64x10−34 Js. The result of this evaluation for
an interface barrier of 0.025 eV is shown in Fig. 4.6, which shows plots of the minimum electric
field, Fz, which must be applied to a metal/semiconductor polymer/metal device, in order for charge
carriers to be injected across the barrier through quantum mechanical tunneling, as a function of
temperature.

At the fieldFz tunneling balances thermionic emission, i.e., for any particular interface potential
barrierφB , at a given temperatureT, it is necessary to apply an electric fieldFz so that the number
of electrons injected from the metal into the semiconducting polymer through quantum mechanical
tunneling becomes equal to that due to thermionic emission. The vertical dotted line indicates the
value of T such thatkBT = φB1, i.e., the temperature at which the average energy of the charge
carriers becomes equal to the potential barrier height. The region to the left of this line indicates the
temperatures at whichkBT < φB1. Charge carriers with such energies can only be injected into the
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Figure 4.6:Theoretical curves (inequality (4.7)) showing the boundary between thermionic emission
and field emission characteristics for an interface barrierφB1=0.025 eV. The shaded area
corresponds to field and temperature combinations described by thermionic emission.
Outside this area, tunneling (field emission) describes the charge injection. The dotted
line indicates the temperature at whichkBT = φB1.
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Figure 4.7:Plots of F vs T (Inequality (4.7)) for various interfacial barriers. (a) Illustrating that
the temperature at which thermionic emission dominates the current contribution (for
a constant field) increases with the size of interface potential barrier. (b)For very low
temperatures, the trend is reversed, since there is practically no thermionic emission,
and the temperature at which thermionic emission dominates decreases with increase in
potential barrier.
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Figure 4.8:(a) Fowler-Nordheim plots for a reverse biased ITO/P3HT/Al device in the temperature
range 100 - 360 K. (b) The proposed superposition of contributions of thermionic Jth(F)
(open squares) and tunneling Jtu(F) (open circles) in total current density J(F) (closed
circles). In the thermionic term, the potential barrier is considered as field-independent.

semiconductor by quantum mechanical tunneling. The curve approaches the indicated vertical line
asymptotically.

If the applied field is smaller thanFz, the injection is dominated by thermionic emission, otherwise
it is dominated by tunneling, provided the temperature is well below the critical value determined by
the conditionkBT = φB. If T increases, a relatively higher field is required for tunneling to balance
thermionic emission. IfT is equals values such that kBT is smaller but comparable toφB, it becomes
important to consider the distribution of energies of charge carriers aboutkBT (as mentioned above),
and the thermionic emission will dominate. AskBT approaches toφB, the electric fieldFz tends to
infinity, therefore, the definition of tunneling ceases to make sense. Other cases of inequality (4.7)
are illustrated in Figs. 4.7.

The above can be summarized as follows: For an interface barrierφB, any combination of F>Fz

and T such that kBT < φB , tunneling dominates the injection at the electrode/metal interface (shaded
region). Outside this region, thermionic emission dominates. Below and on the right hand side of
theFz curve, the J(V) characteristics should be independent of tunneling, and the rate of change of
the current with applied field is reduced. We should, therefore, expect the bulk properties of the
polymer to take over the current limitation, since the electrons do not ”see” a barrier. Depending on
the mobility of the electrons in the polymer, either ohmic behavior or space charge limitation will be
observed.

4.4.2 Comparison with experiment

It has frequently been indicated that the deviation of the FN plot from straight lines at low electrical
fields might be due to the contribution of thermionic emission, so most authors truncate their FN
curves when the slight curvature starts to appear [45], [101], [102], [106], in order to analyze only
the straight line regime, estimate the slope and, hence, the barrier height. In Fig. 4.8(a), we show
complete curves obtained for our devices under reverse bias.

Similar shape of curves was obtained also by Kiy et al. [43] for electron tunneling from a mag-
nesium contact into Alq3. As discussed in Section 4.3.3, the slopes are different, yielding a larger
barrier for the hole injection through the Al/P3HT interface. The complete plot indicates a straight
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Figure 4.9:Field at minima of Fowler-Nordheim plots as a function of temperature for ITO/P3HT/Al
under reverse bias. The dashed line is a guide for the eye.

line at high field strength, which curves, reaches a minimum, and then gradually increases for lower
applied fields. The contribution of field emission decreases, and the contribution from thermionic
emission becomes appreciable and dominates theJ(V)characteristics thereafter. The overall behavior
is schematically represented in Fig. 4.8(b), where the superposition of contributions of both effects,
thermionicJth(F) and tunnelingJtu(F), results in a minimum.

Note that in the thermionic term the potential barrier is considered as field-independent. At low
temperatures, a relatively low electric field strength is required, in order to inject an appreciable
number of holes by tunneling, for their density to become comparable to that of those that are injected
thermionically. The minimum of the FN plot will shift towards higher applied field strength (to the
left in Figs. 4.4, and 4.8) with increase in temperature. The electric field at which the minimum of
the FN curves is observed has been obtained from Fig. 4.4 and plotted against temperature, as shown
in Fig. 4.9. The trend conforms to inequality (4.7).

If the temperature is high enough, the tunneling regime will not be seen in the FN plot (see Fig.
4.8,T>260 K). TheJ(V)behavior becomes nearly temperature independent. AsT increases beyond
kBT = φB, theJ(V) curves become bunched together (see Fig. 4.8). We may conclude that for any
description of theJ(V)characteristics as contact limited, or bulk limited, it is essential to specify the
interface potential barrier, temperature and applied electric field ranges where such limitation would
be valid.

4.5 Conclusions

We have shown that the current in ITO/P3HT/Al devices is limited by hole injection at the Al/P3HT
contact when the device is reverse biased. The current becomes space charge limited at high voltages
when tunneling contributes significantly to the charge injection. The electric field at which the tran-
sition from contact limited to space charge limited current takes place increases with temperature.
If the current through the device is contact limited, the field of transition from thermionic emission
to field emission increases with temperature, tending to infinity when the charge carrier energy is
comparable to the interface barrier height. In forward bias, the ITO/P3HT interface supplies a high
amount of charge in the polymer semiconductor bulk, and the current is space charge limited in the
whole voltage and temperature range studied, suggesting the formation of an ohmic contact for hole
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injection at the ITO/P3HT interface. The FN-estimated hole injection barrier heights for Al/P3HT
and ITO/P3HT are 0.85 eV and 0.47 eV, respectively.
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5 Trap limited hole mobility in semiconducting poly(3-hexylthiophene)

Bulk transport properties of poly(3-hexylthiophene) (P3HT) were studied by analyzing tempera-
ture dependent current-voltage characteristics of the polymer thin films sandwiched between Indium
Tin Oxide/polysstyrene sulfonate doped Polyethylene dioxy-thiophene (ITO/PEDOT)and aluminium
electrodes. It was found that the contacts limit charge injection under reverse bias, but under for-
ward bias the current is limited by space charge that accumulates near the hole injecting electrode
(ITO/PEDOT) resulting in a rectification of 105. The forward current density obeys a power law of
the formJ∼ Vm, with m>2, described by space charge limited current in the presence of exponen-
tially distributed traps within the band gap. In this chapter we describe the deduction, and discuss
the limits, of an expression for the calculation of the total trap density, based on the exponential trap
distribution model, which yielded reasonable agreement with our experimentalJ(V) data. The total
deep hole trap density was estimated to be 3.5× 1016 cm−3, and the activation energy was obtained
to be 0.054 eV. Temperature dependent hole mobility in P3HT was also estimated under trap-free
space charge conditions, yielding a value of 3× 10−5 cm2/Vs, at 304 K.

5.1 Theory

As previously discussed, the dark charge carrier injection depends on the potential barrier at the
interface and on the temperature dependent energy of electrons incident on that barrier. Once charge
carriers are injected, their transport through the polymer layer towards the adjacent electrode under
the influence of the external electric field is determined by the conduction properties of the material
itself. For low bias the number of injected carriers is smaller or comparable to the thermally generated
intrinsic charge carriers, and the current - voltage characteristics can be described by Ohm’s law.
The space charge limited current (SCLC) model [46], [57] describes charge transport in a low
conductivity material, where the concentration of injected charge may exceed the intrinsic charge
concentration, and space charge builds up in the sample. The application of this model provides
useful material characteristics such as the trap distribution in the energy band gap, the position of the
Fermi energy, and charge carrier mobility.

Investigations have shown that bulk conduction in disordered, and that in undoped, conjugated
polymers is also described well by the hopping transport of electrons and holes, taking into account
space charge effects and traps of different depths [107]. Current density-Voltage(J(V)) characteris-
tics of electrode/polymer/electrode devices can often be fitted excellently by the power lawJ∼ Vm

with m>2, characteristic of the filling of exponentially distributed traps [108]. Traps may originate
from structural defects or due to perturbed molecules in the lattice causing charge of polarization
energy in the perturbed regions, which may also tend to lower the bottom edge of the conduction
band, or to raise the bottom edge of the valence band. Campbellet al. [109] have shown that the
SCLC model with field independent mobility, in presence of exponentially distributed traps gives
qualitatively the same results as trap free SCLC with a field dependent mobility of the Poole-Frenkel
type [110], [30], [111]. In the following section we briefly describe the exponential trap distri-
bution model, and deduce an expression for the calculation of the total trap density, which yielded
reasonable agreement with our experimentalJ(V)data.
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5.1.1 Exponential distribution of traps

We consider a hole-only device for the following description, and note that the reverse will be equally
true for electron only devices. The distribution function for the hole trap density as a function of
energy levelE above the valence band, and a distancex from the injecting contact for holes can be
written as: [46]

h(E,x) = n(E)s(x), (5.1)

wheren(E) ands(x) represent the energy, and spatial distribution functions of traps, respectively.
An assumption of uniform spatial trap distribution within the specimen from injecting electrode to
collecting electrode implies that the effective thickness of the device, under space charge conditions,
remains the thickness itself, ands(x)= 1. The specific functional form of the SCLC current density
versus voltage, J(V) curve depends on the distribution of charge traps in the band gap.

For traps that are exponentially distributed within the energy band gap, Eq. (5.1) becomes

h(E) = n(E) =
Nvb

Et
exp(− E

Et
), (5.2)

which can be written as

N(E) = Nvbexp(− E
Et

), (5.3)

whereN(E)=n(E)Et is the trap density at an energy level E above the valence band edge, andNvb

is the trap density at the valence band edge;Et is the characteristic constant of the distribution, also
often expressed as a characteristic temperatureTt , (Et = kBTt), where kB is Boltzmann’s constant.
Equation (2) assumes that the maximum number of traps is located at the valence band edge, and
decreases exponentially as we go deep into the energy band gap. To extract the physical significance
of Et , we consider the case when the trap energyE = Et , therefore Eq. (5.2) can be simplified as

N(Et)
Nvb

=
1
e

= constant. (5.4)

Equation (5.4) states that the trap energy level that characterizes the exponential distribution is
defined as the energy at which the density of traps has been reduced by1/eas compared to the trap
density at the valence band edge. The characteristic width of the exponential distribution is therefore
set by the energyEt . At the conduction band edge we expect the density of hole traps to vanish. In
Eq. (5.2),E = Ecb >>Et , therefore,N(Ecb) ∼ 0, whereEcb is the energy level of the conduction
band edge. The total density of traps in the distribution is given byNtotal =NvbkBTt . [112]

The exponential trap distribution (Eq. (5.3)) implies a power law dependence of current density
on the bias voltage given by [46] [57]:

J = q1−l µpNv(
2l +1
l +1

)1/l (
l

l +1
εε0

Ntotal
)l V l+1

d2l+1 , (5.5)

where q is the electronic charge,ε0 is the permittivity of free space,ε is the dielectric constant
of material,µp is charge carrier mobility of holes,Nv is the density of states in the valence band,
Ntotal is the total density of traps;l=Tt /T, T is the measurement temperature in K,d is the sample
thickness,m = l+1, andJ ∼ Vm is the power law obtained. After performing some simple algebraic
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manipulations we rewrite Eq. (5.5) in its Arrhenius form to bring out the dependence of current
density on temperature. Grouping together all the terms withl from Eq. (5.5), we obtain:

J =
qµpNvV

d

[(
2l +1
l +1

)1/l l(2l +1)
(l +1)2

εε0V
qd2Ntotal

]l

. (5.6)

We can apply the exponential function to a natural logarithm without altering the result, and when
we consider thatl = Tt /T we obtain that Eq. (5.5) can be written as

J =
qµpNvV

d
exp

{
− Et

kBT
ln

[(
2l +1
l +1

)−1/l (l +1)2

l(2l +1)
qd2Ntotal

εε0V

]}
, (5.7)

Therefore, for an exponential distribution of traps, the quasi-Fermi level, which depends on the
magnitude of stored charge and hence on the applied voltage is given by

EF(V) = kBTt ln

[
f (l)

qd2Ntotal

εε0V

]
, (5.8)

with

f (l) =
(

2l +1
l +1

)−1/l (l +1)2

l(2l +1)
, (5.9)

EF is measured from the edge of the valence band for the hole injection, or from the conduction
band edge for electron injection.

Kumaret al. [113] obtained a similar expression forEF , which they called activation energy, by
rewriting Eq. (5.5) to bring out the Arrhenius dependence of current density on temperature, resulting
in that the prefactor withl is equal to 0.5, through some approximation within 4%. Kao and Huang
[46] gave an expression forEF similar to the one in Eq. (5.8), but without the factor raised to the
power (-1/l), possibly because they approximated that term to 1. In the analysis, by Tanset al. [114],
of the power law asymptotes of the J(V) characteristics in presence of exponentially distributed traps
one can infer that they consideredf(l) to be equal to 1. To clarify the apparent lack of consistency,
we discuss the permitted limits of the pre-factorf(l) in Eq. (5.9).

In Fig. 5.1 we show a graph off(l) vs l, [Eq. (5.9)] for values ofl from the minimum allowedl =
1 (corresponding tom = 2) to an arbitraryl = 50.

Calculation shows thatf(l) decreases monotonously, e.g., from 8/9 to 0.51 for values ofl between
1 and 30. In the limit whenl tends to infinity,f(l) tends to 0.5. We suggest that 0.5 is the value of
f(l) when theJ(V) curve in double logarithmic scale becomes vertical. In that case, the description
of traps by a continuous exponential distribution ceases to be valid. The traps being filled are then
described as being situated on some discrete energy level within the band gap [46], [57]. When
f(l) is the maximum allowed value of 8/9, all traps are filled, and there is no trap filling taking place.
This happens whenm= 2. We define therefore that the exponential description is valid if 0.5< f(l) <
(8/9). Therefore using any of the two extremes in calculation ofEF or Ntotal cannot be justified, worse
approximating to a prohibited value 1, even if this will not alter the numerical result significantly.
For values ofl < 10, which are usually obtained practically, one expects shallow traps close to the
valence band edge, some of which in fact can be filled by thermal energy.

Figure 5.2 illustrates the effect of space charge on the Fermi level in the SCLC regime, at constant
temperature.
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Upon an increase of the bias voltage, the increased positive space charge will occupy the first
available trap states for holes in the bandgap, which corresponds to a shift ofEF towards the valence
band edge. [114]

Further, we may rewrite Eq. (5.8) as

EF(V) = kBTt ln[ f (l)
qd2Ntotal

εε0
− lnV], (5.10)

wheref(l) is the pre-factor withl in Eq. (5.9), and is constant for any given temperature, where the
power lawJ∼ Vm, m> 2 is satisfied. In the SCLC regimeEF is thus linearly dependent on lnV. The
Fermi levelEF (V) will coincide with the valence band edge (EF = 0), only if the right-hand-side of
Eq. (5.10) is zero. This takes place when the applied voltage,V, reaches a critical voltage given by

V = Vc = f (l)
qd2Ntotal

εε0
. (5.11)

At the bias voltageVc all the traps are filled andEF coincides with the valence band edge energy
Evb. Vc obtained for the temperature in question (implicitly expressed in the functionf(l)) indicates
the minimum voltage which is necessary to apply in order to fill up all existing traps at that temper-
ature. Practically, we expect the slope of the J(V) curve to transform itself to 2 asVc is approached,
in conformity with trap free SCLC. IfVc is the same for all temperatures, this indicates that the traps
are so deep that at temperatures considered, the energieskBT are smaller than those required to fill
up any significant number of the traps. The variation ofVc, which is directly proportional to the total
number of traps in the bulk, with temperature indicates the measure with which temperature is capa-
ble of filling up traps. At high temperatures we would expect more traps to be filled thermally than
at low temperatures, and the fraction to be filled by voltage should be reduced. The slope of theJ(V)
curves determined by Eq. (5.5) increases rapidly with decreasing temperature, makingf(l) smaller,
thus increasing the fraction of the total number of traps that must be filled by injected charges due to
applied voltage.

If the obtained trap distribution parameterEt = kBTt >> kBT, then a cross-over point is observed
in the logJ-logV plot, whereVc and the corresponding current density,Jc, are independent of tem-
perature. A plot ofEF vs lnV for different temperatures should yield straight lines that converge at
lnVc. If such a cross-over point is observed in measured J(V) characteristics, one may then estimate
the total deep trap density from Eq. (5.5), as

Ntotal =
1

f (l)
εε0Vc

qd2 , (5.12)

with 0.5< f(l) < (8/9). The total trap density in the exponential distribution is therefore greatest
for largel, (low T), wheref(l) → 0.5, which corresponds to low temperature, and decreases for small
l reaching its minimum whenf(l) = (8/9). Thus, from theJ(V) characteristics obeying a power law,
one may estimate the characteristic energy of the exponential distribution of traps, the trap density
at Et , and at the conduction band edge, and indeed at any energy level within the band gap, the total
trap density, the quasi Fermi level, and the activation energy.

5.2 Results and discussion

ITO/PEDOT:PSS/P3HT/Al devices were prepared as described in chapter 4, with the only difference
that a PEDOT:PSS layer was spin coated on top of the cleaned, and patterned ITO substrates prior to
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Figure 5.3:(a)Formula of poly(3-hexylthiophene), and important energy levels of the constituent ma-
terials of an ITO/PEDOT:PSS/P3HT/Al hole-only device (under non-equilibrium condi-
tions). Electrode work functions are both in the lower half of the HOMO-LUMO gap of
P3HT. (b) Current voltage characteristics of an 85 nm thick ITO/PEDOT:PSS/P3HT/Al
device for a temperature range of 113 to 374 K at∼15 K steps, in linear scale. A rectifi-
cation factor of∼ 5x105 was observed at± 4 V, 304 K.

spin coating the P3HT. A total of 12 devices made in different batches were studied. All devices were
stored in nitrogen atmosphere prior to measurement, which was also done as described in chapter 4.
The energy level diagram of the studied ITO/PEDOT:PSS/P3HT/Al devices (under non equilibrium
conditions) is shown in Fig. 5.3(a). The inset shows the formula of P3HT. The HOMO of P3HT
has been estimated to range between 5.1 and 5.2 eV, from an SCLC analysis of hole only thin film
devices [115], cyclic voltametry [116] and photoelectron spectroscopy [117].

The energy gap estimated from absorption spectroscopy is about 2.1 eV, therefore the lowest un-
occupied molecular orbital (LUMO) is about -3.0 eV. However, we note that a rigorous estimate of
the energy bandgap should also include the exciton binding energy, which is usually a few tenths of
an eV. The work functions of ITO, PEDOT and Al are about -4.7, -5.0 and -4.3 eV, respectively. The
ITO/PEDOT:PSS/P3HT/Al device is, therefore, a hole only device since in both directions of current
flow, the hole injection barrier is smaller than the electron injection barrier.

Figure 5.3(b) shows typical dark current - voltage (I(V)) characteristics of as-cast ITO/PEDOT:PSS/
P3HT/Al hole only devices of 85 nm thickness in linear scale, in the 113 to 374 K temperature range.
High rectification factors of about 5× 105 were observed in the -4 V to +4 V voltage range at 304
K.

We note that the shape of the curves remained consistent for samples prepared together, and also
in separate batches, although the absolute current values varied from sample to sample, the mobil-
ities, charge carrier density, and conductivities are quite comparable for all devices, for the same
measurement temperatures.

The curves of Fig. 5.3(b) are re-plotted as current density vs voltage (J(V)) in a double logarith-
mic representation, in Fig. 5.4, corresponding to hole injection through the ITO/PEDOT electrode
(forward bias).

At low temperatures, one identifies two different slope regions indicated in Fig. 5.4 by the dotted
(slope=1) and dashed (slope>2) lines. As temperature increases, an intermediate region with high
slope, which increases with temperature, is observed. The curves then tend to level off to some

54



5.2 Results and discussion

0.1 1 10
10-8

10-7

10-6

1x10-5

1x10-4

10-3

10-2

10-1

100

101

step ~ 15 K

slope =2

slope>2

C

B

A

374 K

113 K

 

 

 113 K
 127 K
 143 K
 160 K
 177 K
 194 K
 213 K
 231 K
 249 K
 257 K
 286 K
 304 K
 321 K
 340 K
 357 K
 374 K

C
ur

re
nt

 d
en

si
ty

 (
A

/c
m

²)

Voltage (V)

Figure 5.4:Forward (+ on ITO) darkJ(V) characteristics of an ITO/PEDOT:PSS/P3HT/Al device
(thicknessd=85 nm) in double logarithmic scale. Regions A has slope = 1, corresponding
to ohmic conduction, region B has slope> 2, corresponding to trap filling. The log-log
plot at high applied voltage (region C) has a slope = 2 and is described by TFSCLC.
This applies only for temperatures above 287 K, otherwise slope> 2, and increases with
decrease in temperature.

constant slope. The dashed lines are a guide for the eye, and they indicate a decrease of slope with
increase in temperature. Below 286 K, the slope is greater than 2, and for temperatures above 286
K, the slope is∼ 2. Note that slope>2 may indicate the filling of traps distributed exponentially
in energy. We may approximate that above 286 K, trap free space charge limited conduction is
achieved.

Further we remark on the change of tendency to increase current as temperature is increased ob-
served at temperatures above 321 K (filled symbols in Fig. 5.4). This is explained as originating
from the evaporation of remnant solvent, water, and oxygen de-doping, which tends to reduce the
conductivity of the P3HT [118]. The exponential trap filling region becomes steeper, suggesting
a clearer definition of trap energy levels (see section 5.1). Shallow traps which were filled by low
voltages seem to have disappeared, as trap filling starts at higher voltages the higher the temperature.
The discussion in this paper is valid for the temperatures below 321 K. The electrical properties of
P3HT are modified permanently at higher temperatures, due to thermal annealing effects, details of
which are a subject of further study.

5.2.1 Trap free space charge limited current

The topmost curve of Fig. 5.4 shows a plot of the forward current density voltage characteristics of
an ITO/PEDOT:PSS/P3HT/Al device at 304oC in double logarithmic scale.

One can distinguish 3 regions, denoted A, B and C in Fig. 5.4, corresponding to ohmic, charge
injection, and space charge limited current respectively.

55



5 Trap limited hole mobility in semiconducting poly(3-hexylthiophene)

In region A (V < 0.3 V), the applied external electric field is small. The interface barrier blocks
charge injection, hence the number of charge carriers participating in the current does not increase.
Current depends exclusively on applied field, and on the conductivity of the material. Conduction
is due to the intrinsic thermally generated charge carriers, and should obey Ohm’s law. For ohmic
conduction the slope of logJ vs logV is equal to 1.

We denote region B (0.3 V< V < 0.7 V) as charge injection and trap filling region. Applied
voltage has passed the threshold of blocking. The number of charges participating in the total current
increases with increase in voltage. The bulk material is able to accommodate this increase in charge
carriers. We understand this as the overcoming of any built in field across the bulk, which could be
the result of the electrode workfunction difference. Rapid increase in current with small increases
in voltage is due to the increase in charge carrier density in the bulk. Region B is characterized
by slope>2. This region is also described by the Shockley diode equation where current depends
exponentially on voltage - in that case the abruptness or spread is expressed in the ideality factor. At
some voltage (near 0.7 V), the built-in field is overcome by the applied potential. If the mobility is
so low that the extra injected charges cannot be swept to the collecting electrode at the same rate at
which they are being injected, space charge then accumulates near the injecting electrode and creates
a field that impedes further injection. The rate of increase of current with voltage decreases, until it
becomes constant again when all traps are occupied.

We denote Region C (V > 0.7 V)as the SCLC region. If the slope>2, this region is usually
described by the power law which assumes the filling of traps distributed exponentially within the
band gap, the maximum density being at the band edge. If the trap distribution is discrete, then the
curve is vertical in region C. The slope therefore can be used as a criterion for comparison of the
stretching of the exponential distribution. Low slope implies a gradual (extended) distribution, while
higher slope indicates an abrupt distribution. When all traps are filled, trap free space charge limited
current (TFSCLC) should then flow. Region C (V > 0.7 V) of ourT = 304 K curve corresponds
to (TFSCLC) region since the obtained slope in the double log plot is equal to 2. TFSCLC can be
described by Child’s law [see Eq. (2.32)]. [57]

We fitted our the experimental data corresponding to temperatures where theJ(V)exhibited slopes
= 2, i.e., between 287 and 374 K, to Eq. (2.32), consideringε = 3, and calculated the mobility under
trap free space charge limitation of current. Figure 5.5 shows the calculated mobilities.

We note that when TFSCLC is achieved, both the contact barrier and built in fields are negligible,
and the obtained mobility depends only on the properties of the bulk. We obtained a space charge
limited hole mobility of 3x10−5 cm2/Vs at 304 K, which tended to a constant value of 4x10−5

cm2/Vs for higher temperatures. This saturation is believed to be an artefact of thermal annealing,
which de-dopes P3HT of oxygen and consequently reduces its conductivity (discussed in detail in
chapter 8).

5.2.2 Trap limited SCLC

The intermediate region of theJ(V) curves of Fig. 5.4 (region B) may be described as a trap filling
regime. When the slope is greater than 2, as has been observed in this case, one may use the power
law J∼Vm, with m>2, to determine the trap energy levels, the trap densities, the total trap density,
the activation energy and the quasi-Fermi energies as has been described in Section 5.1.

The slopes,m, of the double logarithmicJ(V) curves of Fig. 5.4 have been used to calculate the
characteristic trap energy levels,Et , in the band gap of P3HT. We re-plotted Fig. 5.4 and produced
the straight lines to high voltages for all temperatures at which the logJ-logV slope is greater than 2.
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Figure 5.5:Hole mobilities in an ITO/PEDOT:PSS/P3HT/Al device under forward bias, obtained
from TFSCLC fits using Eq. (2.32) are represented as a function of temperature. Slope 2
was obtained only for temperatures between 287 and 374 K.
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Figure 5.6:The straight segments of the J(V) characteristics satisfying the power lawJ∼Vm, with
m>2 produced all meet at a critical voltageVc, where current is independent of temper-
ature. The slope,m, decreases with increasing temperature. The inset shows a blown up
cross-over point indicating that it is actually a small range of voltages, the mid point of
which has been considered asVc.
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Figure 5.7:At constant temperature the quasi Fermi energy varies linearly with the natural logarithm
of applied voltage. When the quasi Fermi level coincides with the valence band edge, all
the curves meet at a critical voltageVc, at which all traps are filled, and conduction
takes place through the valence band states thereafter. AtVc, current is independent of
temperature

It can be seen clearly in Fig. 5.6, that the lines meet at some common point, designated asVc (see
section 5.1). This is the critical voltage, at which current becomes independent of temperature.

The inset shows the blown up cross-over point(s) of plots of the straight-line-fit equations to curves
of fig 7. We obtained that the cross-over actually takes place within a narrow range of voltages
between 58 and 63.2 V, and used the mid point ofVc = 60.6 V for the estimation of traps. The spread
stems from the fact thatVc is temperature specific (see section 5.1). Substituting it in Eq. (8.1), gives
the total trap density to be within the range 2.81× 1016 to 3.56× 1016 cm−3, considering the two
extremes off(l). Kumaret al [119] estimated the whole term withl in Eq. (8.1) to be about 0.5
(within 4%). Nikitenkoet al [120] found a fitting minimum deep trap density of 1.5x1016 cm−3 in
their P3HT films when they considered a Gaussian distribution of states.

Extrapolation of the straight line fit to the calculatedEt vsT plot (not shown) yields the trap energy
at absolute zero temperature. This energy corresponds to the activation energy and is equal to 0.054
eV. At T >0 K, Et represents activation energy at the temperature in question.

The number of traps at the characteristic energy that marks the width of the trap distribution
decreases with increase in trap depth in such a way that the productN(Et)× Et = constant = (Ntotal/e),
from Eq. (5.3). The trap density at the valence band edge at any temperature differs fromN(Et) by a
constant multiplier,e, therefore it also decreases with increase in temperature. This can be interpreted
as the filling of traps close to the valence band. Raising the temperature fills up shallow energy traps
close to the valence band. Therefore,Et is pushed further into the band gap, but there are fewer traps
situated at that energy level.

By substituting the obtained total trap density in Eq. (5.4), we determined the position of the quasi
Fermi level as a function of temperature and of applied electric field. Figure 5.7 shows that the quasi
Fermi level is linearly dependent on lnV, in conformity with theory (see Eq. (5.6)). In Fig. 5.7, the
straight lines tend to converge atVc. We note that this is the critical voltage at which the current
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becomes independent of temperature, the Fermi level coincides with the valence band edge, and all
traps are filled. Therefore, applyingVc provides sufficient energy equal to the amount of energy that
must be supplied to the material in order to fill all the traps, so that any subsequent conduction of
current takes place in the valence band. Beyond that critical voltage, current conduction should be
trap free, independent of temperature. We note therefore, that both voltage and heat can contribute
to the filling up of traps.

5.3 Conclusions

The exponential trap distribution model has been briefly described, and an expression for the calcu-
lation of the total trap density was deduced, clarifying the limiting values of a pre-factor that defines
the validity of the model. The deduced expression yielded reasonable agreement with our experi-
mental emphJ(V) data. The total deep hole trap density was estimated to be 5× 1016 cm−3, and
the activation, energy at absolute zero temperature, was obtained to be 54 meV. A hole mobility of 3
x10−5 cm2/Vs, at 304 K was also estimated under trap-free space charge conditions.
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6 Current limitation in electrode/PCBM/electrode devices

We summarise our findings on the studies of bulk transport properties of PCBM, in which we an-
alyzed temperature dependent current-voltage characteristics of PCBM thin films sandwiched be-
tween two electrodes. Two device configurations were studied: ITO/PCBM/Al, and ITO/PEDOT:
PSS/PCBM/Al.

6.1 ITO/PCBM/Al devices

ITO/PCBM/Al devices are electron only devices conducting through LUMO of PCBM. The ener-
getic level difference between PCBM HOMO (∼-6.1 eV) and the electrode workfunctions is not
expected to favour injection of holes into the PCBM from either electrode. The electrode workfunc-
tions (ϕITO∼-4.7 eV, (ϕAl∼-4.3 eV)) are both in the upper half of the HOMO-LUMO gap of PCBM,
i.e., they are closer to the LUMO (∼-3.7 eV). Current - Voltage(I(V)) curves of an ITO/PCBM/Al
device are shown in Fig. 6.1. Rectification behaviour is observed, with rectification factors around
102 at±1 V. This shows that the injection barriers are different, i.e., it is easier to inject electrons
through Al than through PEDOT:PSS. The electrode workfunction difference is also expected to pro-
vide an opposing field to current flow when the electron injection is through ITO. It is clear that the
conductivity of PCBM increases with temperature, conforming to semiconductor behaviour.

Figures 6.2(a) and (b) show double log J(V) curves the same ITO/PCBM/Al device under reverse
and forward bias respectively. In Fig. 6.2(a) the slope = 1 region is observed where Ohm’s law
is valid. Here there is negligible charge injection from electrodes, and conduction is by thermally
generated charge carriers. The curves become non-linear, passing through slope 2, and ultimately the
slope is higher than 2 at high applied fields. The region where slope is higher than 2 can be described
as a trap filling SCLC region (see chapter 5). The curves at lower temperatures have a higher slope
in this region as compared to those at high temperatures. The curves tend to meet at some common
point described as the critical voltageVc, where the current becomes independent of temperature. We
estimated theVc to be equal to 2.214 V and calculated the trap density according to the procedure
described in chapter 5. This yielded a total trap density of 1.30× 1015 cm−3. We note that this is an
electron trap density, in contrast to the hole trap density that was calculated for P3HT devices. The
electron trap density is maximum at the LUMO and decays exponentially into the HOMO-LUMO
gap. Extrapolation of the characterisitc trap parameter to zero kelvin yields an activation energy of
0.015 eV for PCBM.

Under forward bias, although the SCLC region has been observed, the applied fields were not
high enough to fill all the traps so that the mobility could be calculated using the TFSCLC model.
However, of particular interest is the differentVc to which the extrapolated straight lines would
converge in Fig. 6.2(b) as compared to (a). The same procedure yields aVc = 41.5 V and a trap
density equal to 2.43×1016, while the activation energy is 0.037 eV. The physical significance of this
difference is not clear, but we speculate that this might be due to the differences in the density of
surface states created at the respective interfaces during device preparation. This suggests that the
conduction of current in the PCBM may not actually take place at the same transport level when
electron injection is by different electrodes. To further explore this point, we studied the charge

61



6 Current limitation in electrode/PCBM/electrode devices

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

0.0

5.0x10-4

1.0x10-3

1.5x10-3

2.0x10-3

2.5x10-3

3.0x10-3
380 K

79 K

 

 
C

ur
re

nt
 (

A
)

Voltage (V)

Figure 6.1:Dark I(V) characteristics of ITO/PCBM/Al device for temperatures ranging from 79 to
380 K at∼20 K intervals, in linear scale.
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Figure 6.2:Double-log J(V) plots for an ITO/PCBM/Al device at temperatures between 79 and 380K,
under (a) reverse bias (+ on ITO) and (b) forward bias (+ on Al). Dashed lines have slope
= 1, and dotted lines have slope=2.
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6.2 ITO/PEDOT:PSS/PCBM/Al devices
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Figure 6.3:FN curves of an ITO/PCBM/Al device at different temperatures (a) under reverse bias,
and (b) under forward bias.

injection mechanisms.
The Fowler-Nordheim tunneling curves for the same device are shown in Fig. 6.3(a) and (b), cor-

responding to electron injection using ITO and Al, respectively. The shape of the curves conforms to
the theory presented in chapter 4. The straight lines at high fields are attributed to charge injection by
tunneling through the barrier at the injecting inteface, while the curved parts of the curves correspond
to the thermionic emission contribution to current. It is clear that both mechanisms contribute signif-
icantly to the current in both directions of flow. By employing the FN formulation (see section 2.3),
we calculated the injection barriers at the respective interfaces for each temperature and obtained
an ITO/PCBM electron injection barrier that varied from 1,2 eV at 79 K to 0.6 eV at 300 K, while
for the Al/PCBM electron injection barrier we got 0.31 to 0.26 eV, respectively. We also calculated
the electron affinity of PCBM from the FN formulation as proposed by Hummelgen et al. [101], in
which only the workfunctions of the electrodes,ϕ, and the slopes of the straight parts,s, of the FN
curves must be known. The electron affinity is then given by:

χ =
ϕ2s2/3

1 −ϕ1s2/3
2

s2/3
1 −s2/3

2

, (6.1)

where the subscripts 1 and 2 refer to ITO and Al, respectively. Such analysis yields a value of -3.9
eV for the LUMO of PCBM in our devices.

We may conclude that space charge limited behaviour in the presence of traps was observed. ITO
is blocking for electron conduction into LUMO of PCBM, and Al is blocking the injection of holes
into HOMO (reverse bias). Under forward bias (b), an easier injection direction is when Al injects
electrons into LUMO of PCBM, which at high enough voltages leads to SCLC behaviour. The
Al contact may be considered non-blocking only after a certain applied field has been surpassed,
otherwise it is blocking. Injection of holes by ITO into HOMO of PCBM is considered negligible
when we consider the rigid Schottky barrier between the two materials.

6.2 ITO/PEDOT:PSS/PCBM/Al devices

The additional layer of PEDOT:PSS enhances the asymmetry of the electrodes sandwiching the
PCBM. Figure 6.4(a) shows the respective energy levels of the materials making up the studied
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Figure 6.4:Dark I(V) curves for an as-cast ITO/PEDOT:PSS/PCBM/Al device, at different tempera-
tures.

ITO/PEDOT:PSS/ PCBM/Al devices, and (b) shows the obtainedI(V) characteristics in linear scale.
Rectification factor is enhanced by 3 orders of magnitude to∼105 in comparison to∼102 obtained
for ITO/PCBM/Al devices. The ’turn-on’ voltage is clearly smaller for forward bias in comparison
with reverse bias. This suggests the overcoming of a smaller charge injection barrier under forward
bias. It is reasonable to imagine that the predominant charge injection is that of electrons into LUMO
of PCBM through Al, rather than hole injection through PEDOT:PSS since the later is more than 1
eV energetic level difference from HOMO of PCBM. This assumption means that the device is
electron dominated. Under reverse bias, the PEDOT:PSS is still more than 1 eV away from the
LUMO of PCBM, but Al is even further away with almost 2 eV away from HOMO. We assume that
hole injection will be negligible when compared to electron injection. If this is the case, the studied
device becomes an electron-only device, in both directions of current flow.

Figure 6.5(a) shows the semi-log plot of J(V) characteristics of an ITO/PEDOT:PSS/PCBM/Al
device under forward bias. Symbols show the experimental ponts, while continuous lines are the
resulting J(V) curves from simulation using Child’s law for TFSCLC (Eq. 2.32). The simulation
matches the experimental curves at high applied voltages, showing that at those voltages both contact
barriers and built in fields are no longer significant, and the current is trap-free-space-charge-limited.
The fitting mobilities are presented in Figure 6.5(b). The mobilities are low, of the order 10−5

cm2/Vs at room temperature, and the injection of electrons through the Al electrode overwhelms the
transport properties. We may conclude that the current in this case is bulk transport limited, and that
the contact between Al and PCBM may be ohmic. [57]

FN curves for hole injection through Al are shown in Fig. 6.6(a) and (b) for reverse and for-
ward bias, respectively. It seems that there is some field which tends to reduce the current from the
expected constant thermal contribution at constant temperature. The thermal contribution, in (a),
disappears at a higher field the lower the temperature. The field at which it disappears could be
correlated to the built-in field of these devices, and therefore to the open circuit voltage. The open
circuit voltage in polymer solar cells increases with decrease in temperature (see chapter 7).

Figure 6.6(b) shows FN curves for hole injection through ITO/PEDOT. Straight line portions show
compliance with the tunneling of charge carriers through a triangular barrier. We can conclude that
tunneling is the dominant charge injection mechanism in this case. The reduction of the rate of
increment at high fields is attributed to the discussed trap free space charge limited conduction.
There is no more trap filling taking place above certain applied fields.
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through ITO/PEDOT at different temperatures.
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6 Current limitation in electrode/PCBM/electrode devices

6.3 Conclusions

In this chapter we have shown that the Al/PCBM contact is ohmic for electron injection, but only after
surpassing certain applied fields, otherwise it is blocking. We have shown that the J(V) curves can be
described using the exponential trap distribution model. We have discussed that the introduction of
the PEDOT:PSS layer leads to an enhancement of the rectification factor by 3 orders of magnitude.
In the case of the ITO/PEDOT:PSS/PCBM/Al devices, TFSCLC model has been used to estimate
the electron mobility, which is dependent on temperature. At room temperature this mobility is of
the order 10−5 cm2/Vs, comparable with the observed hole mobilities estimated in chapter 5.
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7 Influence of thermal annealing on the electrical properties of P3HT
based devices

The effects of thermal annealing on the bulk transport properties of poly(3-hexylthiophene) (P3HT)
were studied by analyzing room temperature current-voltage characteristics of the polymer thin films
sandwiched between ITO/PEDOT:PSS and aluminium electrodes, before and after an annealing step.
It was observed that annealing takes place in two steps: (1) De-doping of the polymer of impurities
such as oxygen, remnant solvent, water, etc, leading to a decrease in the conductivity of the film,
and (2) thermally induced motion of the polymer chains leading to closer packing, and thus stronger
inter-chain interaction, and consequently increase in conductivity. Annealing reduces the density of
trapping states within the sample. We also observed that the ITO/PEDOT:PSS/P3HT hole injection
barrier increases on annealing the ITO/PEDOT:PSS/ P3HT/Al thin film devices. Further we discuss
the implications of these observations on the improvement of the ITO/PEDOT:PSS/ P3HT:PCBM/Al
solar cells.

7.1 Introduction

It has been observed that the external quantum efficiency of solar cells employing P3HT as electron
donor, and a fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) as acceptor,
improves on annealing the solar cells. The temperature and annealing duration are important, as are
the actual conditions and procedure of annealing. Padingeret al. [6] obtained the best increase
in power conversion efficiency after annealing their P3HT:PCBM solar cells at 75oC for 5 to 6
minutes. The energy conversion efficiency increased from 0.4 to 2.5%, i.e. over six times the value
for as cast devices. They attributed the improvement of short circuit current density,Jsc, from 2.5
to 7.5 mA/cm2, to increased charge carrier mobility in the blend presumed to be due to enhanced
crystallization of the polymer during the annealing process. The increases in open circuit voltage
and fill factor were attributed to the burning of shunts. Parker [55] reported that heat treatment
improves the quantum efficiency of the polymer film because of a change of morphology at the
polymer electrode interface. Change of bulk morphology has also been considered responsible for
observed improvement in performance of polymer-fullerene devices.

Both PCBM [121] and regioregular P3HT [122] are known to crystallize in thin films under
respective appropriate conditions. The significant improvement of performance, stability and life-
time of P3HT based devices after an annealing step at temperatures between 60oC and 120oC has
been attributed to crystallization of PCBM, of P3HT, or both; contact quality improvement; inter-
diffusion improving donor-acceptor orbital overlap; film drying by evaporation of moisture and rem-
nant solvent; oxygen de-doping of the polymer; phase separation of donor and acceptor materials;
densification/ reordering of the polymer film, etc. [123] , [124] , [118] , [6].

However, it is still unclear whether the assumed re-ordering of the P3HT would really lead to crys-
tallization, and hence an improvement in hole mobility, considering the different annealing condi-
tions reported by various authors. In this respect it is not clear why the output characteristics improve
on annealing the device, whether crystallization of P3HT is good for the solar cell or not, what role
is played by PCBM, and by the electrodes. It is therefore necessary to understand the influences that
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Figure 7.1:J(V) curves of ITO/PEDOT:PSS/ P3HT/Al devices in semi-logarithmic scale before and
after annealing at (a) 90oC for 5 min, and (b) 110oC for 5 minutes.. Current is lower for
the annealed device, indicating lower conductivity. The onset of the exponential region
is shifted to the right, i.e. to higher voltage.

lead to the observed improvements in order to prescribe an optimization procedure based on thermal
annealing. In order to shed light on the role played by P3HT in the blend device, and hence by
elimination, possible role of PCBM, we undertook the study of ITO/PEDOT:PSS/ P3HT/Al devices,
where preparation was the same as that for ITO/PEDOT:PSS/ P3HT:PCBM/Al heterojunction solar
cells, except that the active layer comprised of P3HT alone, without PCBM.

7.2 Results and Discussion

The electrical conductivity of P3HT is expected to increase accompanied with increased crystallinity
and coplanarity of main chains after heat treatment. The increase of coplanarity of thiophene rings
on a main chain brings the enhancement of effective conjugation length and of intra-chain carrier
mobility. Thus, the mobility of charge carrier and the conductivity are expected to increase after the
heat treatment. However, reduced conductivities have been observed after heat treatment [125].

7.2.1 Low temperature annealing

Figure 7.1 shows typical dark current density - voltage [J(V)] characteristics of as-cast ITO/PEDOT:PSS/
P3HT/Al hole only devices in semi-logarithmic scale, at 290K.

High rectification factors of∼5 × 105 were observed at 4V. The current density for devices an-
nealed at 90oC and 110oC are lower than those for their respective as-cast counterparts. We explain
the reduction in current after the annealing step as resulting from de-doping the polymer of impurities
such as oxygen, water and remnant solvent. This de-doping is more severe in the 110oC annealed
device as compared to the 90oC case, hence the latter exhibits much lower currents.

During production and solution preparation of P3HT oxygen is absorbed from the environment.
Therefore, despite inert ambient-based device fabrication and electrical characterization, significant
concentrations of oxygen are expected to be embedded in the films. This oxygen dopant serves
to improve the conductivity of the P3HT through the production of localised states within theπ-
π* gap. [118] Annealing at temperatures below 110oC for 5 minutes frees the polymer of trapped
impurities (e.g. remnant solvent, water, and oxygen), but the annealing temperature and duration
are below some threshold value of supplied energy, so the polymer chains may remain in their as-
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Figure 7.2:J(V) curves of ITO/PEDOT:PSS/ P3HT/Al devices in semi-logarithmic scale before and
after annealing at (a) 130oC for 5 minutes, and (b) 150oC for 5 min. Current is 2 orders
of magnitude higher for the 150oC annealed device, indicating higher conductivity. The
onset of the exponential region is shifted to the right.

cast positions. Oxygen de-doping leads to a decrease in conductivity. We conclude that reduction
of free volume and consequent increase inter-chain interaction are therefore negligible under these
annealing conditions.

Mattis et al. [118] showed, through Rutherford backscattering spectrometry, that indeed oxygen
is one of the substances given off when P3HT thin film devices are heated, and that the amount of
oxygen given off increases with annealing temperature. For devices annealed at temperatures higher
than 100oC, they could not detect any remaining traces of oxygen in their samples. Nakazonoet
al. [125] also suggested that the density of charge carriers induced by the structural defects and
by the oxygen or moisture may decrease upon heat treatment, leading to reduction in conductivity.
Traps are a particular problem in fabricating n-channel semiconductor devices, for example, because
oxygen itself is reduced easily enough to act as an electron trap when devices are operated in air
[126]. Oxygen captures the electrons and retains them thereby making available a higher number of
holes in the HOMO of P3HT to contribute to the current. The observed reduction in conductivity
may therefore be interpreted as the reduction in electron trapping centers, and hence reduction of
trap induced hole density.

7.2.2 High temperature annealing

Devices annealed for 5 minutes at 130oC and those annealed at 150oC (see Fig. 7.2) showed higher,
reverse, and low voltage forward, current densities as compared to their as-cast counterparts.

Higher increases were for devices annealed at 150oC. We attribute this to film reordering, possibly
leading to crystallization of the P3HT. Charge transport through conjugated polymer films requires
intimate electrical contact between the polymer segments. The high spin coating and solvent evap-
oration speeds tend to dry the polymer chains under tension of the centrifugal and friction forces.
Film ordering in as-cast films is poor since spin coating tends to leave the polymer chains lying in
the plane of the film [127], so that there is rarely a single polymer chain bridging the electrodes in
an electrode/polymer film/electrode sandwich device. Thermally annealing a polymer film above its
glass transition temperature,Tg, allows the freely flowing chains in the polymer melt to untangle into
lower energy conformations, and an enhanced crystallization of the polymer may take place [122].

The glass transition temperature of P3HT is around 12oC [122] and its melting temperature is
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7 Influence of thermal annealing on the electrical properties of P3HT based devices

220 oC [128]. The crystal of P3HT is formed by aligned chains which are stacked on top of each
other, with the thiophene ring forming a planar alternating ’up-down’ conformation and the alkyl
side chains pointing perpendicularly to the stacking direction [122]. The presumed straightening
of the polymer strands upon annealing would lead to better chain packing and thus an increase in
the degree of inter-chain interactions in annealed films relative to as-cast films, so charge may be
conducted along as well as across chains. Thus, along with the enhanced crystallization, the hole
conductivity of the P3HT increases dramatically [129]. The high mobility in regioregular PH3T
is attributed to the formation of extended polaron states as a result of self-organization in the films
[130].

When the P3HT is saturated with injected charge the space charge conductivity decreases slightly
(see Figs 7.1 and 7.2). This is because the amount of charge that this material is now able to ac-
commodate when traps are all filled, is now smaller, therefore the amount of charge available for
”unlimited” conduction is also smaller. Annealing at 150oC increases the conductivity at low fields.
After impurity dedoping, the polymer chains also have enough energy to move and ”wiggle” into low
energy conformations, thereby reordering and possibly increasing crystallinity. The chains then pack
closer together, and ”dangling bonds” may rejoin, increasing chain length, thereby further reducing
the trap density. We attribute shallow traps to the impurity states while deep traps should be due to
unperturbed polymer chain length. Impurities possibly disappear on annealing.

Very high temperatures induce conformational changes within the P3HT and may degrade device
performance. The protruding alkyl chains cause torsioning along the backbone of the molecule. The
torsioning of the P3HT chain decreases the conjugation length, therefore increasing the bandgap, and
drastically reducing the conductivity of the film. The physical change is irreversible, permanently
harming the electrical characteristics of the device. Further, the differences in the expansion coeffi-
cients of the polymer and the inorganic materials constituting the device may lead to buckling which
takes place in order to relieve tensile stress, resulting in a wavy metal surface. Annealing at such
high temperatures may lengthen the lifetime but reduce the efficiency. [131]

7.2.3 Annealing the same device several times

Annealing the same device several times (Fig. 7.3) shows clearly that annealing is a two stage process
leading first to a decrease in conductivity, which subsequently increases. Fig 7.4(a) shows current
density vs anneal count for the reverse-bias data of Fig. 7.3.

The current decreases and reaches a minimum, then it increases, surpassing the as-cast measured
current. Both impurity dedoping and film ordering effects may take place simultaneously all the
time, but one effect is more effective than the other. The minimum indicates the situation when the
effect of impurity dedoping is overtaken by that of thermally induced polymer chain reorganization.
In the following subsections we discuss the forward bias curves of devices before and after annealing
them.

Figure 7.4(b) shows forward biasJ(V) curves of the devices, annealed several times, in a double
logarithmic representation, corresponding to hole injection through the ITO/PEDOT:PSS electrode.

At low voltages, the slopes of theJ(V)curves in log-log plot, of Fig. 7.4(b), are about 1 for both the
as-cast and annealed device (region A), and increase gradually to higher than 2 (region B), leveling
off to 2 at high voltages (region C). For the as-cast device the transition from low slope is gradual,
suggesting the filling of traps of continuous distribution in energy. The filling of traps starts at lower
voltages for the as cast device, in comparison to the annealed device, suggesting that the as cast
device has shallow traps. It would appear that most of such shallow traps have disappeared in the
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Figure 7.3:J(V) curves of ITO/PEDOT:PSS/ P3HT/Al device in semi-logarithmic scale before and
after annealing the same device several times as indicated in the legend. Under reverse,
and low voltage forward, bias, J first decreases then increases with each further an-
nealing step, as indicated by the curved arrow. The straight arrow indicates a shift of the
onset of the exponential region of the curves to high voltages, with each further annealing
step. The current is lower at high forward bias voltages.
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Figure 7.4:(a) Current density of an ITO/PEDOT:PSS/ P3HT/Al device before, and after each an-
nealing step (extracted from the data of Fig.3) at different reverse voltages. The current
density first decreases, then increases indicating that the final result is due to a 2-stage
process. (b) Dark double-logJ(V) characteristics of an ITO/PEDOT:PSS/ P3HT/Al de-
vice under forward bias, before and after each annealing step. Regions A have slope = 1
(dashed line), corresponding to ohmic conduction, regions B have slopes greater than 2,
corresponding to charge injection, and region C to SCLC.
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7 Influence of thermal annealing on the electrical properties of P3HT based devices

case of the annealed device, since trap filling now starts at a much higher voltage with each further
annealing step. This confirms that the density of shallow traps decreases on annealing, and that the
observed increase in current after annealing several times is due to another effect, not related to those
traps. The transition from ohmic to SCLC is nearly abrupt, giving rise to an almost vertical section
in the doubleJ(V) characteristics, indicating that the traps are more defined in energy. VerticalJ(V)
curves means that traps are situated in a discrete energy level within theπ-π* gap.

7.2.4 Barrier modification

Annealing modifies the ITO/PEDOT:PSS/P3HT hole injection barrier. Such modification may be
understood through the employment of Fowler-Nordheim (FN) theory (see chapters 2 and 4), which
predicts that if charge injection from the electrodes is governed by quantum mechanical tunneling
through a triangular interface barrier, then a plot of ln(J/F2) vs 1/F yields a straight line whose slope
is directly proportional toφ3/2, whereφ the potential barrier at that interface. [50] HereF=V/d is the
applied electric field,V is applied voltage and d is the thickness of the device. Additionally, it was
shown that the total current in a device may be modeled by the sum of the current due to charges that
are injected through tunneling (FN mechanism) and that due to charges injected thermionically over
the barrier (Richardson-Schottky mechanism), where for a constant temperature, the thermionic con-
tribution may be considered constant. Such consideration yields a minimum in the FN plots delim-
iting the transition from thermionic to tunneling dominated injection as the field is increased. [132]
The thermionic effect is dominant at high temperatures and low fields, while the tunneling effect is
dominant at low temperatures and high fields.

Figure 7.5 shows the FN curves for the data of Fig. 7.2 of∼70 nm thick devices. The curves con-
sist of straight line portions at high fields (tunneling), and curved portions at low fields (thermionic
emission). At very high fields, the curves deviate from straight lines because there is so much in-
jected charge, which overwhelms the transport capabilities of the polymer, and hence builds up space
charge which resists further charge injection. The slopes of the straight parts are clearly larger for
the annealed device, than for the as-cast device. The slopes of the FN curves increase each time
on further annealing, therefore ITO/PEDOT:PSS/P3HT hole injection barrier increases. The barrier
increases for all studied annealing temperatures from 90 to 150oC. On the other hand it is clear that
the magnitude of the thermionic contribution is higher for the as-cast device, than when the device is
annealed at 90oC, supporting the suggestion that the number of thermally generated charge carriers
available for conduction is higher in that device, because the impurities in the bulk of the as cast
P3HT film immobilize electrons. This also supports the idea that such traps are shallow and can be
filled thermally even at 290 K. The number of free holes is therefore high for as cast devices.

At high forward voltages above 2 V, as-cast and annealedJ(V)curves coincide. One would expect
therefore to get the same space charge limited characteristics. Although the intrinsically generated
hole density increases on annealing the devices at high temperatures, it is equally negligible at high
voltages, and space charge limits the current in much the same way as in as-cast devices. However,
for the most interesting region for opto-electronic devices like LEDs and solar cells, most of the
shallow traps have disappeared on annealing.

It is important to note that the impurity dedoping process and thermally induced chain re-ordering
may take place at the same time in P3HT based devices at the studied temperatures. This is because
the glass transition temperature of P3HT is about 12oC, and limited film ordering should start to take
place around this temperature. However it is not the dominant effect at low temperatures and for the
employed duration of annealing. At high temperatures evaporation of remnant solvent, water vapour,
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Figure 7.5:Fowler-Nordheim plots for hole injection into an ITO/PEDOT:PSS/ P3HT/Al device
through the ITO/PEDOT:PSS electrode, before and after each annealing step. The slope
of the straight line region (dashed lines) increases after annealing, indicating a corre-
sponding increase in the hole injection barrier. The curved parts of the FN plots indicate
the current contribution of thermionically injected holes. This current, related to ther-
mally generated charge carriers, decreases after the first annealing step, then increases
subsequently on further annealing.

and oxygen dedoping should quickly take place and the polymer chains receive more thermal energy,
allowing them some significant reordering.

Increase of potential barrier, implies some difficulty in hole injection into HOMO of P3HT at low
voltages. But because of impurity dedoping, some traps have been emptied, and polaronic states
which participated in conduction are not there anymore. There is need to supply higher energy to
fill up the traps, i.e., to increase the charge density in the bulk. Therefore the detrapped impurities
were shallow. Being shallow, they could be filled thermally even at a temperature of 290 K. As
they disappear, the density of thermally generated charge carriers is reduced. Therefore the reverse,
and low voltage forward, bias currents are smaller for the annealed device. The observed abrupt
increase in forward current for annealed devices indicates the filling of deep traps distributed in a
narrow energy band, suggestive of deep traps related to chain length. But the material can hold
only a fixed maximum amount of charge, with or without traps so although trap filling is slow for
the as-cast device, when all traps are filled, we expect the same TFSCLC for both cases. We can
therefore conclude that the charge carrier density, or the capacity for injection at low voltages has
been affected, and not the mobility.

7.3 Conclusions

In conclusion, thermal annealing of P3HT films occurs in two stages, the first of which is impurity
de-doping leading to a reduction of conductivity, and the second which involves thermal motion
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7 Influence of thermal annealing on the electrical properties of P3HT based devices

of polymer chains resulting in reordering, and possibly crystallization, leading to an increase in
conductivity.
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8 P3HT:PCBM bulk heterojunction devices in the dark and under
illumination

We report the development of a bulk heterojunction polymer/fullerene solar cell based on regioreg-
ular P3HT, as an electron donor, and a soluble fullerene derivative PCBM, as an electron acceptor.
ITO/PEDOT:PSS/P3HT:PCBM/Al devices were studied in the dark and under illumination. We dis-
cuss some experimentally observed factors influencing the performance of illuminated devices, and
suggest some optimum values for improved performance. We also discuss the role of the PEDOT:PSS
layer in the generation of open circuit voltage in these devices.

8.1 Dark I(V) curves

The ITO/PEDOT:PSS/P3HT:PCBM/Al device is a double carrier device injecting holes through
the ITO/PEDOT:PSS electrode into HOMO P3HT, and electrons through Al into LUMO PCBM.
An active layer consisting of a mixture of P3HT/PCBM at a 1:1 mass ratio dissolved in chlo-
roform at 5mg/ml was spin coated (speed 1000 rpm) on top of a dry PEDOT:PSS film to give
a thin film of about 100 nm. Al contacts were deposited on the active layer by thermal evap-
oration in a high vacuum (thickness∼ 100 nm). Typical dark current-voltageI(V) curves of an
ITO/PEDOT:PSS/P3HT:PCBM/Al device are presented in Fig. 8.1. This device exhibits diode like
behaviour, and rectification factors as high as 7×10−5 were observed at +/- 2.94 V.

8.1.1 Charge injection in the dark

To determine the charge injection mechanisms in these devices we analysed theJ(V) data using
the Fowler-Nordheim tunneling theory and the Richardson-Schottky thermionic emission theory as
described in chapters 2 and 4. Figure 8.2 shows FN curves of the device under reverse bias (a),
corresponding to electron injection through the ITO/PEDOT:PSS electrode, and to hole injection
through the Al electrode.

According the FN theory, the ln(J/V2) vs 1/V curves should give straight lines if charge injection
is by tunneling through the interfacial barrier. The part of the curves in Fig.8.2 with negative slope is
attributed to tunneling, while the positive slope indicates the field independent thermionic emission
contribution to the current. For temperatures above, and including, 303 K, the curves conform to
the proposed sum of the two contributions to current (see chapter 4). Below 303 K, the curves have
negative slope, with the curves tending to curve upwards, and at some inflexion points the curves
curve downwards, until they reach some minimum. The curves have been truncated at the points
when the current changes from negative to positive, even when negative bias is still applied. The
observation of positive currents when negative bias is applied indicates that there must be some
additional field in the device which tends to suppress the thermionic emission contribution. When
the applied field is high, this internal field is insignificant, and the tunneling contribution may be
easily observed, however, at low applied fields, this field becomes important, and at some stage
even becomes greater than the applied field, thereby changing the direction of flow of the current.
The internal field stops all thermionically generated charges until a certain field overcomes it. The
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Figure 8.1:(a) Dark I(V) and (b) dark J(V) characteristics of an ITO/PEDOT:PSS/P3HT: PCBM/Al
solar cell at temperatures ranging from 150 to 361 K at∼ 15 K steps in linear and semi-
log scale, respectively. Rectification factors as high 7× 10−5 were observed at +/- 2.94
V, at 300 K.

0.0 5.0x10-6 1.0x10-5 1.5x10-5
-44

-43

-42

-41

-40

-39

-38
(a)

Ln
(J

/F
2 ) 

(J
 in

 A
/c

m
2 , F

 in
 V

/c
m

)

1/F (cm/V)

 

 

 258 K
273 K
 288 K
 303 K
 319 K
 333 K
 348 K
 361 K

 150 K
 157 K
 167 K
 180 K
 197 K
 212 K
 230 K
 242 K

0.0 1.0x10-5 2.0x10-5 3.0x10-5
-42

-40

-38

-36

-34

-32

-30
(b)  150 K

 157 K
 167 K
 180 K
 197 K
 212 K
 230 K
 242 K

 258 K
273 K
 288 K
 303 K
 319 K
 333 K
 348 K
 361 K

 
 

Ln
(J

/F
2 ) 

(J
 in

 A
/c

m
2 , F

 in
 V

/c
m

)

1/F (cm/V)

Figure 8.2:FN curves of an ITO/PEDOT: PSS/P3HT: PCBM/Al solar cell (a) under reverse bias,
and (b) under forward bias at different temperatures.
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8.1 Dark I(V) curves

magnitude of such a field may be visualised at the turning point in the FN curves. According to Fig.
8.2, the minimum in the curves occurs at high fields (to the left) at low temperatures, and at lower
fields(to the right) as temperature increases. The locus of the minima indicates the lowest measurable
current, of 1 nA, in our experimental setup. We suggest that the observed minima occur at the built
in voltage of the device and is related to the open circuit voltage of the device. In this case the open
circuit voltage will be expected to be high at low temperatures, and to decrease as the temperature
is increased. This has been observed for illuminated devices (see section 7.1.4.). As temperature
increases, the density of thermally generated charge carriers increases, and may generate a potential
difference in the same way that light does.

Figure 8.2(b) shows forward bias FN curves for the same device described above, corresponding
to hole injection through ITO/PEDOT and electron injection through Al. The shape of the FN curves
conforms to the proposed sum of thermionic and tunneling contributions. The thermionic emission
contribution increases with temperature. Straight segments of the curves observed at high fields are
attributed to the tunneling of charge carriers into the device. In this case, it is difficult to say if
the tunneling charges are electrons, or holes, but by comparing the tunneling fields needed to for
electrons to tunnel into LUMO of PCBM, and those fields needed for holes to tunnel into PEDOT
and HOMO of P3HT, we suggest that the charge injection should predominantly be holes. There is
a very small variation of the thermionic emission current contribution with increase in temperature.
Since the thermionic emission contribution is quasi constant in the low temperature range, the field
at which tunneling takes over decreases with increase in temperature. This is because in accordance
with inequality (4.7), the number of thermally generated carriers is negligible as compared to the
injected charges. This means that to overwhelm the ’same’ number of thermally generated carriers,
a smaller applied electric field is needed the higher the temperature, in conformity with the proposed
theory. This is different from the ITO/P3HT/Al devices of chapter 4, where changes in temperature
led to significant changes in the number of thermally generated free charge carriers. In that case
larger fields are needed to overwhelm the increased thermally generated charge carrier density. We
suggest that although the same temperature ranges are considered in both cases, in the composite
device discussed here, the additional thermally generated charge carriers are trapped by PCBM,
becoming unavailable for conduction.

At still higher applied electrical fields, the FN curves tend to level off from the straight lines,
indicating a reduced conductivity, as compared to the straight line region. We suggest that this is the
region when all possible traps have been filled through tunneling, and space charge accumulates at
the close to the injecting electrodes.

Figures 8.3 show the Richardson-Schottky (RS) thermionic emission curves of the ITO/PEDOT:PSS/
P3HT:PCBM/Al device whose I(V) curves have been presesnted in Fig. 8.1. Figure 8.3(a) corre-
sponds to electron injection into HOMO of P3HT and hole injection into PCBM. We suggest that the
characteristics are determined by holes. In the RS plots, straight lines indicate charge injection by
thermionic emission. Such a description fits only at high temperatures (indicated by broken lines),
suggesting high interface barrier inder reverse bias. Deviations from straight lines are due to the
contribution of tunnelling. Figure 8.3(b) corresponds to electron injection into LUMO of PCBM
through Al, and hole injection into HOMO of P3HT through ITO/PEDOT:PSS. The RS plots are
straight lines in the whole range of the temperatures considered, indicating that the barriers to charge
injection are small.
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Figure 8.3:RS thermionic emission curves for (a) reverse biased, and (b) forward biased
ITO/PEDOT: PSS/ P3HT:PCBM/Al solar cell under darkness and different bias volt-
ages. The broken lines are guides for the eye showing regions where the curves can be
approximated to straight lines.
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Figure 8.4:Double logarithmic plots for darkJ(V) characteristics of an ITO/PEDOT: PSS/ P3HT:
PCBM/Al device at different temperatures. (a) under reverse bias, and (b) under forward
bias.

8.1.2 Charge transport in the dark

We replotted theI(V) curves of Fig. 8.1 in double logarithmic representation in Figs. 8.4(a) and
(b). Slope =1 in this representation indicates compliance with Ohm’s law, while slope 2 indicates
trap free space charge conduction. Slopes greater than 2 indicate the filling of traps, which can be of
different levels and distributions.

Under forward bias (Fig. 8.4b), continuous lines indicate slope = 1, and dotted lines indicate slope
= 2. The rest of the curves have slopes greater than 2 indicating the trap filling regime, which also
corresponds to charge injection into the bulk. Charge injection into the device is by tunneling, and
the bulk is able to use up all injected charge in the conduction of current, until such a point when the
bulk becomes saturated, and injected charge starts to accumulate near the injecting electrode. When
all possible traps are filled, the slope becomes 2 in conformity with Child’s law (Eq. (2.32)).

In the P3HT:PCBM blend, the total current is composed of both electrons and holes. One can
then talk of an effective mobility of charge carriers [46]. We have simulated the J(V) data of Fig.
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8.2 J(V) under illumination

8.4 (b) using Child’s law considering that the dielectric permittivity is 3.9 and device thickness = 90
nm. The simulated curves (lines) together with measured data (symbols), are presented in Fig. 8.5
(a). The only variable in this case was considered to be the effective mobility. The fitting mobilities
are plotted in a log(µ) vs 1000/T plot in Fig. 8.5 (b). The obtained straight line can be attributted to
thermal activation of the effective mobility under TFSCLC.
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Figure 8.5:(a) Semi logarithmic plots for darkJ(V) characteristics of an ITO/PEDOT: PSS/ P3HT:
PCBM/Al device at different temperatures (symbols). Solid lines represent the TFSCLC
fit using Child’s law. (b) The fitting effective mobility vs 1000/T.

8.2 J(V) under illumination

8.2.1 Illuminated J(V) at room temperature

Typical current density-voltage characteristic curves of an ITO/PEDOT:PSS/P3HT:PCBM/Al solar
cell have been plotted in a semi-logarithmic representation in Fig. 8.6 at different light intensities
from 0.1mW/cm2 to 100mW/cm2 at T=300 K.

The darkJ(V) characteristic curve (not shown) demonstrates typical diode-like behaviour. Under
illumination, the rectification ratio decreases from 400 at 0.1 mW/cm2 to 7 at 100 mW/cm2 at± 1.2
V. This is a common feature of polymer based solar cells, but the underlying reasons remain unclear.
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Figure 8.6:(a) I(V) characteristic curves of an ITO/PEDOT: PSS/ P3HT:PCBM/ Al solar cell plotted
in linear scale, and (b) J(V) curves in semi-log scale.
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Figure 8.7:Output characteristics of an ITO/PEDOT:PSS/ P3HT:PCBM/Al solar cell: (a) Short cir-
cuit current density,Jsc, vs temperature at different incident light intensities, (b) Open
circuit voltage vs temperature, for various white light illumination intensities.

We suggest that this is due to photoconductivity, where light increases the number of charge carriers
participating in the conduction of current.

8.2.2 Temperature dependent J(V) curves

Typical output characteristics like power conversion efficiency,η, open-circuit voltage, Voc, short-
circuit current density, Jsc, and fill factor, FF, of an ITO/PEDOT:PSS/P3HT:PCBM/Al solar cell in
the temperature range 137 to 302 K, at 100 mW/cm2 white light illumination are shown in Table 8.1,
and in Fig. 8.7.

Temp (K) Jsc (mA/cm2) Voc (V) FF (%) eff (%)
137 1.56 0.72 18.27 0.21
158 2.31 0.70 19.39 0.31
165 2.76 0.69 20.07 0.38
185 3.75 0.68 21.54 0.55
191 4.50 0.67 22.98 0.69
206 5.48 0.67 28.38 0.92
224 6.33 0.66 32.24 1.19
242 7.41 0.65 35.95 1.73
255 7.83 0.62 41.76 2.03
274 8.04 0.61 45.38 2.23
302 8.12 0.60 49.81 2.43

Table 8.1:Typical output parameters of an ITO/PEDOT:PSS/ P3HT:PCBM/Al solar cell in the tem-
perature range 137 to 302 K, at 100 mW/cm2 white light illumination.

We observed an increase of the short circuit current density with temperature as shown in Fig.
8.7(a). This can be understood by considering that the current output of a solar cell is proportional
to the number of generated charge carriers and to their mobility. At low temperatures few charge
carriers are thermally generated and are not easily transported, therefore the current, without illu-
mination, is low. As the temperature increases, charge carrier mobility and therefore conductivity,
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8.3 Improvement of efficiency of P3HT-PCBM solar cells
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Figure 8.8:EQE spectrum for illuminated ITO/PEDOT: PSS/ P3HT:PCBM/ Al solar cells of different
donor-acceptor (D:A) weight ratio compositions. (a) The EQE decreases with increase
in PCBM content for D/A mass ratio<1, and (b) EQE decreases with increase in P3HT
content for D/A mass ratio>1.

should also increase.
The open circuit voltage, on the other hand, decreases almost linearly with increase in temperature.

Extrapolation of a straight line fit for the voltage vs temperature curve at 100 mW/cm2 white light
illumination yielded a possible maximum of 0.75 V for this device. The origin of the open circuit
voltage is discussed in a later section.

8.3 Improvement of efficiency of P3HT-PCBM solar cells

The power conversion efficiency,η, of solar cells is calculated using the formula:

η =
JscVoc
Plight

FF, (8.1)

whereJsc is the short circuit current density,Voc is the open circuit voltage, andFF is the fill
factor (see chapter 2). Areas in which there is room for improvement are perhaps best identified by
returning to the steps involved in the generation of the photovoltaic effect: exciton creation, exciton
diffusion, Donor-acceptor electron transfer, carrier transport to electrodes, and electron transfer at
electrodes.To improve the performance of solar cells it is therefore necessary to explore ways in
which to increase these 3 factors, and we discuss our experimental observations on how these may
be optimised.

8.3.1 Influence of active layer composition on the output characeristics of P3HT:PCBM solar
cells

Solar cells of different donor-acceptor mass ratio were prepared within the same batch. External
Quantum Efficiency (EQE) and light intensity dependentJ(V) measurements were done at room
temperature before, and after annealing the cells on the same hot plate, for 2 minutes at 120oC.
Typical EQE measurements obtained after the annealing are presented in fig. 8.8, where the ratios
are by weight.

A 1:1 D:A weight ratio gives the cell with the highest external quantum efficiency, in agreement
with Chirvaseet al. [133]. A deviation from this ratio reduces the efficiency of the solar cells. Figure
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Figure 8.9:(a) Graph showing the dependence of the short circuit current(estimated from EQE spec-
tra) on the D/A mass ratio. (b) The relationship between weight ratio and molecular
number ratio in a P3HT:PCBM composite film. The dotted lines indicate the optimum
solar cell composition corresponding to 1:1 by mass, which is equivalent to about 6
P3HT monomer units for each PCBM molecule.

8.9(a) shows the dependence of the short circuit current density calculated from EQE (see chapter 2)
on the donor:acceptor weight ratio for cells prepared in the same batch.

In order to analyse the significance of the above finding, we performed a simple calculation to
determine the number of P3HT monomer units corresponding to each PCBM molecule within the
composite layers.

Molecular weight of single monomer units of P3HT and of PCBM molecules have been calculated
using the formula:

m=
Mw

NA
, (8.2)

where Mw is molar mass, NA is Avogadro’s number = 6.02257x1023. By considering the molecular
weight of each single C, H, and S that constitute one monomer unit of P3HT, we obtain that the
molecular weight of P3HT monomer = 167.2951 g / mol, therefore, using Eq. (8.2), mass of one
monomer unit of P3HT =2.778x10−22 g. Similarly, molecular weight of PCBM = 910.9019 g /
mol, hence, mass of one molecule of PCBM =1.512x10−21 g. The molecular mass ratio is therefore
m(P3HT) / m(PCBM) = 0.184, or m(PCBM) / m(P3HT) = 5.445. The ratio m(P3HT)/m(PCBM) is
also equal to the number ratio of molecules, n(P3HT)/n(PCBM).

The mass composition of the active layer may be calculated using Eq. (8.3):

M(PCBM) =
m(PCBM)
m(P3HT)

M(P3HT). (8.3)

wherem = mass of a single molecule, or monomer unit, andM = mass of a specimen. By fixing
the mass of P3HT for example, one can calculate the corresponding mass for PCBM, as required.
An example of such a calculation yielded the results that have been plotted in Fig. 8.9(b).

It appears that the obtained optimum D:A weight ratio of about 1:1 corresponds to a molecular
ratio of one PCBM molecule to about six monomers of polythiophene. Such an outcome is logical
when we consider the fact that the electron affinity of C60 is equivalent to 6 electrons and assume
that one photon breaks only one double-bond, and at any one given time a P3HT monomer can have
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8.3 Improvement of efficiency of P3HT-PCBM solar cells

only one bond broken. The characterization of C60 as an electron acceptor capable of accepting as
many as six electrons [91] candidates it as the acceptor in blends with conjugated polymers as good
photoexcited electron donors. When the number of P3HT monomers for each PCBM molecule,
increases to more than 6, the P3HT monomers will shield each other from the PCBM, and thus
the number of ultrafast electron transfers is reduced. On the other hand, too much PCBM becomes
redundant in the solar cell, and the efficiency will be reduced. If clusters of PCBM are larger than
the exciton diffusion lengths, for example, recombination of the generated electron-hole pairs may
occur before the exciton reaches the exciton splitting interface.

8.3.2 Effects of film composition on morphology, and J(V) characteristics

The morphology of the active layer plays a critical role in determining the performance of polymer
fullerene solar cells. We observed that thermally annealing the fabricated solar cells increased their
efficiency and improved their stability in the atmosphere. EQE and light dependentJ(V) measure-
ments were done before and after thermally annealing P3HT:PCBM solar cells of different donor
acceptor ratios. The same solar cells described above were investigated. Figures 8.10 (a) to (d) show
the EQE curves before and after annealing for the 1:1, 1:2, 1:2.5 and 1:3 D:A ratios respectively.
The inset to each figure is the ratio of the current output after annealing to that before. An interesting
peculiarity is that the improvement in EQE by annealing seems to follow the D:A ratio, e.g., a 1:1
cell impoved its efficiency by just slightly above 1, a 1:2 cell by about 2, and 1:3 D:A cell improved
its efficiency by about 3 times. The 1:1 cell has the least percentage change inJsc, suggesting min-
imal changes in the morphology. The 1:3 cell has the largest percentage change, suggesting large
variations in film morphology.

This result tends to confirm the notion that the 1:6 D:A ratio by molecular numbers is the opti-
mum, so if the weight ratio is 1:1, the improvement observed on thermal annealing may be due to a
homogeneous re-distribution of the mixture. In higher weight ratio cells, it was observed that thermal
annealing leads to the formation of clusters identified as PCBM, in a sea of 1:6 P3HT:PCBM blend,
by number. AFM surface profiles for 1:1, 1:2, and 1:3 blends are shown in Fig. 8.11. We confirm that
these clusters are indeed PCBM crystals because the AFM pictures of the same solar cells being dis-
cussed here, had large clusters for the 1:3 weight ratio cells, decreasing commensurate with decrease
in weight ratio, as observed also by [133]. For the 1:1 weight ratio cells, only very small crystals of
PCBM were observed. The aggregated PCBM islands in a sea of 1:1 composition are dead parts of
the cell since the innermost molecules will not be available for charge transfer. They are therefore
shielded and this reduces the efficiency of charge separation, as observed in the decreased power
conversion efficiences of the polymer-fullerene solar cells with high PCBM content. Further, every
pure PCBM cluster takes up space and therefore reduces the active area available for intercepting
the incident radiation. The crystals protrude out of the plave of the film, and this may have adverse
effects on the properties of the interface of the film with the Al top contact.

We also studied the effects of film compositionJ(V) characteristics. Figure 8.12 shows the the
illuminatedI(V) characterisitics of cells made from blends of different donor-acceptor weight ratios.
The slope of theJ(V) curve when it crosses the voltage axis indicates the magnitude of the series re-
sistance, while the slope as theJ(V)curve crosses the current density axis indicates the magnitude of
the parallel resistance. The series resistance is smallest, and the parallel resistance biggest, for a 1:1
mass ratio. The fill factor is therefore largest for that same ratio.Voc is independent of P3HT:PCBM
mass ratio, butJsc increases with decrease in the D:A weight ratio. The series resistances become
larger with increase of the PCBM content, and the parallel resistances become smaller, thereby re-
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Figure 8.10:EQE before and after annealing:-comparison of percentage increases inJsc for different
donor:acceptor weight ratios. The inset shows the fraction of the change observed in
the spectrum after annealing, in each case. This scales up with the increase of acceptor.

ducing the fill factors.
Figure 8.13 shows the dark curves of solar cells of different active layer compositions. The dark

J(V) curves of annealed cells indicate that the conductivity of films containing a smaller amount of
PCBM is higher as compared to those with large concentrations of PCBM, at high voltages above
0.65V. This range has been described as the trap filled SCLC range.

Forward bias darkJ(V) curves in double logarithmic scale showing the ohmic, exponential trap
filling, and the trap-free space charge limited current regimes. When all possible states are conduct-
ing (TF-SCLC), the conductivity decreases monotonously with increase in PCBM concentration.
The 1:1 cell has small changes in efficiency, while largest changes in efficiency have been recorded
for the 1:3 cell, though the efficiency still remains the lowest for this cell.

8.3.3 Implications of barrier modification due to annealing

We observed ib chapter 6 that the barrier is modified by thermal annealing, and we discuss the im-
plication on the output characteristics of ITO/PEDOT:PSS/ P3HT/PCBM/Al solar cells. The active
layer consisted of a 1:3 P3HT:PCBM mass ratio in a 10 mg/ml chloroform solution. We measured
external quantum efficiencies (EQE) of the cells at 290K before determining theirJ(V) characteris-
tics. The cells were then annealed at 120oC for 2 minutes in a glove box with nitrogen atmosphere,
and EQE, andJ(V)determined at 290 K again. In Fig. 8.14 we present the EQE curves of an as-cast
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8.3 Improvement of efficiency of P3HT-PCBM solar cells

As cast film of P3HT:PCBM = 1:3 by weight

Annealed film of P3HT:PCBM=1:2 by weight Annealed film of P3HT:PCBM = 1:1 by weight

Annealed film of P3HT:PCBM =1:3 by weight

(a) (b)

(c) (d)

Figure 8.11:Surface pictures of films of P3HT:PCBM blends of different weight ratios: (a) as cast
(1:3); (b) annealed (1:3); (c) annealed (1:2); and (d) annealed (1:1), taken by a
Burleigh Vista atomic force microscope (AFM). The structures observed in annealed
films are attributed to crystallisation of PCBM. The annealing temperature was 120oC
for 2 minutes under inert atmosphere.

and subsequently annealed ITO/PEDOT:PSS/ P3HT:PCBM/Al solar cell.
The area under the EQE curves gives the short circuit current density. The EQE increased dramat-

ically on annealing these devices, at 120oC for 2 minutes, resulting in a short circuit current density
increase from 1.84 to 5.17 mA/cm2 at 100 mW/cm2 white light illumination. Figure 8.15(a) shows
the darkJ(V)characteristics before and after annealing the solar cells.

The current decreased by more than 1 order of magnitude under reverse bias, and under forward
bias before the onset of the exponential region. Such a decrease is in conformity with the observed
effects for the P3HT devices annealed at 90oC, and those annealed at 110oC (see Fig. 7.1). However,
at high forward voltages, the annealed device exhibits a much higher current, also by close to 1 order.
The reduction in reverse bias current and the increase in forward bias current result in increased
rectification factors from 1.1 to 401.1 (400 times!), at 1 V. The biggest increase in the forward
current is just after the exponential region, suggesting that at some high voltage, the two curves may
actually merge as in the P3HT devices (see Figs. 7.1, 7.2 and 7.3). Polymer ordering temperatures
may not have been reached by annealing the devices at 120oC for 2 min.

FN plots of the darkJ(V)characteristics indicate straight lines at high voltages suggesting the tun-
neling of holes into the HOMO of P3HT under forward bias. These plots indicate a larger slope for
the annealed device, than for the as-cast device, similar to the observed for P3HT devices. The hole
injection barrier (ITO/PEDOT: PSS/P3HT) therefore increases after annealing the solar cell. The ob-
served annealing effects may therefore be triggered by barrier modification and impurity de-doping.
Current decreases! Therefore the observed increase in external quantum efficiency, and hence short
circuit current density cannot be explained by mobility increase in the blend. If it increases at all,
then that increase is not the dominant effect.
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Figure 8.12:Comparison of the illuminatedJ(V) characteristics of ITO/PEDOT: PSS/
P3HT:PCBM/Al cells made from blends of different Donor-Acceptor weight ra-
tios.
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Figure 8.13:Dark J(V) characteristics of ITO/PEDOT: PSS/ P3HT:PCBM/Al solar cells with active
layer compositions of different D:A mass ratios in (a) semi-log and (b) double log plots
(Dotted lines have slope = 1 and dashed lines have slope = 2).

Figure 8.15(b) shows the corresponding 100 mW/cm2 illuminated cellJ(V)characteristics in semi-
logarithmic representation. The open circuit voltage, Voc, and the short circuit current Jsc of the
annealed device are higher in for the annealed solar cell. Table 8.2 shows a comparative summary
of the output characteristics of the ITO/PEDOT:PSS/ P3HT:PCBM/Al solar cell before and after
annealing.

We note that the increase of the ITO/PEDOT:PSS/P3HT hole injection barrier implies an increase
in an internal electric field which favours the motion of holes from P3HT HOMO to PEDOT:PSS,
and ultimately to ITO. The increase in such a field implies more effective blocking of electrons and
an efficient collection of holes by ITO through PEDOT:PSS at zero bias. TheVoc increases after
thermal annealing (Figs. 8.15(b) and 8.16). Charge injection becomes more difficult, but collection
improves.
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Figure 8.14:Dramatic increase in EQE of a 1:3 weight ratio ITO/ PEDOT:PSS/ P3HT:PCBM/Al
solar cell after annealing for 2 min at 120oC. The area under the curve gives the short
circuit current density, and it increased by 3.2 times, from 1.6 mA/cm2 to 5.17 mA/cm2

for an AM1.5 solar spectrum.

Device Jsc (mA/cm2) Voc (V) FF (%) eff (%)
As cast 1.835 0.485 28.864 0.255
Annealed 5.170 0.605 53.338 1.669
% increase 181.9 24.7 86 554.5

Table 8.2:Comparative summary of the output characteristics of the ITO/PEDOT:PSS/P3HT:
PCBM/Al solar cell before, and after annealing.
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Figure 8.15:Semi-logarithmic representation ofJ(V) curves of ITO/PEDOT: PSS/ P3HT/ PCBM/Al
solar cell before and after annealing at 120oC for 2 minutes: (a) under darkness, and (b)
under 100 mW/cm2 white-light-illumination. Jsc and Voc both increase after annealing.
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8 P3HT:PCBM bulk heterojunction devices in the dark and under illumination

8.3.4 Implications of impurity dedoping

It is not expected that electrons trapped by the O2 can participate in the current, instead they are
immobilized, giving the polymer a chance to remain with a high number of holes for conduction.
These holes can not recombine with the trapped electrons. Once trapping centers are reduced, the
number of recombinations in the polymer increases, thereby reducing the hole density. PCBM may
not trap such low energy electrons, hence it is not expected that they could be transferred to PCBM,
it captures only excited electrons that have reached the LUMO of P3HT. Therefore dedoping the
polymer of oxygen, water and remnant solvent do not increase the mobility of charge carriers, it
merely reduces the density of holes participating in the current, which therefore decreases.

Impurity dedoping has good implications for conductivity when the ITO/PEDOT:PSS/P3HT:PCBM/Al
solar cell is illuminated. Ultra-fast photo-induced electron transfer from P3HT to PCBM occurs with
an efficiency close to 100%. [7] Both the holes and the electrons participate in the current. The
overall effect is that the number of electron transfers to the PCBM increases, since fewer of the
electrons are captured and immobilized as in the case of abundant oxygen presence. It is therefore
to be expected that the current should be higher in the illuminated annealed device. The failure to
reach 100% electron transfer efficiency may be related to the remaining impurity materials that may
compete with PCBM, but immobilize the captured electrons. The number of electrons conducted
through the PCBM LUMO has increased, and may balance the number being conducted through
P3HT LUMO. The number of scattering centers is also reduced, and overall conductivity increases.
We suggest that the major contributor to this increase is the increase in charge carrier density partici-
pating in the current, rather than mobility since for the darkJ(V), the current decreased anyway, even
if the number of scattering centers had also decreased. Figure 8.16 showsJ(V)curves of illuminated
ITO/PEDOT: PSS/P3HT/Al device of Fig. 7.1(b) before and after annealing at 110oC for 5 minutes.

Note that the illuminated current is lower for annealed device. This is because there is no additional
charge transfer taking place, and that although the number of holes increased due to photo-excitation,
it has not reached the same level as when impurities simply immobilized the electrons.

Further, thermally induced inter-diffusion may increase the overlap of wave functions between
P3HT and PCBM making charge transfer easier. During the annealing, a rush of colour is observed
after about 20 s which we attribute to the motion of PCBM molecules as they rush to occupy the sites
left by impurities like oxygen and H2O. Possible crystallization of PCBM may also create easier
percolation paths for electrons towards the Al electrode.

High temperature annealing induces stronger inter-chain interactions, which promotes bi-polaronic
recombination of charge carriers. Although strong inter-chain interactions increase the mobility of
holes in the polymer, it has a negative effect on quantum efficiency. Padingeret al [6] observed
that annealing P3HT:PCBM solar cells at 75oC increased the quantum efficiency to some maximum
within 5 to 6 minutes, but longer annealing durations at the same temperature reduced the overall
efficiency ’dramatically’ again. This suggests that strong inter-chain interactions may not be as im-
portant as the dedoping the polymer of oxygen and evaporation of remnant solvent and water. Strong
inter-chain interactions also reduce the rectification ratio.

We have shown that the annealing temperatures and duration, at which high improvement in ex-
ternal quantum efficiency in P3HT:PCBM bulk heterojunction solar cells is achieved, are within the
range when the polymer is dedoped of oxygen, we therefore suggest that increase in mobility due to
reordering of P3HT is not the dominant effect in this case. When O2 leaves the film, the number of
immobilized electrons is reduced, therefore there is an increased number of electrons participating
in the generation of current. Additionally the conglomeration of PCBM conduces to the appropri-
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Figure 8.16:J(V) semi-logarithmic representation of 100 mW/cm2 white-light-illuminated ITO/ PE-
DOT: PSS/ P3HT/Al device before and after annealing at 110o C for 5 minutes. The
current under both reverse and forward bias, is lower after annealing. Voc increases
after annealing.

ate ratio optimum for electron transfer. The increase in quantum efficiency of the ITO/PEDOT:
PSS/P3HT:PCBM/Al after an annealing step is therefore explained.

8.4 Origin and limit of open circuit voltage

The built-in potential of solar cells, which can be estimated from the open circuit voltageVoc, is an
essential parameter of thin film photovoltaic devices, influencing charge dissociation and charge col-
lection and thus mirroring the diode principle as well as the photophysical properties of the materials.
Therefore, the question of the built-in potential is directly related to an extensively discussed phe-
nomenon, the origin of the open circuit voltageVoc. For the design of future solar cells it is important
to understand whether theVoc of bulk heterojunction devices can be determined by the choice of the
electrodes and whether theVoc is a bulk property, or an electrode property, or a combination of both.

It has been demonstrated that for a photodiode, based on a single layer of a conjugated polymer, the
Voc scales with the work function difference between electrodes, and thus follows the metal-insulator-
metal (MIM) model. [134] In bilayer devices made by electron- and hole-accepting polymers, the
Voc also scales linearly with the work function difference, however, with an additional contribution
depending on the light intensity. [135] This contribution is due to the accumulation of charge carriers
at the organic/organic interface, giving rise to a diffusion current which must be compensated by a
drift current at open circuit.

We have investigated the current limiting mechanisms in single, double and blend layer devices
sandwiched between various electrodes in order to get an insight into the role of each material in pho-
tovoltaic generation in the polymer-fullerene solar cell. IlluminatedJ(V) characteristics of selected
devices are presented in Appendix 2. The objective was to respond to the controversial question of
the origin of open circuit voltage in illuminated polymer-fullerene devices.
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8 P3HT:PCBM bulk heterojunction devices in the dark and under illumination

8.4.1 The Role of the PEDOT:PSS layer in the generation of Voc

Bulk-heterojunction devices show unusually high open circuit voltage values. These values cannot
be explained by the metal-insulator-metal (MIM )model that has been often used for organic light
emitting diodes. The origin of open circuit voltage in polymer-fullerene bulk heterojunctions has
become a controversial subject since Brabecet al. [136] discussed that their observedVoc was more
than what the electrode work function difference could give, and therefore suggested that the maxi-
mum open cicuit voltage was given by the energetic difference between the LUMO of acceptor and
HOMO of donor. Since then there has been a lot of studies to try and substantiate this notion. To date
it seems to be the most accepted among the scientists working on polymer-fullerene heterojunction
solar cells. In this section, we explore the development of this understanding and suggest that the
role of PEDOT:PSS, as the charge separating interface, in the cell must also be taken into account.

1. • Brabecet al. [136] varied the metal negative contact and observed that theVoc was rather
insensitive to variations in the metal electrode workfunction. They also varied the fulllerene acceptor
strength and obtained a direct correlation ofVoc with acceptor strength. Their conclusions were
that the quasi-Fermi levels of the fullerene pin the Fermi level of the negative metal electrode. The
positive electrode used was ITO coated with PEDOT:PSS, and the negative electrode in all cases was
Al. The active layer consisted of a 1:1 toluene solution of MDMO-PPV:fullerene spin coated film,
where the fullerene was either Azafulleroid (-0.67 V), Ketolactam (-0.53 V), PCBM (-0.69 V) or C60

(-0.6 V). These values were based on redox behaviour determined by cyclic voltametry. According to
the values of the first reduction potential published by these authors, the strongest electron acceptor is
Ketolactam, while the weakest is PCBM. In their plots of averageVoc vs first reduction potential, they
obtained a slope equal to 0.8 (a strong correlation indeed), and for the maximumVoc, the slope gave
100 % correlation. The main conclusions were that the MIM picture cannot adequately describe the
Voc of polymer fullerene devices because the workfunction difference of the ITO and Al electrodes
would imply only a 0.4 V potential difference as opposed to the obtained 0.55 to 0.72 V.

2. Comment:While these conclusions sound valid and reasonable, the analysis suffers from only
one flaw. The role of PEDOT:PSS in these devices has been ignored completely. If this were taken
to be the positive electrode, all the obtained voltages would fall in a range that could be described
by the metal-insulator-metal (MIM) model. We suggest that the MIM picture is true if the sand-
wiched material were a pure insulator, and that the role of PEDOT:PSS electrode in the device
should also have been considered. We note that in P3HT:PCBM devices with symmetrical con-
tacts, Al/P3HT:PCBM/Al we did not observe an open circuit voltage under illumination (see table
8.3).

It is therefore important that the electrodes must have different workfunctions, so that a built in
electric field will favour flow of electrons in one direction and holes in the other. On the other
hand, our Al/PEDOT:PSS/P3HT:PCBM/Al devices gave open circuit voltages up to 0.28 V at 300K,
clearly demonstrating that it is not only the outer electrodes playing a role in generating theVoc.
PEDOT:PSS is indeed the electrode to consider, as well as the interfacial barrier it forms with the
outer electrode.

3. • Inspired by the results obtained by Brabecet al. [137], Kymakiset al. [138] studied bi-
layer devices consisting of an ITO positive electrode, Poly-octylthiophene (P3OT) layer, single wall
carbon nanotubes (SWNT) layer, and Al negative electrode. It is interesting to note that this device
did not contain a PEDOT:PSS layer, however the SWNTs are separated from the positive electrode
by the P3OT layer. We note that these devices have a different configuration when compared to the
bulk heterojunction devices described in [137]. In these devices, the observedVoc was 0.7 V, which
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Device q(χout-χin) Jsc (mA/cm2) Voc (V) FF (%) eff (%) Remarks
ITO/P3HT/Au 0.1 0 0 - - MIM
Al/P3HT/Au 0.1 0 0 - - MIM
ITO/P3HT/Al 0.4 ∼1x10−5 0.26 - - MIM
ITO/PEDOT:PSS/P3HT/Al 0.4 0.391 0.46 37.46 0.068 MIM(X)
ITO/PCBM/Al 0.4 0.11 0.35 31 0,31 MIM
Al/PCBM/Al 0 0 0 - - MIM
ITO/PEDOT:PSS/PCBM/Al 0.4 0.329 0.66 26.11 0.057 MIM(X)
Al//P3HT:PCBM/Al 0 0 0 - - MIM
Al/PEDOT:PSS/blend/Al 0 0.929 0.276 24.54 0.0006 MIM(X)

Table 8.3:Output characteristics of illuminated devices of different configurations. All devices in
which the PEDOT:PSS layer is present can not be described by the simple MIM pic-
ture, unless the PEDOT:PSS is considered as the inner electrode, withχ=5.1 to 5.2 eV.
(blend=P3HT:PCBM).

is higher than 0.4 V that would be expected from the Al-ITO electrode workfunction difference.
They also observe that the MIM picture does not adequately describe theVoc of such devices, and
suggest that theVoc is generated due to the exciton dissociation at the P3OT/SWNT interface. The
Voc is therefore attributed to the LUMOacceptor - HOMOdonor difference as concluded by Brabecet
al. in their devices. They also studied the effect of the difference in the work function between
the two electrodes (φITO -φmetal) on theVoc by studying P3OT-SWNT based devices and varying
the metal of the negative electrode. For the four different metals utilized,Voc varied by a total
variation of 0.1 V for a 0.8 eV variation of theφmetal. This result indicates that the work function
of the metal has no significant effect on theVoc , opposite to what would be expected ifVoc was
determined only by the difference in the contact metal work functions according to the MIM model.
They therefore concluded as well that the SWNTs pinned the metal workfunction to their quasi-
Fermi levels, suggesting that the metal electrodes form ohmic contacts with the percolation paths of
the SWNTs. Their illuminated ITO/P3OT/Al devices gave aVoc of 0.35 V in conformity with the
MIM model, and concluded therefore that such a model works only in high purity polymers, like the
polythiophenes.

4. Comment:Based on the conclusions given in 3., it should be reasonable to imagine that the
positive electrode (ITO) should also be pinned to the quasi Fermi level of the P3OT. The conclusions
in 3. should be expected due to the configuration of their device, which is completely different from
the ones described by Brabec (see 1.).

5. • As a counter-study of the origin of open circuit voltage reported by Brabecet al (see 1.), Kim
et al. [139] studied polymer fullerene solar cells with the same configuration but instead, varied the
ionisation potential of the polymer. In this case they used MEH-PPV (Ionisation potential (Ip) = 4.9
eV), P-DMOP-PPV (Ip = 4.52 eV), or P-DMOP-CO-MEH-PPV (5.44 eV) blended with PCBM, and
sandwiched between ITO/PEDOT:PSS and Al electrodes. The obtained open circuit voltages were
0.66 V, 0.73 V, and 0.77 V respectively confirming that theVoc indeed scales with the ionisation
potential of the donor, since in this case the acceptor strength is constant.

6. Comment:As in 1., the role of PEDOT:PSS is completely ignored. If it had been considered
as the positive electrode, theVoc obtained would have easily fallen within range of the MIM picture.
However their conclusions seem to indicate as well the pinning of the PEDOT:PSS electrode to the
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8 P3HT:PCBM bulk heterojunction devices in the dark and under illumination

polymer transport levels (quasi Fermi levels). Studies have already shown that P3OT, PPV, and P3HT
form ohmic contacts with the ITO/PEDOT:PSS electrode. [110]

7. • Mihailetchi et al. [140] argued that the obtained correlation of 100 % between acceptor
strength and maximumVoc in bulk heterojunction polymer-fullerene solar cells is to be expected in
case of ohmic contacts, meaning that the negative and positive electrodes match the lowest unoccu-
pied molecular orbital (LUMO) of the acceptor and the highest occupied (HOMO) level of the donor,
respectively. The maximumVoc for this case is thus governed by the bulk material properties. In case
of non-ohmic contacts, a reducedVoc with magnitude [(LUMOacceptor - HOMOdonor) - (φelectrode1 -
(φelectrode2)] is expected, according to the MIM model. Furthermore, the band bending at the ohmic
contacts reduce the open circuit voltage by typically 0.2 V for each contact. These voltage losses
strongly reduce the maximally attainableVoc in an OC1C10-PPV:PCBM bulk heterojunction solar
cell at room temperature. However, a weak variation of theVoc of only 160 meV has been observed
when varying the work function of the negative electrode from 5.1 eV (Au) to 2.9 eV (Ca) (see 1.).
This deviation from the MIM model has been explained by pinning of the electrode Fermi level to
the reduction potential of the fullerene.

8. Comment:These authors take the PEDOT:PSS electrode as the positive electrode and are able
to account for the maximally obtainableVoc in the MIM picture, by considering the ohmicity of the
contacts, and effects of band bending. However their model could not accommodate the Au and Pd
electrodes, and had to invoke the dipole formed by the Au/polymer interface.

9. •By dedoping PEDOT:PSS to different levels Frohne et al. [141] varied the ’equilibrium poten-
tial’ (workfunction) of the PEDOT:PSS ’electrode’ from the commercially available (∼-5.1±0.1 eV)
to even past the PCBM acceptor levels (∼-3.9 eV), and studied theVoc of ITO/PEDOT:PSS/MDMO-
PPV:PCBM/Al solar cells. Interestingly, theVoc decreased as the equilibrium potential of PE-
DOT:PSS approached the PCBM acceptor levels, where it became zero. Beyond the PCBM ac-
ceptor levels, obtainedJsc andVocs were ’inverted’, i.e., photogenerated electric fields had opposite
direction indicating that the internal built-in field had also changed direction. Doping PEDOT:PSS
until its equilibrium potential reaches or surpasses the HOMO of MDMO-PPV led to a reduction in
Voc and this was attributed to a ’fobidden potential range’, in which PEDOT:PSS is able to oxidise
MDMO-PPV.

10. Comment:The studies described in 9. indicate that the presence of PEDOT:PSS in the de-
vice is not trivial. Its workfunction, which can be controlled by varying the ’doping concentration’
influences the obtained open circuit voltage directly. With these results we are inclined to think
that the PEDOT:PSS also pin the ITO workfunction to its transport levels, in the same way that has
been suggested for PCBM and the metallic outer electrode. In order to generate a voltage, asym-
metrical contacts are a necessity if the conduction in the bulk is spatially homogeneous. It has been
shown that PEDOT:PSS is important as the positive electrode. We propose that the bulk hetero-
junction P3HT:PCBM active layer behaves as an n-doped material - P3HT doped with PCBM, and
the PEDOT:PSS as a p-doped material - PEDOT doped with PSS. The analysis of the bulk hetero-
junction ITO/PEDOT:PSS/P3HT:PCBM/Al heterojunction solar cell may therefore be considered as
ITO/p-doped/n-doped/Al solar cell. The bulk heterojunctions between P3HT and PCBM enhance
the probability of photogenerated excitons dissociating at those interfaces.

We suggest that the open circuit voltage is dependent on the energetic levels of p and n dopants
and on their concentrations within the donor and acceptor materials (see Eq. 2.6). PCBM introduces
a transport level in the band gap of P3HT in the same fashion as an n dopant does. PSS on the other
hand, introduces a transport level in PEDOT making it a p-type material. The junction formed should
therefore be expected to behave like a p-n junction, and the open circuit voltage is determined by the
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transport level of the n type material (P3HT:PCBM) and the transport level of the p type material
(PEDOT:PSS) which both tend to pin the electrode workfunctions to their respective transport levels.
Dedoping PEDOT:PSS beyond the acceptor levels of PCBM makes PEDOT:PSS more n than the
P3HT:PCBM blend, and a reversedVoc is obtained.

8.5 Conclusions

We conclude that the ideal solar cell is one with a homogeneous P3HT:PCBM distribution in a 1:1
weight ratio, which corresponds to 6 P3HT monomer units for each PCBM molecule, so as to max-
imise on the number of exciton dissociating heterojunctions in the bulk. This ensures high fill factors,
implying high parallel resistance, and low series resistance, as well as maximising the absorption of
radiation and creation of electron-hole pairs, and therefore high internal quantum efficiency. Sym-
metrical electrodes on such a film produce no voltage, therefore there is need to select asymmetrical
electrodes in such a way as to provide minimal resistance to the collection of the generated charge
carriers. The negative electrode must form an ohmic contact with the transport level of the PCBM,
while the positive electrode must first filter the charge carriers, i.e., block the passage of electrons
and allow only holes to travel through it. The (PEDOT:PSS)/(P3HT:PCBM) interface is therefore
the charge carrier separating interface while the P3HT/PCBM heterojunctions provide exciton disso-
ciating interfaces, which on their own cannot generate a voltage. The ITO is needed since it is easier
to contact with external wires as compared to the PEDOT:PSS from our experimental point of view.
However, although the ITO/PEDOT:PSS interface is ohmic, a small loss ofVoc may be observed
due to band bending which may unavoidably occur at that interface. The P3HT:PCBM/Al interface
cannot be considered as a charge separating interface because in as much as Al is able to receive
electrons from the PCBM, it is equally capable of providing electrons to fill up the holes in P3HT
since both materials are in contact with the Al. On the other hand, PEDOT:PSS is a well known hole
conductor.
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9 Conclusions and Recommendations

9.1 Conclusions

The following are the main conclusions resulting from this work:

• We have shown that hole transport in P3HT is bulk limited when injection is through the ITO/
PEDOT:PSS interface. The J(V) characteristics can be described by space charge limited cur-
rents taking into account an exponential distribution of traps within the bandgap of P3HT. We
also addressed an inconsistency in the analysis of exponentially distributed traps and calcu-
lation of activation energy. We obtained that the TFSCLC hole mobility in P3HT at room
temperature is of the order 10−5 cm2/Vs.

• We have shown that electron injection from Al into PCBM is bulk transport limited, which
leads to trap free space charge limited currents at sufficiently high applied voltages. We deter-
mined the mobility of electrons in the PCBM devices to be 10−5 cm2/Vs at room temperature,
i.e., same order as hole mobility in P3HT devices.

• A study of P3HT:PCBM blend devices yielded an effective TFSCLC charge carrier mobility
of the order 10−5 cm2/Vs at room temperature.

• We have determined that the optimum exciton splitting donor-acceptor network consists of
a homogeneously distributed ratio of 1:1 weight ratio, corresponding to 6 monomer units of
P3HT to 1 PCBM molecule. Any deviation from this optimum introduces shielding effects,
which tend to reduce efficiency of the solar cells.

• We have shown that the role of PEDOT:PSS in the bulk heterojunction solar cell is that of
providing the charge separation interface in the solar cell. Bulk heterojunctions provide an
increased exciton splitting network, but cannot alone separate the electrons from the holes.
The open circuit voltage should therefore be related to the transport level of PEDOT:PSS and
the transport level introduced by PCBM within the band gap of P3HT. The maximum voltage
is determined by these transport levels.

• We have shown that the observed improvement of the performance of P3HT:PCBM solar cells,
with the optimum ratio, is related to impurity dedoping of P3HT, as well as interdiffusion that
improves the overlap of the donor and acceptor wavefunctions. We rule out crystallisation of
P3HT as the reason for improvement, and confirm that the crystalline PCBM islands within
the material, formed during annealing, become ’dead’ parts of the cell. If their size is bigger
than the exciton diffusion length, the photogenerated excitons may recobine before reaching
an exciton splitting interface.

• We have developed the theoretical understanding and shown that the total current in an elec-
trode/ polymer/ electrode device may be successfully modelled as being due to the sum of
contributions of tunneling currents and thermionic emission currents.
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• Conclusions reached on studying separate components can be used in explaining some of the
features of the composite device.

9.2 Recommendations

There is still room for improvement of efficiency of solar cells based on P3HT:PCBM blends. When
this work was started, efficiencies around 1% were the norm, but on finalising, 2.5 to 3 % efficient
solar cells can easily be produced. As we believe there is still some scope for the improvement
of polymer-fullerene solar cells before commercialisation can be considered, we recommend the
following:

• Further studies of electrode/polymer electrode devices should be done in order to determine the
electrode materials which can best be pinned to the Fermi levels of the polymer and fullerene
respectively. The model developed here could be used in the drawing of both quantitative, and
qualitative results in this respect.

• The optimum conditions for thermal annealing must be refined.

• Effects of solvent on the morphology based on real experiments is yet to be studied so that the
best solvent is utilised in the preparation of solar cells.

• Conductivity and transmissivity of PEDOT:PSS should be optimised for hole transport in the
solar cell.

• Suitable materials for the encapsulation of polymer-fullerene solar cells must be studied in
order to protect the cells against the environmental water vapour and oxygen, which tend to
reduce their lifetime drastically.

• Scientists working on the development of polymer solar cells should not be discouraged, the
science is still young. It took 88 years from discovery to commercialisation of silicon solar
cells. It could take less for polymer solar cells if the impetus is not lost.
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Appendix 1: Derivation of J(T) for metal/polymer/metal structures, from the FN
formulation.

(extracted from M. Koehler and I. A. Ḧummelgen, Appl. Phys. Lett. 70, 3254 (1997)

Under the scope of the rigid band model, the injection of charge carriers into the polymer proceeds
via tunneling through a triangular barrier at the electrode polymer interface. The current densityJ
depends on the fluxP(W)dWof carriers that emerge from the metal with energy betweenW and
W+dW,

J =
∫ +∞

−∞
p(W)dW, (10.1)

where q is the magnitude of the electronic charge. Assuming that the carriers inside the metal
remain in thermal equilibrium in spite of those that are tunneling from the metal,P(W) is given
by the product of the equilibrium flux of electrons incident on the interfaceN(W)and the quantum
mechanical probability that the carrier penetrates the barrierD(W), thus:

P(W) = D(W) ·N(W). (10.2)

The equilibrium flux of charge carriers with thex component of the linear momentum between px

and px+dpx and energy betweenW andW+dW is found by integrating the product of the density of
states, thex component of the velocity and the Fermi Dirac distribution function over all py and pz.
The numberN(W) is then

N(W) =
4πmkBT

h3 ln

[
1+exp

(
−W−µ

kBT

)]
, (10.3)

wherem is the effective mass of the considered charge carrier,kB is Boltzmann’s constant,h is the
Planck constant andµ is the Fermi energy (chemical potential) of the metal.

In the Wenzel-Kramers-Brillouin (WKB) approximation the tunneling probability for a triangular
barrier is:

D(W) = exp

[
−8π

√
2mW3/2

3Fqh

]
(10.4)

whereF is the electric field strength applied to the polymer. Equation (10.4) is obtained by setting
the reference potential as null at the interface. Substituting Eq. (10.3) and (10.4) in (10.2),

P(W)dW =
4πmkBT

h3 exp

[
−8π

√
2mW3/2

3Fqh

]
ln

[
1+exp

(
−W−µ

kBT

)]
dW (10.5)
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Since the major contributions to the tunneling current come from the carriers with energies in the
neighbourhood ofµ, the exponent inD(W) can be approximated by the first two terms of a Taylor
expansion aroundW = µ. Equation (5) then becomes:

P(W)dW =
4πmkBT

h3 exp

[
−8π

√
2mφ3/2

3Fqh

]
exp[β(W−µ)] ln

[
1+exp

(
−W−µ

kBT

)]
dW, (10.6)

whereφ is the energy barrier height at the interface and

β =
2
√

2mφ1/2

3Fqh
(10.7)

The FN theory is obtained aproximating the logarithmic function in Eq. (10.6) by a step function at
W =µ. This approximation is valid forq/kBT >> 1. However, for metal/polymer interfaces in which
the barrier height has typically only thenths of an electron volt, this is no longer a good approximation
at room temperature. For a more precise description of the current density as a function of F, it is
ncessary to integrate over the logarithmic function in Eq. (10.6). The tunnel current presents then a
temperature dependence from Eqs. (10.1) and (10.6), given by:

J(T) = q

(
4πmkBT

h3

)
exp

(
−4

√
2mφ3/2

3Fqh

)∫ ∞

0
ξβkBT−1ln

(
1+

1
ξ

)
dξ (10.8)

whereξ = exp[(W-µ)/kBT]. The equation resulting from part integration of Eq. (10.8) is of a
standard form and the current density becomes:

J(T) =
q2πkBT

h2

(
m∗

2φB

)1/2

·F ·exp

(
−8π

√
2m∗φ3/2

B

3hqF

)
· 1
sin(βπkBT)

. (10.9)

(c.f. Eq. 2.32)

* * *
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Appendix 2: Output characteristics of illuminated P3HT and PCBM
devices

Output characteristics of single layer P3HT devices
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Figure 10.1:(a) Linear I(V) and (b) semi-logarithmic representation of J(V) curves of an ITO/
PCBM/ Al device at 300 K, under illumination of different intensities.

Under illumination a potential difference is generated. Output characteristics under white light
illumination at 100 mW/cm2 300 K gave: Voc = 0.35 V; FF = 31 %;Jsc = 0.11 mA/cm2; and
Eff. = 0,31 %. Figures 10.1 show the obtainedJ(V) characteristics for ITO/PCBM/Al devices.
Photogenerated voltages of up to 0.375 V were recorded for these devices. The obtainedVoc can be
described by the MIM picture.

Al/P3HT/Al devices

Device preparation involved the deposition of Al electrodes on cleaned glass substrates, by thermal
deposition in high vacuum. P3HT was subsequently spin coated, followed by thermal deposition
again of Al electrodes. Al/P3HT/Al devices are hole only devices conducting through HOMO of
P3HT. These electrodes limit charge injection until a electric field (>5x106 V/cm) has been applied.
TheJ(V) characteristics show symmetrical behaviour for both directions of hole injection (see Fig.
10.2). This suggests that the method of preparation is adquate, and avoids the formation of a signifi-
cant oxide layer on the Al contact deposited on glass.

We observed no open circuit voltage under illumination. This suggests the need of an electrode
work function difference to generate open circuit voltage. The electrode workfunction difference
provides a built-in field across P3HT so that photo-generated electron-hole pairs are separated. What
this means is that electrons will find a favourable field to move towards the Al electrode, and holes
diffuse to the ITO electrode. This is a typical metal-insulator-metal picture, where the maximum
achievable photovoltage would be given by the electrode workfunction difference divided by the
electronic charge.
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Figure 10.2:Dark J(V) plot of an Al/P3HT/Al device for different temperatures. Symmetrical be-
haviour is observed in both directions of current flow.

* * *

Output characteristics of double layer PV devices

ITO/PEDOT:PSS/P3HT/Al devices
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Figure 10.3:(a) I(V) and characteristics of an illuminated ITO/PEDOT: PSS/P3HT/Al device in lin-
ear scale at different light intensities. (b) semi-logarithmic plot of the J(V) characteris-
tics.

The I(V) andJ(V) curves are presented in Figs. 10.3(a) and (b) respectively. Typical output char-
acteristics are presented in Table 10.1. Note the high open circuit voltage obtained (about 0.46 V at
100 mW/cm2 white light illumination, at 300K). We also note that measurable currents (up to more
than 0.3 mA/cm2) were obtained. The question yet to be answered is what role the PEDOT:PSS layer
plays in this device. The open circuit voltage is slightly more than what the MIM picture predicts.
Considering ITO (ϕ∼ 4.7 eV) and Al (ϕ∼0.43 eV) outer electrodes work function difference would
suggest maximum open circuit voltage for the device to be around 0.4 V. For now, PEDOT:PSS
improves the rectification properties of the device, and influences the open circuit voltage. If PE-
DOT:PSS (φ∼ 5.0 eV)is considered to be the positive electrode, the obtainedVoc could be described
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Light intensity Jsc (mA/cm2) Voc (V) FF (%) eff (%)
0,1 mW/cm2 1.20x10−4 0.01 157.14 0.004
1 mW/cm2 3.94x10−3 0.08 24.67 0.008
3 mW/cm2 1.70x10−2 0.24 27.53 0.038
10 mW/cm2 5.14x10−2 0.39 33.94 0.067
20 mW/cm2 9.03x10−2 0.42 37.91 0.072
50 mW/cm2 2.33x10−1 0.44 39.58 0.081
100 mW/cm2 3.91x10−1 0.46 37.46 0.068

Table 10.1:Output characteristics of an illuminated ITO/PEDOT:PSS/ P3HT/Al device.

by the MIM picture.
For the analysis of the opto-electrical behaviour of ITO/PEDOT:PSS/P3HT/Al devices, two ques-

tions arise: Is this a single layer device, where PEDOT:PSS is one of the electrodes, or is it a double
layer device, with PEDOT:PSS acting as a p-type semiconductor? In this case would the P3HT be
considered an n-type material?
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Figure 10.4:IlluminatedJ(V) curves of an as-cast ITO/PEDOT/PCBM/Al device (a) and after a ther-
mal annealing step (b) at different illumination intensities. High open circuit voltages
of above 0.65 V were observed.

ITO/PEDOT:PSS/PCBM/Al devices

Typical output parameters of an illuminated ITO/PEDOT:PSS/ PCBM/Al device are presented in
Table 10.2. Both theVoc and the short circuit current density are much higher for these devices, as
compared to ITO/PCBM Al devices. With PEDOT:PSS, higher open circuit voltages (>650 mV)
are obtained, and also higher currents (>0.35mA/cm2). On annealing the devices, up to∼ 740mV
Voc was obtained. The obtainedVoc is comparable to that obtained for the solar cell (see chapter
7). This raises the question of the origin ofVoc. HOMO of P3HT is not present in this device. We
assume that the ITO does not limit hole collection once these have passed into PEDOT:PSS. In this
case the obtainedVoc is attributed to LUMO(PCBM)- HOMO(PEDOT:PSS) difference. It is assumed that
the quasi Fermi level of PCBM pins the Al electrode workfunction while the HOMO of PEDOT:PSS
should pin the ITO electrode workfunction. The maximally realizableVoc in these devices should
therefore be when all states are filled and transport levels concide with the HOMO and LUMO of
PEDOT:PSS and PCBM respectively - about 1.1 V. The role of traps, charge carrier mobility, density
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Light intensity Jsc (mA/cm2) Voc (V) FF (%) eff (%)
0,1 mW/cm2 4.00E-05 0.03 17.65 0.000
1 mW/cm2 1.50x10−4 0.18 30.13 0.001
3 mW/cm2 3.56x10−3 0.52 45.07 0.028
10 mW/cm2 4.62x10−2 0.63 37.44 0.109
20 mW/cm2 8.05x10−2 0.64 34.44 0.089
50 mW/cm2 2.02x10−1 0.65 28.96 0.076
100 mW/cm2 3.29x10−1 0.66 26.11 0.057

Table 10.2:Output characteristics of an illuminated ITO/PEDOT:PSS/PCBM/Al device.

and the role of the different electrodes in creating theVoc still have to be determined.

* * *

Output characteristics of single layer bulk heterojunction PV devices

Al/P3HT:PCBM/Al device

Al/P3HT:PCBM/Al devices are electron only devices conducting through LUMO of PCBM. Dark
J(V) curves of these devices are represented by the semi-log plots of Fig. 10.5(a). TFSCLC was ob-
served for both directions of current flow. Al seems to make an ohmic contact with the PCBM:P3HT
composite. We assume that the transport level in this case is LUMO PCBM, implying that this device
is an electron only device, and the acceptor levels are used for the conduction rather than the P3HT.
It has already been shown that Al limits injection into HOMO of P3HT. Note that Al’s workfunction
falls in the lower half of the P3HT HOMO-LUMO gap (see chapters 4 and 5). Slope 1 and 2 are
observed in the log log plots both for as-cast and for annealed devices. Higher currents though, are
observed for the annealed device.
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Figure 10.5:Semi logarithmic plots of (a) dark I(V) characteristics of an Al/P3HT:PCBM/Al device
at different temperatures, (b) illuminated characteristics at 300K for different illumina-
tion intensities.

Figure 10.5(b) shows the illuminated characteristics of an Al/P3HT:PCBM/Al device. No open
circuit voltage was recorded for these devices. This clearly demonstrates the need to have asymetrical
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Figure 10.6:(a) I(V) curves of an Al/PEDOT:PSS/P3HT:PCBM/Al device under illumination of dif-
ferent intensities in linear scale (b) J(V) curves of the same device in semi-logarithmic
scale.

electrodes in order to be able to collect one type of charge at either electrode, and to generate a
voltage.

Output characteristics of double layer bulk heterojunction PV devices

Al/PEDOT:PSS/P3HT:PCBM/Al device

For Al/PEDOT:PSS/P3HT/PCBM/Al devices, the open circuit voltage was developed independent
of the fact that both outer electrodes are of Aluminum. This situation reminds of the silicon crystal
solar cell where both outer electrodes are Al, the pd is thought to occur due to the difference in the
conduction properties of the PEDOT:PSS and the P3HT:PCBM blend. PEDOT:PSS is known to be a
p-type material (see chapter 3). We may speculate that P3HT:PCBM behaves like an n type material.
In any case it is sufficient that one must be more n (or more p) than the other in order for a voltage to
be generated. P-n junction theory should therefore apply. The short circuit current density is however
small since the Al/PEDOT:SS interface blocks hole conduction.

Light intensity Jsc (µA/cm2) Voc (V) FF (%) eff (%)
0,1 mW/cm2 0.006 0.078 28.85 0.0014
1 mW/cm2 0.030 0.166 28.85 0.0058
3 mW/cm2 0.086 0.210 31.96 0.0019
10 mW/cm2 0.197 0.232 33.76 0.0015
20 mW/cm2 0.314 0.254 31.18 0.0012
50 mW/cm2 0.655 0.265 27.51 0.0010
100 mW/cm2 0.929 0.276 24.54 0.0006

Table 10.3:Output characteristics of an illuminated Al/PEDOT:PSS /P3HT:PCBM/Al device.

Even with similar outer electrodes, a potential difference is generated. Introducing PEDOT:PSS
(an electron blocking layer) makes the electrodes asymmetrical. A clear reverse and forward direc-
tion is observed in theI(V) curves (Fig. 10.6), the device shows rectifying behaviour. The fact that
PV effect is observed for this device indicates that the field created by the electrodes is important in
the solar cell. Without the PEDOT:PSS layer, the PV effect is not observed. We may conclude that

103



10 Appendices

with symmetrical electrodes, there are equal chances of generated electrons and holes travelling to
both electrodes with the same rate, therefore a potential difference can not be established.

Introduction of the PEDOT:PSS layer slows down electrons and makes an easy path for holes,
hence a potential difference is observed, with more holes at the PEDOT:PSS/Al electrode. This
demonstrates that PEDOT:PSS must also be considered in the analysis of voltage generation in bulk
heterojunction solar cells. It might therefore constitute a mistake to consider the generated open
circuit voltage in polymer fullerene solar cells to be limited by the workfunction difference of outer
electrode materials. (We discuss this point in detail in section 7.3.4.) The observedVoc is therefore
in conformity with work-function difference of PEDOT:PSS and Al, namely within the range 0 V
to 0.8 V. Up to 0.28 V were recorded at 300 K, 100 mW/cm2 for our illuminated Al/PEDOT:PSS
/P3HT:PCBM/Al devices. The limiting value could be higher, as the incident light is by no means
considered to saturate the device. Further, the Al positive electrode is highly reflecting.

* * *
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