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Abstract

Organic photovoltaic cells (OPVCs) continue to be intensively investigated due to their low cost
and high utility potential. However, their low power conversion efficiency (PCE) has limited
their full commercialization. The efficiency of the OPVCs is dependent on charge injection
mechanisms, morphology and their underlying kinetics and energetics. Understanding the
mechanisms that influence the efficiency of conjugated polymer solar cells is therefore pivotal to
the enhancement of the devices’ performance and the implementation of low priced fabrication
technologies. In this regard, we investigated the dependence of the efficiency of organic solar
cells on light intensity (I) using thin films of P3HT:PCBM blends, sandwiched between
ITO/PEDOT:PSS and Al electrodes, the assembly of which was subjected to differing
illumination intensities. Since charge transport through interfaces of such devices depends on
charge carrier injection mechanisms, charge injection mechanisms at metal-organic active layer
(here-in referred to as ‘metal-active layer’) interfaces in the devices were studied under changing
external voltage bias. Use was made of the Richardson-Schottky (R-S) thermionic emission
currents and those due to Fowler-Nordheim (FN) tunneling in generating complete J(V) curves
which were compared with those obtained through combined graphical representations of the
variation of open circuit voltage (Voc) and efficiency (n) with light intensity. This led to the
findings that under forward bias, the metal- active layer junction of an organic solar cell becomes
ohmic after a certain threshold electrical field (Etnresh wnn) associated with quantum mechanical
tunneling of charge carriers through the device’s respective interfaces. Furthermore, we found
that the open circuit voltage at which efficiency starts to decrease (Vo thresh eff. decay) @PProximates
in magnitude the internal threshold open circuit voltage (Voc thresh wnn) at Which FN quantum

mechanical tunneling starts within the device at the electrode (a metal)- active layer interface.

Explanatory findings were that for photoactive P3HT:PCBM composite devices, increasing
white light intensity incident on them increases the photogenerated open circuit voltages that
increasingly bias them with voltages, which with effect from the thresholds due to opto-electrical
mechanisms at the devices’ metal-active layer interfaces, are sufficient to greatly increase the
dark currents. The increased dark current reduces the short circuit current density significantly,

which in turn inflicts a likewise decrease in the power conversion efficiency of the devices.



The theme of the next set of investigations was on the characteristic changes in the opto-
electrical properties of the 1:1 blend of P3HT:PCBM with thickness of the active layer in
ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells, with intentions of finding out their effect on the
threshold voltage at which efficiency starts to decrease (Vinreshold eff decay) @nd also for purposes of
optimizing the thickness of the active layer. To obtain different active layer thicknesses (ALTS),
each sample was cast at different spin-coat speeds. The thicknesses determined by surface
profilometer through variation of spin-coating speeds were 61.5, 69.4, 77.1 and 84.5 nm. Whilst this
study’s empirical results demonstrated optimal performance at approximately 77.1 nm active
layer thickness, the overall findings have been that the existence of a static universal optimum

active layer thickness is not practical. Such an optimum rather exhibits contextual dependence.

Annealing investigations revolved around attempts to empirically broaden and deepen the
presently scarce understanding of the fundamental mechanisms defining thermal annealing
process in conjugated polymers. To achieve this, we studied the opto-electrical effects of post-
fabrication thermal annealing of bulk heterojunction ITO/PEDOT:PSS/P3HT:PCBM/AL solar
cells at different heat treatment temperatures in the range 65 — 180 °C. The photoactive
P3HT:PCBM layer was cast in air. The effect of air exposure has been found to chemically dope
the polymer. Dedoping brought in by thermal annealing has been demonstrated to be responsible
for the aggravated drop of efficiency. Summary findings lead to the generalisation that annealing
of polymers is a two-step process, the first of which causes a decrease in conductivity, followed
by its increase. Although impurity dedoping decreases ‘under dark’ current density in certain
regions of the active P3HT:PCBM composite layer during annealing, it has beneficial aftermaths,
some of which surface upon illumination of the P3HT:PCBM-based solar cell. When
illuminated, photogenerated current density in the illuminated device immediately increases.
This happens so, because of less electron capture and immobilization during illumination of the
annealed device. Morphologically, thermal annealing has been found to enhance the formation of
the deeply quenched bicontinuous network at the nanoscale between P3HT and PCBM, leading
to high efficiency devices. We propose that the beneficial structure formation in P3HT:PCBM
blends, is initiated by the crystallization of P3HT as it segregates PCBM, possibly to the
amorphous P3HT. Thermal annealing renders significant enhancement in Jsc, Voc and FF of the
annealed device. The optical absorbance was found to increase with increase in annealing

temperature.
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Chapter 1
Introduction

1.1 Motivational background to the problem

Central to all development is energy. However, the disturbing part is that most of the current
energy resources are fossil fuels, whose recoverable amount is estimated to last less than 150
years.[1'3] Furthermore, burning fuels for energy generation has negative environmental impacts.
The public, on the other hand, generally fears nuclear energy, because the risk of hazardous
emissions from radioactive sources is high. Life threatening manifestations such as acidification
of the water cycle and ozone layer depletion (greenhouse effect) are on the increase, mainly
because of continued and increased fossil fuel usage. At present, only one out of four of the
inhabitants of this planet has access to electricity.[) Therefore, the challenge now is to identify
and develop sustainable alternatives, in the form of a secure ‘energy generation mix’ to meet the
increasing energy demand. Green energy research, which is broadening, is good enough
assurance that the bigger portion of the ‘mix’ option to fill the gap aptly has to increasingly come
from renewable energy sources. Renewable energy based technologies encompass solar systems
(photovoltaic and solar thermal), micro-hydro power plants, wind energy systems like wind mills
(grist mills and wind pumps) and wind turbine systems for electricity generation, biomass/biogas
plants, geothermal plants and oceanic systems (wave and tidal).

Due to the abundance of solar energy, the photovoltaic aspect becomes even more promising,
hence the need for informed and continual developments of its technology and for casting the net
wide, because the resource is unlimited. Therefore, the approach to efficiently utilize the clean and
unlimited resource of energy from the sun remains a challenge. In this regard, organic solar cells
(OSCs) are being pursued with much anticipation of them viably complementing inorganic (for
example, silicon) solar cells, which dominate today’s market at inhibitive costs. Since organic
semiconductors allow a higher degree of disorder, they are cheaper and easier to process. The
other advantage of organic solar cells over their inorganic counterparts is that they can be
fabricated at low temperatures, whereas the latter often require temperatures exceeding 1000°C
and a clean room environment. Furthermore, organic semiconductors can be processed from

solution by printing or spin coating at room temperature.



However, practical utilization of OSCs is still shrouded in many technological imperfections
which account for their very low power conversion efficiency (PCE), inferior stability under
ambient operating conditions and lack of processing technologies for mass production. The
problem seems to be two-fold:
e lack of a clear understanding of the physics regarding the morphology and operation of
OSCs
e inadequate knowledge of the proper materials of choice, coupled with their optimal
configuration.
This has been the motivation for this research undertaking, which seeks to contribute towards the
understanding of the operation of organic conjugated polymer solar cells under different
conditions, for improvement of their efficiency and stability. Hence, this study seeks to explore
the inclusion of low dimensional carbon-based materials in these solar cells, namely: poly (3-
hexylthiophene 2,5 diyl) (P3HT), [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) and
poly(3,4-ethylenedioxythiophene)-polysytrenesulphonate (PEDOT:PSS).
Since the selected materials exhibit outstanding opto-electronic properties, a study of their
behaviour under various combinations and conditions will most likely fill the knowledge gap and
result in improved efficiency and stability of organic solar cells. It is against this background that

we formulate and investigate the following statements of the problem.

1.2 Statements of the problem

Due to the need for an empirical and systematic study of the functioning of organic solar cells,
the following statements of the problem direct the problematic pathways through which the

present study is centred:

e Effect of charge injection mechanisms at metal-polymer interfaces on the efficiency of
conjugated polymer-fullerene blend devices. Specifically, we seek to make a contribution
in bringing to light, fundamental interface physics accounting for the observed decrease
in the efficiency of organic solar cells at high incident light intensity and extend our
investigations to finding out how the observed open circuit voltage (Voc) threshold efficiency
decay 15 quantitatively linked to the device’s internal voltage regimes at the metal-organic

active layer junctions (herein referred to as ‘metal-active layer junctions/interfaces’).



e Determination of the effect of active layer thickness on the opto-electrical
characterisation of P3HT:PCBM based solar cells for performance optimisation
endeavours and response of Vc threshold efficiency decay tO Variation in active layer thickness.

e Conduction of in-depth study of mechanisms involved in post-fabrication thermal
annealing at different temperatures in solar cells based on polymer-fullerene blend and
the influence of the same (annealing) on the opto-electrical behaviour of the devices. The

problem is broadened to encompass heat treatment temperature optimization.

1.3 Hypothesis

From a holistic perspective, this research hypothesises that viable optimal power conversion
efficiency in organic solar cells can be attained through a clearer understanding of the physics
underpinning opto-electronic behaviour of the carbon-based polymer-fullerene solar cells and
such understanding can be achieved through opto-electrical characterisation of low-dimensional
carbon-based solar cells. The characterisation enables in-depth study of the fundamentals
directing stimulus-response mechanisms ascribed to the excitonic solar cells. This enriched
understanding, achieved through such empirical and systematic investigation into the operation
of the photoactive devices, leads to improved device architecture and performance.

1.4 Aims and Objectives

1.4.1 Aims

The aim of this research is to gain insight into the fundamental issues regarding the fabrication,
surface morphology, operation and opto-electronic behaviour of low-dimensional carbon-based
conjugated polymer devices, in particular the organic solar cell, the knowledge of which will
contribute towards the understanding of the bulk-heterojunction concept in order to improve the
performance, stability and life time of the fabricated bulk-heterojunction organic solar cells.
Such devices, which are based on a phase-separated mixture of donor and acceptor materials,

have the potential to provide lightweight, flexible, inexpensive and efficient solar cells.



1.4.2 Objectives

1. To validate and check the reliability of the methods and instrument calibrations used to
fabricate and opto-electrically characterise polymer-fullerene photovoltaic devices by developing
and characterising bulk heterojunction organic solar cells based on the polymer regioregular
P3HT and the soluble fullerene derivative PCBM as detailed in the methodologies section.

2. To develop metal / organic active layer / metal OSCs of the form: Electrode
(ITO/PEDOT:PSS) / Active bulk heterojunction polymer-fullerene layer (P3HT:PCBM) /
Electrode (Al) and characterise them to gain insight into charge injection mechanisms at metal-
active layer (polymer/fullerene) interfaces in the dark and under illumination, the knowledge of
which is applied to demonstrate and explain the negative correlation between organic solar cell

efficiency and increase in light intensity.

3. To fabricate and conduct opto-electronic characterisation of bulk heterojunction organic solar
cell devices of the form: ITO/PEDOT:PSS/P3HT:PCBM/AI, having different active layer
thicknesses and use them in determining the effect of active layer thickness on the opto-electrical

behaviour and threshold open circuit voltages of such devices.

4. To investigate the effect of post-fabrication thermal annealing processes at different
temperatures in ITO/PEDOT:PSS/P3HT:PCBM/AI devices through the conduction of opto-
electronic characterization to gain insight into the thermal annealing mechanisms in the devices

as well as the behaviour changes due to heat treatments at different temperatures.

5. To conduct atomic force microscope (AFM) imaging and study the obtained images for
purposes of gaining insight into the nanoscale morphological changes in the devices: (i) due to
different active layer thicknesses and (ii) due to post-fabrication thermal annealing at different

temperatures.



1.5 Challenges
There are three main ones:
1.5.1 Power Conversion Efficiencies

First is the crucial efficiency value, in which OSCs are still inferior to all inorganic counterparts.
Fortunately, one major advantage of using semiconducting conjugated polymers is that there are
endless combinations that could possibly be used as potential photoactive layers.>® If properly
engineered, these semiconducting polymers can fine tune their properties such as band gap and
charge mobility, which in turn have a bearing on absorption and efficiency.l”

1.5.2 Device stability

One of the greatest obstacles that must be overcome before organic photovoltaics become
commercially viable is the inability to produce stable solar cells with long life times. Device
stability under ambient operating conditions is problematic for many thin film solar cells
(organic and inorganic alike). The manufacturers of commercial crystalline silicon solar cells
usually assure a 25-year lifetime warranty. However, so far there are few OSC devices that can
pass a 1000-hour test in damp heat (85 °C and 85% RH) with < 10% degradation of PCE®!

1.5.3 Processing technologies for mass production

Another challenge for OPVs is that efficiencies decrease as the size of the cell increases. The
record holding Konarka cell is a small device (1 cm?), as are all organic solar cells with high
efficiencies. Increasing size of the cell results in higher sheet resistivity and greater defects in the
organic films.l”) State-of-the-art OSCs with high efficiencies are usually made in research
laboratories. These champion cells usually have very small active areas (less than 1 cm?) and are

typically fabricated by multiple steps utilizing many different processing techniques.

1.6 Scope
This section defines the scope of the dissertation through the provision of summary outlines of
the concerns of each chapter of the write-up.



Chapter 2 identifies, explains and reviews fundamental theory prerequisite to an informed
undertaking of this study. Underlying attributes of semiconductors, the p-n junction theory, band
theory, as well as other core concepts like electrical contacts, Fermi-levels, potential barriers and
electric conduction, just to mention a few, are treated via illustrations and explanations tailored
to make understanding of the concepts easy without compromising detail. Knowledge gaps
necessitating and justifying the present study are identified. The origin of semiconductor
behaviour in carbon-based polymers is extensively discussed along the lines of atomic
hybridization for purposes of elucidating such core concepts as morphology, conjugation and
opto-electrical characteristics of conjugated polymers, leading to charge carrier generation and
conduction mechanisms in polymers. In elucidating charge conduction in polymer-fullerene
based solar cells, charge injection mechanisms at metal-polymer interfaces and current limiting
mechanisms ascribed to charge flow across electrical contacts and in the bulk are discussed.
Furthermore, in-depth considerations are made about surface states, charge carrier mobility, traps
and recombinations. Models which bring to light how charge carriers pass metal-active layer
interfaces and the nature of their subsequent diffusion in the bulk are brought to the fore and
explained for use in the experimental analysis. Of these models, the main ones are the
Richardson-Schottky (RS), Fowler-Nordheim (FN) and space charge limited current (SCLC).

Chapter 3 explores and explains underlying physical principles and attributes of solar cells based
on conjugated polymers. Included are descriptions of such phenomena as built-in electric fields,
singlet and triplet states. These are followed by elaborated step by step illustrations and
explanations of competing mechanisms of photon-to-electron conversion processes in polymer-
fullerene bulk heterojunction solar cells. The chapter extends to illustrate and explain charge

generation and the associated J(V) characteristics. Solar cell figures of merit are also discussed

in the chapter.

Chapter 4 outlines the materials and methods used for the fabrication of metal-semiconductor
(MS) interfaces and organic solar cells (OSCs). The main experimental materials were ITO,
PEDOT:PSS, P3HT, PCBM, Al and chlorobenzene which was the solvent . Each of the materials
is described in terms of its structural formula and properties. The other section of Chapter 4 gives
a description of how the experimental organic solar cell was generally fabricated. Modifications



if any, to suit requirements of a specific investigation are then stated. The chapter also presents

illustrative descriptions and analyses of the generated interfaces.

Chapters 5, 6 and 7 form the mainstream experimental chapters in which the investigation

themes are distributed as follows:

Chapter 5 reports on investigations into the effect of charge injection mechanisms at
metal-active layer interface on the efficiency of thin-film photoactive P3HT:PCBM blend
devices subjected to increasing incident light intensity. Associated results, analyses,
findings and generalisations are presented. Link Of Vo threshold efficiency decay tO Charge
injection (flow) mechanisms at metal-active layer interfaces was determined and
explained. The linked behaviour was found to account for the observed decrease in
efficiency of organic solar cell devices as incident light intensity increases.

The theme in Chapter 6 is - Opto-electrical performance analysis of nano-composited
P3HT:PCBM bulk heterojunction photoactive solar cells of differing active layer
thicknesses for optimization and nanoscale behaviour analyses. Under this theme
photoluminescence and extinction coefficient analyses as well as morphological
modifications due to active film thickness variations are conducted. The effect of active
layer thickness on charge injection mechanisms at electrical contacts is examined in
relation to RS thermionic emission; FN field emission and threshold open circuit
voltages. Charge conduction in the bulk is also investigated to a great extent for the
different regions and active layer thickness (ALTs). Mobility values are determined in
trap free space charge limited current (TFSCLC) regions of the different film thicknesses
and are compared.

In Chapter 7, the influence of post fabrication thermal annealing on the opto-electrical
characteristics of P3HT:PCBM based solar cells is investigated for different annealing
temperatures in the range 65°C-180°C. Optical absorption properties for different
annealing temperatures are studied alongside morphological modifications in the thin
films as the heat treatment changes. Descriptions of experiments conducted to determine
dark and illuminated J(V) characteristics of the polymer-fullerene solar cells are laid
down in the chapter.

Chapter 8 presents the Conclusions and Recommendations.



Chapter 2

Review of fundamental theory

2.1 Underlying Attributes of Inorganic/Organic Semiconductors

Semiconductors are materials whose conductivity (o) at 300 K is intermediate between that of
most conductors (generally metals) and insulators (such as, ceramics), either due to addition of
an impurity (doping) or because of temperature effects. Quantitatively, their electrical
conductivities range from 10° to 10”° (Qcm)™?, as compared to a maximum conductivity of about
10" (Qem)™ for good conductors and a minimum conductivity of 10" (Qcm)? for good
insulators. At room temperature (300 K), the conductivity of metals ranges from about 10° to 10’
(Qcm)?, while for good dielectrics at room temperature ¢ < 1071° - 10712 (Qecm)™. In
semiconductors, charge transport (which is characterised by the conductivity o) is thermally
activated according to the expression

Ea E,
o =0,exp T =0, exp T (2.1)
B B

where oy, is the proportionality factor, kp is Boltzmann constant, ¢, is the activation energy for

charge transport in intrinsic semiconductors and is related to the bandgap energy E, by the
relation &, =E /2. Equation (2.1) shows that the conductivity depends only on the

semiconductor bandgap and the operating temperature T .

A semiconductor can be a pure element such as carbon, conjugated polymer, silicon, germanium
or a compound such as gallium arsenide or cadmium selenide. At high temperatures, the
conductivity of a semiconductor approaches that of a metal and at low temperatures it acts as an
insulator. While the density of free electrons is of the same order of magnitude as the density of
atoms in a conductor, in an insulator, the density of free electrons is negligible compared to the
density of atoms. The ratio of free electron density per atom in insulators is less than 102°, but is

greater than 10%° in semiconductors.™*”’

The incorporation of certain impurities (that is, donor and acceptor atoms collectively) in a

semiconductor enhances its conductive properties. {This doping (replacing or adding of certain

8



donor or acceptor atoms to the semiconductor) process can produce more free electrons than
holes or vice versa if a group V or Il element is used as a dopant. The impurities either add free
electrons or create holes (electron deficiencies) in the structures of the host substances. The
doping is mostly in the order of 1 impurity per 10 million (or more) native atoms of the

semiconductor.}

2.1.1 The p-n junction theory and its placement in photovoltaic effect

In a piece of semiconductor material, if half is doped by p-type impurity and the other half is
doped by n-type impurity, a p-n junction is formed. The same happens if a p-doped
semiconductor and an n-doped material are brought into intimate contact. The plane dividing the
two zones is called the p-n junction. In the region adjacent to the junction, free electrons diffuse
across the junction from the n-type to the p-type and by so doing, the donor ions become
positively charged. As a result, a positive space charge or depletion region is formed on the n
side of the junction. The free electrons that cross the junction fill in the holes of the negative
acceptor ions. Therefore, a net negative charge is established on the p-side of the junction. This
net negative charge on the p-side prevents further diffusion of electrons into the p-side.
Similarly, the net positive charge on the n-side repels further hole migration from p-side to n-
side. A barrier potential which prevents further migration of charge carriers is therefore set-up.
As a result of the induced electric field across the depletion layer, an electrostatic built in
potential difference V; is established between the p and n regions. This built in potential (or

contact potential) has been found to be given by

V. =k—Tln(NAND] (2.2)

] e n2

where, Na is the acceptor density, Np is the donor density, n; is the intrinsic concentration, K is

Boltzmann’s constant, T is the thermodynamic temperature and e is the electronic charge.

2.2 Electronic Band Structure Concept — Band Theory
In this study, the term energy band (or simply band) is used to refer to the range of energies that
an electron within the solid may have. The forbidden band (or band gap) describes the range of

energies that an electron may not occupy. This electronic band structure concept stems from the



(solid state) band theory’s examination of the eigenfunctions for an electron in a large periodic
lattice of atoms or molecules.***® The band theory is the result of a development of the
Schrodinger equation and describes the energy of the electrons in a metal or solid.!'! The theory
postulates that in organic materials, the electrons are located in well-defined energetic levels
which form bands. An electron can be promoted towards other vacant levels upon external
stimuli.™ The highest occupied molecular orbital (HOMO) and the other occupied levels which
are lower in energy are collectively named the valence band, because they hold the valence
electrons. The lowest unoccupied molecular orbital (LUMO) and the empty continuum levels
above it are collectively called the conduction band, because an electron energised to that band
contributes to the electrical conductivity of the material. The band theory is therefore concerned
with the description of a material’s energetic structure. Based on this energetic structure, three
different kinds of materials can be distinguished and these are: metals, semiconductors and
insulatorsi¥ (see Figure 2.2). These are explained in conjunction with the Fermi level in the next

section.

Where appropriate, we shall use band diagrams to help explain the operation of our devices.
Band diagrams (for example, Figures 2.1 — 2.5) are plot diagrams (not drawn to scale) of the
principal energy levels (Fermi level and energy band edges in the neighbourhood) as a function
of position in space, which may pass through many materials. To explain the local changes in the
energy offset of the material’s band structure due to accumulated charges near a junction, band
bending illustrations shall be utilised. Band bending arises in conjunction with the electric field
force. Knowledge of how energy bands will bend when two different types of materials are
brought in contact is critical to understanding whether the junction will be rectifying (Schottky)
or Ohmic. The extent of band bending depends on the relative Fermi levels and carrier

concentrations of the materials forming the junction.

2.3 Electrical Contacts, Fermi Level, Work Functions, Potential Barriers and Electric

Conduction

An electrical contact generally refers to a contact between a metal and a non-metallic material
which may be an insulator or a semiconductor.!*® In this study, we shall delimit our investigation
to the metal-semiconductor configuration. The role of an electrical contact is either to make

possible or to impede charge carrier injection from a metal into an insulator or a semiconductor

10



or vice versa across the junction of the two concerned materials. A fundamental difference
between a semiconductor and a metal is that the former houses both electrons and holes, whereas
the latter has electrons only. As such, the conduction of electric current in metals is characterised
by the drift of electrons driven by the application of a voltage source across the metal, whereas
that in semiconductors is due to the simultaneous mobility of both electrons and holes without a
powering voltage source. Furthermore, metals unlike semiconductors are characterised by an
overlap of the valence and conduction bands, resulting in a higher charge carrier density.*"*®!
One of the easily configured contacts between a metal and a non-metallic material is the contact
between a metal and a vacuum. Figure 2.1 shows the corresponding energy band diagram. The
work function, which is given by the difference between the Fermi energy and the vacuum level,
consists of two parts, which are: the energy binding the electron and the energy needed to move
the electron through an electrostatic double layer at the surface. The vacuum level is the energy

of an electron at rest at a point infinitely far away from the metal.

A potential barrier is bound to build up at the metal - semiconductor interface. This arises,
because when two materials with different Fermi levels are brought into contact, free net charge
carriers will flow from one material into the other until the Fermi levels of the two materials are
aligned. What it means is that at the achievement of this electrodynamic equilibrium status, the
Fermi levels for electrons in both materials will be equal at the contact. Furthermore, the net flow
of charge carriers accumulates a positive space charge on one side and a negative space charge
on the other side of the junction, resulting in the establishment of an electric double layer called
potential barrier. The potential across this barrier is termed the contact potential.*® The double
layer is significant in that it sets up an electric field which opposes and stops the net flow of
charge carriers from one material to the other (although there will still be continued flow of free
carriers thermodynamically in both directions under thermal equilibrium). An example of the

electrical contact between a metal and a vacuum is shown in Figure 2.1. The Fermi level E.

basically refers to the electrochemical potential (or simply the chemical potential) at absolute
zero temperature (0 K.).®! It represents a reference electron energy level depicting a state of
energy Er whose probability to be occupied or to be vacant is half (50%). This can be deduced
from an examination of the Fermi-Dirac distribution (equation) for the probability of a state of

energy E to be occupied by an electron, which is,
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1

f(E)= e EEQ)TkT

+1 @3)

where f (E) is the Fermi-Dirac (probability) distribution function, Eg is the Fermi level energy,
kg is the Boltzmann constant and T is the thermodynamic temperature. At T # 0 and E = Ef, f (E)
is found to be equal to half (1/2).

Vacuum E =_OO
domain Bic=
V=0
Vacuum Level -}— ----------- L .

E=0

Ex=3

V=- O

3 <|1E =Erm-3
Metal < . Vil Ex= Eem
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domain Level >Em —qmmaas V=-3
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\ v Jc— Potential depth

Figure 2.1 Energy band diagram showing the electrical contact between a metal and a vacuum, as well

as the associated Fermi level E_ and work function ¢, of a metal. Ex and V are the kinetic and potential

energies, respectively of the electrons and 3 is the difference in potential energy of the electrons
between the inside and the outside of the metal. 3 depends on the structure of the crystal and the

condition of the surface

Frequently though, the Fermi level is defined as the topmost energy level occupied by electrons
at 0 K. In semiconductors this would correspond to the top of the valence band, which is in

contrast with the electrochemical potential that certainly lies in the forbidden gap (Figure 2.2).

We suggest that the Fermi level can simply be considered as a hypothetical energy level of an
electron which does not necessarily correspond to an actual energy level, but is a reference level
necessary for providing information about whether states (if they exist between the valence band

Vp maximum and the Fermi level) would be filled or not. The probability for a state (orbital) at
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the level AE above Er to be occupied by an electron would be equal to that at the level AE below
Er to be vacant. This would mean equal densities of conduction band electrons and free valence
band holes. If the Fermi energy is exactly in the middle of the gap, electron density at the bottom
of the conduction band would be the same as the hole density at the top of the valence band. If
the Fermi level is biased toward the conduction band, the electron density at the bottom of the

conduction band would be higher than the hole density at the top of the valence band.

In a nutshell, in any system, the density of free holes in the valence band and electrons in the

conduction band defines the Fermi level.

In metals, the valence and conduction bands overlap and the Fermi level lies inside one of the
bands. The existence of this valence — conduction bands overlap region in conductors, as
illustrated in Figure 2.2(c), ensures that for metals, there is no energy gap to overcome for an
electron in the valence band to pass to the conduction band. This allows electrons to be promoted
to the conduction band without an additional source of energy and explains why metals are

inhabited by quasi-free electrons in the conduction band and are very good conductors.

The poor conductivity of insulators is explained by their property of having an energetically
forbidden gap (see Figure 2.2(a)) between the valence and conduction bands, which is so large
(typically more than 4 eV) that it becomes very difficult to excite electrons towards the
conduction band. The amount of energy required to overcome this forbidden energy gap is too

high and would lead to degradation of the material.l*®!

For semiconductors, there is a small energy gap between the valence and conduction bands. The
states in the gap are not available to the electrons. Since this forbidden gap is so small for
semiconductors, (Figure 2.2(b)) their properties lie between those of conductors and insulators,
but unlike metals, semiconductors increase their conductivity with temperature, because the
forbidden gap dwindles, leading to the birth and growth of the overlap between the two bands as
the temperature T increases. Figure 2.2(b) also shows that for a semiconductor, the Fermi level
lies in its forbidden band (mid-gap for the intrinsic semiconductor). This means that occupied
and unoccupied states in its valence and conduction band respectively are energetically
separated. In fact, the width of the separation (width measured in energy units) determines

whether the material is a metal, semiconductor or insulator.
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If at room temperature range, the electrons in a pure semiconductor gain sufficient energy to

overcome the forbidden band gap energy Eg then the semiconductor is an intrinsic
semiconductor. The smallness of the energetically forbidden gap in semiconductors allows

excitation of electrons via thermal or light activation.
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An extrinsic semiconductor is a doped semiconductor. The dopant will be a specific impurity
which significantly alters the electrical properties of the semiconductor and makes it suitable for
optoelectronic applications (for example, diodes and transistors). The interesting peculiarity of a
semiconductor is that its Fermi level can be shifted within the gap if it is either n-doped or p-
doped (extrinsic semiconductor). As shown in Figure 2.3, for an n-doped semiconductor the
Fermi level shifts to the region above the intrinsic level (nearer the conduction band) and for a p-
doped semiconductor it shifts to below the intrinsic level (nearer the valence band). Impurity
concentration (of which doping is part) as well as temperature and external pressure are amongst

the key factors which determine the exact position of the Fermi level.
2.3.1 Electron emission from semiconductors

Conditions for electron emission from a semiconductor or insulator differ appreciably from those
of metals. In semiconductors, there are no electrons at the Fermi level. As such, electrons which
may be removed from the interior of a semiconductor must be either in the conduction band or in
the valence band or in the impurity levels. After an electron has left the semiconductor, the

remaining electrons in the semiconductor restore their statistical distribution.

If an electron in the conduction band receives energy greater than y and leaves the
semiconductor, its place is immediately taken by an electron either from the impurity levels or

from the valence band.

2.4 Types of Electrical Contacts
2.4.1 Neutral Contact

A neutral contact is one at which the charge carrier concentration at the contact is equal to that in
the bulk of the semiconductor. The regions adjacent to such a contact are electrically neutral.
Neither space charge nor band bending will be existent within the semiconductor. This implies
that both the conduction and valence band edges will be flat throughout to the interface. A
neutral contact may arise when ¢, = ¢s, Where ¢, and ¢s are the work functions of the metal and
semiconductor, respectively. Such a contact is neutral because when the two surfaces are brought

into contact, the probability for the electrons to flow from the metal to the semiconductor is

15



equal to the reverse direction flow probability. As such, there is no net flow of charge carriers;

hence no space charge is formed near the interface.

It is also possible to establish a neutral contact when ¢, # ¢s at low temperatures (due to low
thermionic emission) or with an electron-trapping level at a sufficient distance above Ef (or a
hole-trapping level below Er) in wide band gap semiconductors.**?” The contact can be neutral
because the trapped space charge in the traps will be too small to cause significant band bending

under such conditions.

2.4.2 Blocking Contact

A blocking contact (sometimes referred to as a Schottky or rectifying contact) is one in which the
semiconductor bulk can carry away more charge carriers than the contact can supply to the bulk.
The current is then determined by the maximum rate at which the contact can supply carriers.
Figure 2.4 shows the energy band diagram for an electron-blocking contact. Interesting features
are the respective Fermi levels Ery and Ex as well as their alignment after contact, potential

barrier ¢ (often called the Schottky barrier or simply the energy barrier) and band bending.

Barrier ¢pg
Width W
Vacuum level Vacuum level v ____ W _________.
L[ oneipeet— (I S T
b i E.
$ee = bm - X Potential
\l/ Barrier g,
EFm """"" e —————— = = m———— EF
HOMOJJ; E T
Metal n-type Semi- \ Ey
Vacuum Jeonductor Al n-type
Semiconductor
Before contact After contact

Figure 2.4 Electron-blocking contact for condition (¢, > ¢s) — (blocks electrons from

metal from passing into the semiconductor)
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The potential barrier is given by the difference between the Fermi level Ery, in the metal and the
bottom of the conduction band in the semiconductor. With reference to Figure 2.4, a Schottky
barrier is formed by an electron blocking contact for which ¢, > ¢s. Therefore, the condition for
a contact to be blocking as seen by electrons from the metal is ¢, > ¢s for a metal-n-type
semiconductor. Under this condition, electrons will flow from the semiconductor to the metal
leaving a positive space charge region (thus electron depletion region) in the semiconductor in
which W is the width of the depletion region. ¢ is the height of the potential barrier which an
electron in the metal has to surmount in order to pass into the semiconductor. Such a contact is
referred to as a rectifying contact, because under forward bias, electrons can flow easily from the
semiconductor to the metal, while under reverse bias the flow of electrons from the metal into
the semiconductor is limited by the electrons available over the Schottky barrier, which block
electrons in the metal from crossing over to the semiconductor and whose density is much

smaller than that in the bulk of the semiconductor.

As for the metal-p-type semiconductor junction, the establishment of a hole blocking contact
from the perspective of holes from the metal side (or electron blocking contact as seen by
electrons from the semiconductor side) is subject to ¢m < ds.

Vacuum level Vacuum level

&=C

i | — e o = o o o = e ———— - - - EF
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g Barrier ¢gy,
\
R Ex, Ey
HOMO RE - W
p-type Semi- A
conductor p-type
Metal Vacuum Metal Semiconductor
Before contact After contact

Figure 2.5 Hole-blocking contact (¢m < ¢s) — (blocks holes from metal from passing into

the semiconductor)
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Under this contact, holes from the semiconductor side easily diffuse across the junction into the
metal until the associated Fermi levels are aligned. This creates a depletion of holes in the p-type
semiconductor (thus the potential barrier) which blocks holes from the metal side (Figure 2.5).
Therefore a blocking contact can be considered as one which creates a charge depletion region

extended from the interface to the inside of the semiconductor.

A necessary, but not sufficient condition for a contact to be blocking is that ¢ps >> ksT. This
shows that, with such a contact, thermionic emission from the metal tends to be saturated (i.e.
screened) since negligible thermally generated current is conducted under reverse bias. There are
two possible ways in which charge carriers can be injected from a metal electrode into a
semiconductor across a blocking contact and these are thermionic emission and quantum

mechanical tunneling. These will be discussed in Section 2.5.

Based on our discussion in this section and analyses of Figures 2.4 and 2.5, we can generalise
that the height of a potential barrier is always given by the difference between the electrode
(metal) work function and the corresponding transport levels of the polymer. It is always
measured from the Fermi level of the metal (which is pinned and coincides with that of the
semiconductor after contact) to the LUMO (E. in Figure 2.4) of the polymer in the case of an
electron blocking contact and to the HOMO (E, in Figure 2.5) of the polymer in the case of a
hole blocking contact.

Image force: The image force tends to attract the emitted electrons back to the metal, while the
driving force due to the applied field tends to drive the emitted electrons away from the metal.
The combination of the applied electric field and the image force (the so called Schottky effect)
lowers the potential barrier.

2.4.3 Ohmic Contact

A contact between a metal and a semiconductor is classified as ohmic if its impedance in
comparison with the series impedance of the bulk of the semiconductor is negligibly small. The
implication is that the associated free charge density at and in the vicinity of the contact would
be very much greater than that in the bulk of the semiconductor (for example, the thermally
generated carriers in the bulk). Under such configuration, the contact may act as a reservoir of
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carriers. The broader perspective would be to view an ohmic contact as one which creates a
charge accumulation spanning from the interface to the inside of the semiconductor. However,

the current-voltage relationship is non-linear at the contact.

Generally, the conduction is ohmic at low fields if the metal does not inject more carriers into the
semiconductor than those thermally generated by the semiconductor, because excess charge
carrier injection from the electrode results in predominance of the space charge effect in the

semiconductor, thus instigating non-ohmic conduction.

There are two ways of making ohmic contacts. One way is to choose a metal of low work
function such that ¢, < ¢s (for metal-n-type semiconductor junction) for electron injection by
diffusion from the metal to the semiconductor as illustrated in Figure 2.6. As a result, there is

negative charge accumulation in the n-type semiconductor and no barrier forms.
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.
.
.
o
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Metal n-type semi- Metal
conductor
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Erm d)m —————————— -——d)s X / Er

Before contact After contact

Figure 2.6 Electron Ohmic contact

(dm < ds)

The alternative is to choose a metal of high work function such that ¢, > ¢s (for metal-p-type

semiconductor junction) for hole injection by diffusion from the metal to the p-type
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semiconductor as illustrated in Figure 2.7. The mechanism is equivalent to electron diffusion
from the p-type semiconductor to the metal, the end point of which is positive charge

accumulation in the p-type semiconductor with no barrier formation.

Therefore an ohmic contact can be considered to be one which generates a charge accumulation
region extended from the interface to the inside of the semiconductor.
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ﬂ X
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N
| p— A B \---
\§§> | Vacuum
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conductor | | conductor
Eg_ ¢’B
Before contact After contact

Figure 2.7 Hole Ohmic contact (¢, > bs)

The second way of making an ohmic contact is to use a degenerate semiconductor (or dope the
semiconductor surface heavily) near the contact to make the potential thin enough for efficient

quantum mechanical tunneling.!*®!

2.5 Surface States (at Junctions and Structural Imperfections/Defects)

Surface states (which basically are electronic states/orbitals found at the surface of materials)
greatly affect the efficiency of carrier injection at the interface. Concerning a metal-
semiconductor contact, in which the structures or interparticle distances of the intimate materials
are different, localized surface states with energies lying in the forbidden energy gap may arise
due to dangling bonds, H, terminated bonds or due to the interruption (or discontinuity) of the
periodic lattice structure at the interface.”! The sudden termination of the lattice of the solid

crystal at its surface usually results in the distortion of the band structure near the surface and
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causes the bending of energy bands in an attempt to bring the solid to an equilibrium state in
which the Fermi level at the surface would be identical to that in the bulk.(Surface recombination
minimises the internal energy.) In this regard, surface states can be generalized to partly emanate
from the alluded discontinuities at the surface leading to the so-called ‘Tamm states’.”? which
are associated with an asymmetric termination of the periodic potential and a large separation or
weak interaction between surface atoms or molecules. Conversely, the discontinuities accounting
for surface states may lead to the so called ‘Shockley states’'®®! which are associated with
symmetrical termination of the periodic potential and a small separation or strong interaction
between atoms or molecules. Furthermore, surface states partly blossom from foreign materials
(impurities) adsorbed on the surface or flaws on the surface such as abrasions on the surface due
to cutting, grinding, etching, polishing, defects/dislocations, etc. Such surface imperfections are
connected to the development of dangling bonds at the surface. A dangling bond results from
chemical binding at the surface of the material in a manner which creates a domain from which
an electron normally participating in chemical binding in the solid has been removed in creating
the surface ™. Such a domain is the dangling bond. To exemplify a dangling bond, one can
consider a four valence atom (for example, carbon) which at a given surface is bonded to two
neighbours, leaving two of the four covalent bonds unsaturated. It will then be these two
unsaturated bonds that will generally be referred to as dangling bonds and act as acceptors

tending to capture electrons available in the vicinity.
2.6 Impediments/Hindrances to charge carrier mobility in the bulk

As long as the charge carrier injecting contact can provide a reservoir of carriers, the subsequent
behaviour and fate of the injected carriers, which form the electric current, is controlled by the
properties of the material in which the charge carriers are flowing. In the main, it will be the
charge carrier mobility in the space inside the bulk (active material, which in this study is the

polymer-fullerene bulk-heterojunction blend) that will determine the current.
2.6.1 Charge carrier mobility

Qualitatively, carrier mobility is concerned with how quickly a charge carrier can move through
a given material under the pull by an applied electric field, specifically the carrier’s average

velocity (in cm/sec) per unit potential difference applied across one centimeter of the material
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(volt/cm). Amongst the key factors which determine carrier mobility in organic semiconductors
(or their blends, as in polymer-fullerene composites) are distribution of energies of the injected
carriers, magnitude of the applied electric field, concentration of shortcomings/defects (for
example, in-homogeneity of the blend and impurity concentrations, which account for the

distribution of traps and recombination centres).

Some of the injected carriers in the material will either be temporarily captured at trapping
centres (the trap and release mechanisms) or lost permanently through recombination centres.
Since no perfect crystals exist, materials always contain localized states. Such localized states
form the so called trapping and recombination centres. Low charge carrier mobility significantly

lowers the efficiency of devices.

2.6.2 Traps

A trapping centre (or simply a trap) is any centre formed by a localized state, which is capable of
capturing a free charge carrier and after a while this captured (or trapped) carrier has a greater
probability of being thermally re-excited to the nearest allowed band to become a free carrier
again than recombining with a carrier of opposite sign at the centre. The behaviour of traps can
be categorized into three types, namely, Coulombic attractive centres, Coulombic neutral centres
and Coulombic repulsive centres.'® Based on this, a trap can be considered to be an empty entity
with a certain charge, positive, neutral or negative when unoccupied. Those trapping centres
which capture electrons only are called electron traps and those which capture holes only are
hole traps. The occupancy (occupation period) or life time is determined by the thermal
equilibrium interchange of the carriers of one particular sign between the centres and the nearest

allowed band.[*!

Traps are created by all types of imperfections present in the material and since they may capture
some of the injected carriers from (ohmic) contacts, they in a way control the carrier flow
accounting for the J/V characteristics. Trapping can be viewed as a process of energy storage in
the sense that it spatially localises electrons and holes at certain sites and by so doing hinders
them from moving freely, thereby preventing them from contributing to electric current
conduction. The magnitude of the trapping potential V; determines the nature of the interaction

(that is, whether long range or short range). We guess that for short range, it should likely be that
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V, > kT and the charge will most likely be bound (or may tunnel). If V, <k,T, there should

then be greater chances of the charge escaping thermionically.

Generally, the trap densities in solid materials range from about 10'* cm™ in the highly pure
single crystals to about 10™° cm™ in the imperfect large band gap insulators ™. We note that no
consideration of the level (whether deep or shallow) distribution is explicit in the assertion. In
organic crystals, two types of carrier trap distributions have been identified. One type is that of
traps confined in discrete energy levels in the forbidden energy gap, as illustrated in Figure 2.8.
The second type is that of traps with a quasi-continuous distribution of energy levels (normally
following an exponential or Gaussian form) with a peak trap density near the band edges.?*2®!
However, despite several investigations, no explicit information on the possible physical nature

of traps has so far been provided.

The probability for a trap to capture an electron follows the Fermi-Dirac statistics

f,(E)=[1+g. o0[{(E - E, /K] (2.4)
and that for a trap to capture a hole follows
f,(E)=[1+g, o0[{E., —E)/kT]? (2.5)
where, fn(E) is the negative carrier (electron) Fermi-Dirac distribution function
f_(E) is the positive carrier (hole) Fermi-Dirac distribution function
g, and g, are the degeneracy factors of trap states for electrons and holes respectively

E is the energy level

Er, and E, are the Quasi-Fermi levels for electrons and holes respectively

k is Boltzmann constant and T is the absolute temperature
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Based on the energy levels for the traps, the traps can be classified into shallow and deep
traps.l*®! The electron capture rate, which refers to the rate at which electrons are captured from

the conduction band is given by

dn

— =-C_nN 2.6

dt tor (26)
where, n is the free electron density in the conduction band, N, is the density of empty electron

traps and C,, is the electron capture rate constant (or electron capture coefficient)

2.6.3 Recombinations

A recombination centre is a centre which also captures a free carrier, but the captured carrier has
a greater probability of recombining with a carrier of opposite sign, resulting in annihilation of
both, than of being thermally re-excited to the nearest allowed band.l*! The recombination
centres in which the localized states are normally empty capture electrons first and then
recombine with holes, while those in which localized states are normally filled capture holes (or
in other words, give up electrons to the valence band) first and then recombine with electrons).
The occupancy of such centres is determined by the kinetic recombination process.[*®! Analysis
of Figure 2.8 leads to the deduction that a localized state may act as a trapping or a
recombination centre depending on its location in the forbidden energy gap (which is determined
by the nature of impurities and temperature). Other contributing factors to the localized state’s

action nature are concentrations of electrons or holes and the capture cross-sections o, and o,

for the electrons and holes respectively.

The demarcation level for electron traps Ep, is defined as the level at which a captured electron
has equal probabilities of being excited into the conduction band and of recombining with a hole
from the valence band.!””?*! Likewise, the demarcation level for hole traps Ep, is defined as the
level at which a captured hole has equal probabilities of being excited into the valence band and
of recombining with an electron from the conduction band. Furthermore, the localized states
between E; and Ep, will act mainly as electron traps, those located between E, and Ep, will act
mainly as hole traps and those between Ep, and Ep, will act exceedingly as recombination

centres. 61 [28-29]
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Figure 2.8 Semiconductor demarcation levels, Fermi levels and energy levels for trapping and
recombination centres for no, = po,, where: n and p are the carrier densities, E. and E, are the
energy levels at conduction band and valence band edges respectively, E;, and Ey, are the electron and

hole trapping energy levels respectively, Ep, and Ep, are the electron and hole demarcation levels
respectively, Eg, and Eg, are the Quasi-Fermi levels for electrons and holes respectively.

Recombination process may conveniently be divided into two major divisions, which are
radiative transition and non-radiative transition.™ Under radiative transition, the released energy
is emitted as radiation which can lead to luminescence and in the case of non-radiative transition,

the released energy is dissipated ultimately as heat by various mechanisms.

2.7 The Origin of opto-electrical/semiconductor behaviour in carbon-based polymers

Preamble: A polymer is a macromolecule (with a molecular weight in excess of 10,000 g/mol)
formed when the same type of smaller molecules, the monomer, combine through a

polymerization process.
2.7.1 Prerequisites: Simple molecular orbitals — Sigma (o) and Pi (7r) bonds in molecules

An atomic orbital is associated with a single atom. When two (or more) atomic orbitals overlap
in bond formation, the perspective changes to include all the bonded atoms and the overlapping
orbitals. Such orbitals are referred to as molecular orbitals since more than one atom is involved.
The total number of atomic orbitals mixed is always the same as the number of orbitals

generated.
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2.7.1.1 Creation of ¢ and ¢ bonds — e¢-bonding and ¢ -anti-bonding molecular orbitals
[the 6-HOMO and ¢ -LUMO]

The first covalent bond between two atoms is always a sigma (o) bond. In a o-bond, the shared
electron density lies directly between the nuclei of the bonding atoms, along the bond axis. The
bonding (simply, bond) axis or inter-nuclear axis is the imaginary straight line that connects the
nuclei of two atoms bonded to each other in a molecule. The interaction of the two bonded atoms
with the bonding electrons produces a more stable arrangement for the atoms than when they are
separated and the potential energy is lowered by an amount referred to as the bond energy. The
lower the potential energy, the more is the stability. In a covalent bonding process, involving two
atoms, the first shared electrons are those in the s orbitals, that is, 1s, 2s, etc., depending on the
valence shell for each of the interacting atoms. In the case of two hydrogen atoms, for example,
the addition (combination) of the two atomic 1s orbitals together produces a o (bonding)
molecular orbital, the bond of which is called a o bond (ref. Figure 2.9). A simplistic

mathematical perspective would go thus:

{omo,ew,arOrbita,=(1se1 +1sb)}, where a and b are the respective hydrogen atoms.

¢ bond and ¢_antibond - HOMO and LUMO Zero electron density because of
S opposite phases - Node
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Higher energy *_ \ _ : : = -
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ower energy
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O = 1s, + 1s, = bonding MO = = = Bond axis

Linear combination of atomic orbitals (LCAO) T
LUMO = lowest unoccupied molecular orbital Similar phase of electron
HOMO = highest occupied molecular orbital density (no node) adds
MO = Molecular orbital together constructively

Figure 2.9 Sigma (0) and sigma-star(c*) illustrated pictorially and energetically for hydrogen

molecule
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The electrons in this ‘new’ orbital (Is, +1s,) are more stable than on the individual atoms.
Other ¢ molecular orbitals could be (Is, +2s,), (2s, +2s, ), (2s, +3s,,), etc. Electrons usually

occupy these orbitals and such electrons are so strongly bonded that they do not break loose to
become electric conduction members. A second molecular orbital, which can simplistically be
shown as a subtraction of the two atomic 1s (or 2s or 3s, etc.) orbitals is also created. For the two
hydrogen atoms (Figure 2.9), this second molecular orbital (symbolized sigma-star (c*)) would

be formed of (Is, —1s,). The adding and subtracting of atomic orbitals is referred to as linear

combination of atomic orbitals (LCAO). The ¢~ orbital is less stable than the two separated
constituent atoms and is called the anti-bonding molecular orbital, because electrons in this
orbital (if they do) would be less stable than the two separated individual atoms. Normally this
orbital is empty, but if it happens to be occupied, then the wave nature of electron density (when
present) would be out of phase (destructive interference) and cancelling in nature. There will be a
node between the bonding atoms (zero electron density). Nodes produce repulsion between the
two interacting atoms when electrons are present.

Two molecular orbitals (MO’s), o and ¢~ have now been created from two atomic orbitals. There
are two electrons to fill these orbitals, so the lower energy molecular orbital () will be filled and
the higher energy molecular orbital (c") will be empty (in conformity with the Aufbau Principle).
While there are only two molecular orbitals in this example, there may be many molecular
orbitals formed in a more general example. Of all the possible molecular orbitals in a (molecular)
structure, two special ones are selected and given names. One is called the highest occupied
molecular orbital (HOMO), because it is the highest energy orbital housing electrons. The other
is called the lowest unoccupied molecular orbital (LUMO), because it is the lowest energy
orbital without any electrons. Therefore the c-HOMO is the bonding orbital resulting from the o
bond and the o -LUMO is the antibonding orbital resulting from the ¢~ antibond (Figure 2.9).
There are a number of reactions in which the electron density is transferred into the LUMO
antibonding orbital.

2.7.1.2 Creation of w and #° bonds —n-bonding and = -anti-bonding molecular orbitals [the
n-HOMO and = -LUMO]

While a ¢ bond is always the first bond between two atoms, a pi (n) bond is always the second

bond between the two atoms (...and third bond, if present). Pi bonds overlap the sigma bond
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formed first. Therefore, in a double or triple bond, the first is always a o bond and the subsequent
ones are © bonds. These © bonds are formed of 2p orbitals, which overlap in a bonding and
antibonding way, producing a © bonding molecular orbital when the two 2p orbitals are added
and a n antibonding molecular orbital when the 2p orbitals are subtracted. As illustrated in

Figure 2.10, mathematical (linear) representation would go thus:
T=2p,+2p, and 7 =2p,-2p,

For brevity, the basics of generating w and n_ bonds, as well as the associated molecular orbitals
and the respective i-HOMO and ' -LUMO are analogous to the o-molecular orbitals discussed
about under section 2.7.1.1 (which can be revisited in conjunction with Figure 2.10 for

adaptation to ).
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Figure 2.10 Energetic and pictorial mechanisms of two interacting 2p orbitals a and b

The big difference between a o-bond and a m-bond, is that in a n-bond, there is no electron
density directly between the bonding atoms (their nuclei) since 2p orbitals do not have any
electron density at the nucleus. There is a node. As such, the overlap of 2p orbitals (that is, the
bonding electron density) lies above and below, or in front and in the back of the bonding axis,
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with no electron directly on the bonding axis. As depicted in Figure 2.10, m-bonds are
characterized by side-to-side overlap. The interaction of the two bonded atoms with the bonding
electrons produces a more stable arrangement for the 2p orbitals than for the atoms when
separated. Electrons usually occupy these orbitals, when available/present. The HOMO of a =n-
system is of significant interest. There are many reactions (some of which are core to this
research) which will be explained by the transfer of electrons from the HOMO (specifically n-
HOMO) to the LUMO (r -LUMO) of another reactant.

The 7~ antibonding molecular orbital is normally empty, but should it be inhabited, then the
wave nature of electron density will be out of phase and result in destructive interference. This
cancellation produces a second node (with zero electron density) between the bonding atoms, in
addition to the usual 2p orbital node at the nucleus. This generates repulsion between the two
interacting atoms, when electrons are occasionally present. There are also a number of reactions

in which the electron density is transferred into the = -LUMO antibonding orbital.
2.7.2 Atomic Hybridization

Contextual to organic chemistry, hybridization is the mixing of two orbitals of the same atom to
form new orbitals suitable for bonding. The new creations evolving from such mixtures are
termed hybrids. These new hybrid atomic orbitals will be having different energies, shapes, etc.,
than the component atomic orbitals, but will have features which exhibit contributions of those
component atomic orbitals from which they are created. For example, because a 2p orbital is
very directional (along x, y, or z axis) and its two oppositely phased lobes lie along a single axis,
in a linear way, the newly created sp hybrid orbitals will also lie along a straight line in a linear
manner, with oppositely phased lobes, due to the 2p’s contribution. We focus on orbital mixtures
involving simple combinations of the valence electrons in the 2s and 2p orbitals of an isolated
carbon atom, to form hybrid orbitals associated with the same (single) atom. The orbitals can be
mixed in three ways to generate the three common shapes of organic chemistry: linear [2s + 2p],
trigonal planar [2s + 2p + 2p] and tetrahedral [2s + 2p + 2p + 2p]. The number of atomic orbitals
mixed together is the same as the number of new hybrid (mixed) orbitals created. In this section
we qualitatively demonstrate the conceptual framework underpinning hybridization of two
orbitals (2s and 2p) of a carbon atom, producing two sp hybrid orbitals of the same atom. As

unfolded in the next section, the same framework can be used again to explain the generation of
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three sp® hybrid (atomic) orbitals from three atomic orbitals [(2s and two 2p’s) — specifically, 2s,
2pyx and 2py] and four sp® hybrid (atomic) orbitals from four atomic orbitals [(2s and three 2p’s) —

specifically, 2s, 2py, 2py and 2p,].
2.7.2.1 sp hybridization of a carbon atom

Under sp hybridization, a 2s and a 2p atomic orbital are mixed to form two sp hybrid orbitals.
During the hybridization process, a 2s electron is energised and promoted to an empty 2p orbital
(as shown in Figure 2.11). This unpairing of the 2s electrons allows the carbon atom to make two
additional bonds, thus creating four unpaired electrons ready for bonding to attain the neon noble

gas (octet) configuration when it shares with four more electrons from other atoms or molecules.

sp hybridization a 2s electron is 2s and 2p are mixed in two ways,
(2s + 2p) and (2s - 2p) to create

two sp (atomic) hybrid orbitals

promoted to a

2p orbital
Higher energy
(less stable) r = ':
r A ) r 4
I N I I
’
potential 2p’s /I y 2p’s P e, 2P2P
energy g : : . T :
| | — —
| |
— || — sp sp
Lower energy 2 I 2 I
(more stable) S L _S_
']\ Excited State ']\
Ground state carbon sp hybridized carbon atom with valence shell
atom (only valence now configured to two sp hybrid orbitals
shell shown) plus two unhybridized 2p orbitals which

remain to become part of n-bonds. Each of
the two sp orbitals forms a o-bond when
bonding with other atoms or molecules.

Figure 2.11 Energetic representation of the process of changing an isolated carbon atom into an

sp hybridized carbon atom, in which orbital mixing created two sp hybrid orbitals

As Figure 2.11 shows, the 2s and 2p orbitals (contained in the red rectangular catchment) are
then mixed (combined linearly) to produce two sp hybrid orbitals, which point in opposite
directions. From a mathematical perspective, the mixing can be represented by the addition of
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the two orbitals (2s + 2p), which produces one sp hybrid orbital and the subtraction of the two
orbitals (2s - 2p), which produces the second sp hybrid orbital. This second sp hybrid orbital
points 180° in the opposite direction from the first sp hybrid orbital, because of the change of the
phase of the 2p orbital (which is symbolically shown by its subtraction from the 2s orbital).

The same phase adds constructively and results in bonding, but opposing phase adds
destructively and results in antibonding. This will produce a larger lobe on the bonding side of
the sp hybrid orbital (which implies more electron density to the hold atoms together when
bonding with other atoms) and a smaller lobe on the antibonding side of the same sp hybrid
orbital (which implies less electron density). The greater the electron density between bonded
atoms, the stronger is the bond produced. The other two 2p orbitals do not participate in the
mixing (hybridization) and they remain to become part of w-bonds. Each of the two sp hybrid

orbitals forms a o-bond when bonding with other atoms or molecules.

The vertical (energy) scale in Figure 2.11 indicates potential energy changes as the electron
migrates farther from the nucleus. Though the promotion of the 2s electron to a 2p orbital is at
the expense of energy, the combination of all the energy changes is more supportive for the
hybridized carbon atom (whether sp, sp? or sp®) than the initial one. The overall gain is in the
formation of the more directional hybrid orbitals, which have better overlap of electron density
between the bonding atoms and therefore form stronger bonds. This is evident from Figure 2.11,
which shows that the electrons in the two newly formed sp hybrid orbitals are held more tightly
than those in the non-participant 2p orbitals (though less tightly than the 2s electrons) since they

are closer to the nucleus, on average.
2.7.3 Electrical, Optical and Morphological Properties in Conjugated Polymers

2.7.3.1 The origin of semiconducting behaviour in conjugated carbon-based polymers

The type of bonds made by the valence electrons of carbon with other carbon atoms (C-atoms) or
with atoms of other elements determines the overall electronic characteristics of the resultant
polymer. This is so, because the main building block of most polymers is the carbon atom.
Generally, polymers can be classified as saturated and unsaturated based on the number and type

of the carbon valence electrons involved in the chemical bonding between adjacent C-atoms
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along the main chain of the polymer.®? Saturated polymers are insulators since all the four
valence electrons of the C-atom are exhausted (localized) in the covalent bonds. It is the
unsaturated nature of the carbon backbone which makes conjugated polymers mostly conductive.
Conjugated polymers, like other polymers, are macromolecules that consist of long chains of
repeated units called monomers. These monomers mostly consist of carbon and hydrogen atoms,

but other atoms like nitrogen, oxygen and sulphur can be part of the monomer (Figure 2.12).

Trans-polyacetylene P A AN A AT
Polythiophene @\@@\@/
Poly(p-phenylene) _©_©>_©_©_
H H
Polypyrrole ——Qﬂﬂﬁ/
H H

Poly(p-phenylenevinylene) \\ @ N\ @ N

i
Polyaniline N@ N@
\N [I\j
H
X

(1-x)

Figure 2.12 Some common conjugated polymerst?!

The difference between conjugated polymers and other polymers lies in the backbone of the
polymer, which in the case of conjugated polymers consist of alternating single and double
covalent bonds between the carbon atoms. The single bond is a o-bond and the double bond
consists of a 6-bond and a n-bond overlapping the s-bond. Fundamentally, it is from within the
overlap of the molecular orbitals formed by the valence electrons of the chemically bonded C-

atoms that the organic semiconducting property of conjugated polymers originates.
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The ground state electronic configuration of a carbon atom is 1s? 2s* 2p?, which can be depicted

as shown below.

1s| 2s 2p[]y

The atomic orbitals of carbon are altered into hybrid orbitals as they form covalent bonds. As

explained earlier (section 2.7.3), during hybridization, a 2s-electron is promoted to the vacant 2p-
orbital leading to an intermediate 2s'2p;2p;2p, excited state configuration of the nature
depicted in Figures 2.13 and 2.14 for sp* and sp? respectively. These electronic orbitals do not

bond in this excited state form, but first hybridize (that is, mix in the linear combinations

previously explained).

sp° hybridization a 2s electron is > a 2s and three 2p’s are mixed in four ways,
promoted to a for example, (2s+2p+2p+2p), to create four
2p orbital new sp3 (atomic) hybrid orbitals
Higher energy l
(less stable) | i ——— |
A r 4 LA 4
1
; 2p’s 1 ’
potential P 2p’s PR A

B

Tt

Lower energy

(more stable) | 25 o J
’]\ Excited State /[\
Ground state carbon sp3 hybridized carbon atom with valence
atom (only valence shell now configured to four sp®> hybrid
shell shown) orbitals. No unhybridized 2p orbitals remain

and so no m-bonds can form. Each of the
four sp3 orbitals forms a o-bond when
bonding with other atoms or molecules.

Figure 2.13 sp® hybridization of the valence shell electrons of a carbon atom

As shown in Figure 2.13, sp* hybridization produces set of four sp® hybrid orbitals oriented
towards the corners of a regular tetrahedron [a four surfaced figure of equilateral triangles (not
shown)]. This geometric configuration is explained by the realization that the three 2p orbitals

(which constitute the greater part of their creation) fill all three dimensions and so the four
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orbitals created from them also fill all three dimensions. There are no n bonds, because no 2p
orbitals remain to make them. Since all the bonding orbitals are hybrid orbitals, they form o
bonds when bonding with orbitals of other atoms. Sigma bonds enjoy strong degrees of overlap
in bond formation with other atoms. As a result, molecules with strong bonds and increased
stability are generated whenever sp® hybridized atoms participate in their production process.
The arrangement of bonds emanating from overlap with sp* hybrid orbitals on adjacent atoms is
the one which gives rise to the tetrahedral structure that is found in the lattice of diamond and in
some alkanes like ethane, C,Hg.® In these structures, all electrons are engaged in the o-bonds
(which in effect are the strong covalent bonds). As such, all hydrocarbons containing ¢ bonds
formed from sp® hybrid orbitals are saturated molecules and are therefore insulators, with the
characteristic high band gaps.!**' B34 Therefore sp® hybrid orbitals have no contribution to the
electronic behaviour in carbon-based polymers.

sp? hybridization a 2s electron is »a 2s and two 2p’s are mixed in three
promoted to a ways, for example, (2s+2p+2p), to create
2p orbital three new sp2 (atomic) hybrid orbitals
Higher energy
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r 4 LA A A
I N I— I
. ! 1
potential 2p’s \2 prnsannns A - . 2p
L~ I n n
energy I 1\ T ,T\
TT/ ! T — — —
| 2 2 2
Lower energy ! P P P
|
(more stable) 2s L ES_ -
']\ Excited State ’]\
Ground state carbon sp’ hybridized carbon atom with valence shell
atom (only valence now configured to three sp2 hybrid orbitals
shell shown) plus one unhybridized 2p orbital which

remains to become part of a n-bond. Each of
the three sp2 orbitals forms a o-bond when
bonding with other atoms or molecules.

Figure 2.14 sp® hybridization of the valence shell electrons of a carbon atom

Actually it is the sp? hybridization of the carbon atoms of the organic polymer which accounts
for the semiconducting behaviour of the polymer. Under sp® atomic hybridization, the 2s orbital
mixes with two 2p atomic orbitals (2py and 2py) creating three new hybrid orbitals, as shown in
Figure 2.14.
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The relative energy framework showing electron promotion and orbital mixing is almost
identical to the sp (and also sp®) hybridization explained earlier. The major difference is the

addition of a second 2p orbital (2py) in the mixing.

The unmixed 2p, orbital remains unchanged and will be perpendicular to the plane panned by the
three sp? hybrid orbitals. It takes part in the formation of a n-bond. The valence electron in this
2p, orbital interacts with a neighboring 2p, electron in the adjacent 2p, orbital belonging to the
next sp? hybridized carbon atom and forms a m-bond (Figure 2.14). This process is replicated
along the carbon chains within the polymer. The two electrons in the n-bond occupy the space
above and below the o-bond,***# as illustrated in Figure 2.14.The added 2p, orbital alters the
o, B, hybrid creations from linear to planar, as
shown in Figure 2.15. Since the two 2p

p orbital p orbital orbitals (2px and 2py) lie in a (horizontal)

plane, the three sp® hybrid orbitals created
also lie in the same plane and arrange
themselves in a trigonal planar shape of 120°
pi bond Pond angles between any two of the orbitals.
The three hybrid orbitals form o-bonds
when bonding with other atoms or
molecules as depicted in Figure 2.16. The
trigonal configuration allows the electrons in

the o-bonds to be as far apart in space as

Figure 2.15 Sigma () and Pi () bonds between two POSSible and minimizes the electron-electron

lobe (green) is shown for each atom®* . o

strength and stability of the hybridized atom.
Compared to sp* hybrid orbitals, the sp? hybrid orbitals of the hybridized carbon atom form a
different bond length, strength and geometry when combining with other atoms or molecules.

This leads to conjugation along the backbone carbon chain of the polymer.

Conjugation refers to the alternation of single and double bonds between the carbon atomst>=®

and is characterised by m-bond overlap across the intervening c-bonds. As can be deduced from

Figure 2.15, conjugation creates a region of overlapping 2p, orbitals (the m-molecular orbitals)
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bridging the adjacent single bonds (c-bonds). The o-bonds will have been formed by the bonding
between the sp? hybrid orbitals of the consecutive carbon atoms along the spinal chain of the

polymer. This overlapping of double bonds over single bonds is the so called mesomerization.

7+ LUMO

7 n+Lmo..

pz - orbital pa

p, - orbital Pz -T—
%-HOMO

e

F—-HOMO

plane of the
spo - orbitals

'/N\n - bond\/

Figure 2.16 Scheme of the orbitals, bonds and associated energy diagram (not to scale) for two
sp? hybridized carbon atoms!*?

Figure 2.17 shows the alternating double and single bonds in polyacetylene, which is one

example of a simple conjugate polymer. It has a linear structure and exhibits a degenerate state.

| sp> hybridized carbon atoms|

H n H H H H

Figure 2.17 Polyacetylene molecule’s alternating double and single bonds along its backbone carbon

chain, which shows that the polymer is conjugated

Since m-bonds are weak bonds, the overlapping of their p, electron wavefunctions causes

delocalization of the m-electrons along the polymer chain, which is the origin of semiconducting
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behaviour in these carbon-based polymers.B 1 37401 Therefore 7-bonds can be considered to
be the fundamental source of band transport in the conjugated systems.*®! The delocalization of
the m-bonds over the entire molecule is followed by the quantum mechanical overlap of the p,
orbitals, which due to the Peierls instability, produces two delocalized energy bands, the bonding
7 and the antibonding * orbitals. The lower energy m-orbitals constitute the valence band (-
state), and the higher energy orbitals 7 -orbitals form the conduction band (z*-state).'” Of the
valence band orbitals, the highest occupied molecular orbital is the HOMO and of the conduction
band orbitals, the lowest unoccupied molecular orbital is the LUMO. In this regard, the
ionization potential of the molecule corresponds to the HOMO and the electron affinity
corresponds to LUMO. Electrons usually occupy the valence band and the conduction band is
usually empty. As explained in section 2.7.4.5, there is a correlated match between the band gaps
of conjugated polymers and the optical light energy range, which favours UV and visible light
absorption by the polymers. This original property makes conjugated polymers ideally suited for

use as photoactive materials in opto-electronic devices operating in the optical light range.

Orbital  overlap  increases the

concentration of orbitals on adjacent

atoms in the same region of space.

Due to the overlapping of =-orbitals,

Energy delocalized m-electrons roam over the
developed valence band which

—AN— extends over the entire polymer

—AN— —hv— molecule.  The electrons may

— N occasionally migrate into the created

conduction band upon appropriate

Figure 2.18 Extension of the m-system results in the creation . ..
of the valence band (VB) and conduction band (CB).Valence EN€rgy absorption. Additional
band is filled with electrons, whereas conduction band is _

empty. The energetically forbidden gap (Ey) decreases as the n- advantages of m-electrons are that

nefwork increases they can be moved without destroying
the chemical structure of the polymer material and (due to their weak bonds) require less energy
to be removed from their bonding state. Since the c-bonds do not dismantle (because of their
strength), the polymer molecule keeps the rest of its atoms linked together. Only © conjugated

electrons become delocalized and move freely throughout the molecule, without being associated
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with a particular atom or covalent bond. Furthermore, increasing the degree of conjugation
(number of alternated multiple bonds) results in the development of molecular orbitals which are
very close in energy (Figure 2.18). This leads to the formation of energetic bands (valence and
conduction bands), because the energetic structure of the material is no longer composed of
discrete levels. In addition, the energetically forbidden gap between the HOMO and the LUMO
is narrowed (Figure 2.18). For example, ethylene (or ethane) monomer molecule has an energetic
(forbidden) gap of 7.6 eV!*™ between its HOMO and LUMO levels. This is too large to obtain
semiconductor behaviour. When polymerized, conjugation effect arises (that is, polymer
molecule develops and contains delocalized m-electrons/bonds) and further decreases the
energetic gap, to the extent that the polymer may start to exhibit semiconductor behaviour. In
fact, such parameters as molecular arrangement (for example, linear, planar, etc.), geometry of
the molecule, aromaticity or substituents effect, etc. are known to alter the band gap of the
polymer. It is from such endowed electronic properties that conjugated polymers exhibit

semiconductor behaviour.

2.7.3.2 Band structure of conjugated polymers
Two possible band structures emerge from the alternation of single and double bonds in

conjugated polymers. The first class consists of polymers which possess a degenerate ground

state (simply, degenerate) and the second

\ STRUCTURE class is composed of polymers with a non-
Potential ]
degenerate ground state (simply, non-

energy
degenerate). Our discussion of the two
classes is based on trans-polyacetylene

(simply, polyacetylene) for the degenerate

category and polythiophene for the non-

degenerate group.

Deformation coordinate Degenerate: Degenerate structures like

Figure 2.19 Sketch of the potential energy curve for polyacetylene are energetically equivalent.
a degenerate system (for example, polyacetylene) Figure 2.19 illustrates this phenomenon on

a sketch of the potential energy curve for a degenerate system (for example, polyacetylene). The
monomer of polyacetylene is made up of only one carbon atom and one hydrogen atom. If the

carbon atoms in the chain were equally spaced, the system of the 2p-orbitals would create a half-
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filled n-band. This half-filled n-band would result in a metallic state of the polymer. Fortunately,
such a state does not arise in polyacetylene (as in other polymers of the same class) because of its
creation of conjugated bonds (that is, altering strong and weak bonds). These creations of
altering bonds result in non-equal spacing of the carbon atoms. The double bonds assume a
length of 1.36 A and the single bonds pick up a length of 1.44 A [*!

This change in the lattice is explained by Peierls’ distortion which states that a one dimensional
metal will be unstable, and that an energy gap will form at the Fermi level, because of the lattice
distortion so that the material becomes an insulator or a semiconductor.* The theorem describes
a spontaneous lowering of the symmetry of the lattice in order to minimise the ground state
energy.[*y The 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.’” The displacement of every second atom reduces the translation
symmetry and halves the
H H H H H H H H first Brillouin zone. After

A- - | the periodic distortion, two

new m-bands are generated:
one filled (w) and the other
empty (m'). The two bands

H H H H H H H H
J J J repel each other and open up
B-. J J \%\%\%\f a band gap at the Brillouin
YW zone boundary. This band

H H H H H H H H H .

gap is caused by the
Figure 2.20 The two ground state configurations of trans- conjugation (altering single
polyacetylene and double bonds), which

leads to a periodic perturbation of the potential.®® ¥¥ The band gap in trans-polyacetylene is
about 1.8 eV at the Brillouin zone boundary./*) As can be seen in Figure 2.20, polyacetylene has
two ground state configurations, A and B. Configuration B can be obtained from A by exchange
of the single and double bonds. Since all the carbon atoms are equivalent if the chain is infinite,
the energies of the two phases (configurations) are equal, which implies degeneracy of the

ground state of the polymer.
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Non-degenerate: Polyparaphenylene is an example of a conjugated polymer with a non-
degenerate ground state. This polymer belongs to the structure of aromatic-based semiconducting
conjugated polymers. These materials have o-bonds and delocalized m-electrons between the
/ STRUCTURE carbon atoms which form the (so called

Potential

C D
energy _E@]; Eé %n

benzene) rings. Such conjugated polymers

show a difference in energy (AE) between

the two resonance forms RF C and RF D
shown in Figure 2.21. The second energetic

aAEzo| N/ T structure D (obtained from C by the

exchange of the single and double bonds) is

Deformation now of the quinoid form, which ordinarily

Figure 2.21 Sketch of potential energy curve fora  reveals higher potential energy (Figure
non-degenerate  system  (for —example, 2 21)  Another example of a conjugated
polyparaphenylene) ]

polymer with a non-degenerate ground state
is polythiophene, whose monomer is a thiophene (ring). Figure 2.22 shows two connected
thiophene rings. The left hand ring E has two non-equivalent carbon sites designated C, and Cj.

C. connects the thiophene ring E to a

T H\ 7 i neighbouring ring through covalent o-
Co—C bonding with a carbon C atom in the

| /c{/\'i \C\c o backbone chain of that neighbour. Cg
S \\ F // bonds to a hydrogen side group. The

/ _K hydrogen atoms on neighbouring rings

H o repel each other, which leads to rotation

; : . 331, [41]
Figure 2.22 Two connected thiophene rings E and F. of the rings around the chain axis.

The left ring E has two non-equivalent carbon sites, In the ground state configuration of
Co and Cy" polythiophene, the neighbouring C; and
Cp atoms are doubly bonded. The C, - C, and the C, - Cg are both connected with single bonds.
Since the C, and the Cg are non-equivalent, an exchange of the double and single bonds along
the chain will lead to another state of energy, which means that the ground state of the polymer is

non-degenerate.
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2.7.3.3 Correlation of conjugated polymer chain distributions with optical phenomena

Each chain of a conjugated polymer does not elongate endlessly, but rather builds up twists and
coiled structures which significantly account for the amorphous nature of the polymer. This
disordered morphology limits the delocalization length of the n-spread of electrons to a definite
length called the conjugation length. This characteristic length is bounded by an energy barrier
which may be created by defects or kinks.B 2] Besides, the conjugation length segments have
random distributions, which lead to different energies of the m-electrons. This explains why
conjugated polymers exhibit broad absorption and emission spectra. Assuming a one-
dimensional particle-in-a-box picture, the longer segments will have a low n-&_ energy gap and

the shorter segments will have a much higher energy gap.®” ¥2 The emission spectrum of

gtokes sgift

conjugated polymers is highly
Stokes-shifted (Figure 2.23).
This may be understood from

PN

the consideration that
Coulomb-bound electron-hole
pairs on high-energy chain
segments will undergo rapid

energy transfer to lower-energy

Absorption (arb. units)
| ]
|

Emission (arb. units)

segments, so that nearly all the

emission comes from low

300 400 500 600 700
Wavelength (nm)
Figure 2.23 Sketch of a polymer’s absorption and emission

[30]

energy, long conjugation length
segments.®® Therefore, chain
spectra, which is Stokes-shifted towards low energy distributions, play an important
role in determining the HOMOs and LUMOs of conjugated polymers. The difference in energy
(band gap) between the HOMO and the LUMO gives the optical properties of the polymer. It is
determined from optical, electrochemical and other spectroscopic measurements. Excitingly, for
conjugated polymers, the band gap (which lies between 1.5 and 4.0 eV*®) has been found to be
within the semiconductor range of 1.0 — 4.0 eV, B \which covers the whole light spectrum
range from infrared to ultraviolet, thus making conjugated polymers ideally suited for opto-

electronic applications operating in the visible range.™™”
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2.7.3.4 Morphological Properties of Conjugated Polymers

Side chains mushroom from the principal (or backbone) chain of most conjugated polymers.
These branches are welcome, because they help in increasing the solubility of the polymer in
common solvents like chlorobenzene and chloroform. The enhanced solubility is attributed to
separation of the side chains from the conjugated backbone and thereby reduces the rigidity of
the backbone, which enhances flexibility. Furthermore, the backbone separation decreases the
intermolecular overlap of neighbouring chains, which in turn hinders the hopping of charges
between molecules.*! The sides chains also lower the melting temperature and in most cases

hinder the conjugated chain packing in solid films of many conjugated polymers.

However, the effect of the separation of the conjugated backbones in a given polymer depends
on whether the polymer is amorphous or well-ordered crystalline structure. For molecules which
are designed to form amorphous films, like those for light emitting diodes (LEDs), this
separation is beneficial in that it reduces intermolecular overlap, the increase of which promotes
excimer formation (see Appendix 1) in such molecules (for example, polyfluorene). As such, for
molecules of this nature, increased intermolecular overlap, which results in more packing
associated with high crystalline density, decreases the power efficiency of the polymer molecule
due to excimers.*!! These molecules typically have asymmetric, bulky side chains that cause the

molecules to twist and fail to pack efficiently.[*”

On the other hand, the impact of increased intermolecular overlap in conjugated polymers that
crystalize is of positive correlation. Most of these molecules are used in the fabrication of
organic solar cells. In films made of these polymers, charge transfer depends upon the degree of
inter-chain overlap or chain packing.B% ! Efficiently packed chain structures provide well-
ordered crystalline phases, which increase electron delocalization length, leading to high charge
carrier mobility.B% ¥4 Conjugated polymers that crystallize tend to be more rigid and planar.

A well behaved example of a conjugated polymer whose members constitute a mixture of the
two structural versions (amorphous and crystalline) is poly(3-hexylthiophene) (P3HT). Some of
the P3HT conjugated polymers are amorphous while others can be crystalline. The regiorandom
P3HT version has a twisted chain conformation with poor packing and low crystallinity with

solid films having amorphous phases. On the other hand, the regioregular P3HT version is
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characterised by a planar conformation, better intermolecular overlap with increased efficient
packing that promotes well-ordered and increased crystalline phases.* 659 Required optical
and electrical parameter value range conformities can be achieved in conjugated polymers
through the tuning of morphology as a function of regularity in molecular structures.
Regioregular P3HT’s response to such adjustments is much more favourable than that of the
regiorandom P3HT form. For example, several orders of magnitude higher charge carrier
mobility was recorded in films from regioregular P3HT as compared to its regiorandom
counterpart.% 41 B3l Aq described in Chapter 3, regioregular P3HT is the donor used in the

fabrication of the organic solar cells investigated in this research.

Nanoscale morphology plays a very decisive role in producing efficient donor/acceptor (D/A)
based photovoltaic devices (PVDs). Even if the donor and acceptor have a favourable electronic
relationship, their composite performance will be a dismal failure if their spatial regimes of the
morphology are not constituted of conducive inter-penetrable network, with increased donor
facceptor (D/A) interface and large clusters of separate D/As. This is so, because the
performance of such devices (for example, bulk-heterojunction (BJH) organic solar cells heavily
depends on the physical interaction of the donor conjugated polymer and the acceptor
(conjugated) fullerene components, which is manifested by the composite morphology.***" The
morphology of the active layer depends on the interaction between a number of intrinsic and
extrinsic properties. Intrinsic properties are those that are inherent to the polymer and the
fullerene, including the fundamental interaction parameters between the components.® These
include the crystallinity of the two materials as well as their relative miscibility. The extrinsic
factors incorporate all the external influences which have a bearing on device fabrication. These
include choice of the solvent, overall concentration of the blend components, deposition
technique (that is, whether spin coating and if so — spin coating speed, drop casting, ink-jet
printing, roll casting or blade coating, etc.), evaporation rate of the organic solvents and thermal
treatments (for example, thermal evaporator employment for cathode formation) as well as
solvent annealing.B% ¥ 58591 High evaporation rates produce highly packed films, which imply
increased inter-chain interaction that promotes efficient charge transport processes® % and
reduced photoluminescence efficiency.®® Such polymer films are best suited for use in PVDs.
Slowly evaporating solvents result in slow film growth rate, which aggravates formation of

porous films.
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It is evident that the number of factors impacting on the morphology of the active layer is huge
and contextual to the specific polymer-fullerene blend. The composite should be formed from
skillfully prepared solution and self-assemble into the most favourable morphology with high
minimal retrograde treatments from external, because the opto-electrical behaviour of conjugated
polymer based electronic devices heavily depends on the solid state film morphology of the

composite polymers.
2.7.3.5 Metal-active layer interface (e.g. metal-polymer interface)

When two materials with different Fermi levels are brought into contact, due to Seeback effect,
net free charge carriers flow into the other side of the junction until the Fermi levels for electrons
in both materials are aligned and therefore equal at the contact. In the case of a metal being
brought into intimate contact with an insulator or semiconductor, an electrical contact is
formed,™® 81 which for the case of a metal and a polymer is referred to as a metal-polymer (m-
p) interface (or m-p junction). The so formed junction either enables or impedes charge carrier
flow from the metal into the polymer or vice versa across the junction of the two materials
concerned. Therefore, at such a contact, either a rectifying Schottky or an ohmic contact is
created. A Schottky contact is a charge blocking contact. The development of such a contact is
accompanied by the build-up of a Schottky (blocking) potential barrier which extends from the
interface into the semiconductor. The barrier blocks (impedes/slows) the cross-over of charge
carriers from the metal into the semiconductor polymer. Therefore at a blocking metal-polymer
junction, the bulk polymer can carry away more charge carriers than the contact can supply to
the bulk [

For an n-type semiconductor, the condition for the formation of an electron blocking contact

(that is, an electron blocking metal-polymer interface in this case) is that ¢, > ¢, (Figure 2.4),
where ¢, and ¢, are the work functions of the metal and semiconductor (polymer) respectively.

Under such a configuration, it is electrons from the metal that are confronted by a repelling
electric potential from the semiconductor side, which hinders them from entering the
semiconductor, but electrons easily diffuse from the n-type semiconductor to the metal and
therefore cause electron depletion in the semiconductor. Charge depletion is characteristic of a

Schottky barrier. If the work function of the n-type semiconductor is greater than that of the

44



metal (that is, ¢, <¢,), then the metal-polymer interface (that is, electrical contact) would be

ohmic. In such a case, electrons diffuse from the metal to the semiconductor and cause electron
accumulation within the semiconductor in the region adjacent to the junction, which is

characteristic of an ohmic contact.

In the case of a p-type semiconductor, the condition for the formation of a hole blocking metal-

polymer junction is that ¢, < ¢,. Holes from the semiconductor therefore diffuse into the metal

and cause a depletion of holes in the semiconductor, which is characteristic of a hole blocking
contact. It is holes from the metal side which are blocked from entering the p-type

semiconductor. If ¢, of the p-type semiconductor is smaller than ¢, (that is, @, > &), then the

contact (that is, the metal-polymer interface) is ohmic and will be characterised by accumulation

of holes in the p-type semiconductor.

2.8 Charge carrier generation mechanisms in conducting polymers
2.8.1 Generation of charges in semiconducting polymers through ‘doping’

A small amount of energy, like ambient temperature energy (25 meV), is capable of enhancing
electrical conductivity in intrinsic (pure) semiconductors, because their band gap is narrow
enough to allow promotion of electrons from the valence band to the conduction band. Insulators
have already been illustrated to have a much wider band gap. Extrinsic semiconductors are
formed from doping intrinsic semiconductors. Polymers have the electronic profiles of either
insulators or semiconductors; thus the band gap in a fully saturated polymer like polyethylene is
5.0 eV and decreases to about 1.5 eV in the conjugated system polyacetylene.™ As explained in
earlier sections, the uniqueness of polymers is that atoms of polymers are covalently bonded to
one another and form polymeric chains that experience weak intermolecular interactions. In view
of this profile, it means that the band theory cannot be completely exhaustive in describing the
electronic conduction in polymers, because macroscopic conduction in polymers is intricate in
that it demands electron movement not only along chains, but also hopping from one chain to
another.™ As is customary to all extrinsic semiconductors, polymers whose band gaps are

similarly high can be converted into conducting polymers by reducing the sizes of their band

gaps.
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Doping can be executed either by injecting charges with an electric current sent to the material,
or via the inclusion of a dopant (that is, a material of a different nature).l*> A semiconductor can
be either n-doped, or p-doped. An n-doping process involves the addition of electrons in the
conduction band or in newly created energetic levels below the LUMO and a p-doping process
corresponds to the creation of holes (that is, electron vacancies) in the valence band or in newly
created energetic levels above the HOMO.? In inorganic materials, doping is usually performed
by substituting several atoms with elements of the previous group (which implies, generation of
a valence electron vacancy, = p-doping) or the next group (which implies, creation of an extra
free valence electron, = p-doping). In the case of organic materials (focusing on polymers,
particularly conjugated polymers), a redox process is usually employed to generate charges.!*%!
[15]. 321 By this process, the band gaps are thus modified chemically.’*™ 3 whilst the term
‘doping’ is usually used to describe the whole process, in reality it only covers the physical part
of adding the donor or acceptor molecule of the chemical to the polymer. The reaction which
actually takes place is either an oxidising one or a reducing one,* thus a chemical process,
which is different from the commonly termed doping of a semiconductor like silicon or
germanium where an atom in the lattice is substituted.™® In light of this, a compromise term,
‘chemical doping’, shall be used when referring to polymers. Electrical conductivity in

conjugated polymers upon chemical doping

d

n-doping p-doping \yas brought to the lime light by the
/ _\ g g y
—/ —/

pioneering work of Heeger et al. in 1977.[%°

Polarons —® ——— The chemical doping of a conductive polymer
s I s characterised by the formation of a polymer

salt. This is achieved either by immersing the

Bipolarons —®_—®— ——— polymer in a solution of the reagent or via
I B electrochemical methods.!* A polaron can be

Figure 2.24 Schematic illustration of an electron Tormed when an electron is removed (or

polaron and bipolaron to the left and a hole injected) from the neutral chain by chemical
polaron and bipolaron to the right™=. = doping. This introduced charge polarizes the
surrounding chain and creates local deformation of the lattice. The charge and the surrounding
deformation are quantum mechanically referred to as a polaron. This local deformation of the

chain lowers the conducting state and raises the valence state,

46



thereby moving two electronic states into the band gap.!*®! Depending on the type and level of
chemical doping, different polarons can be created. A hole polaron is formed when the polymer
is p-doped (that is, an electron has been removed from the chain). In the absence of an electron,
the lower level only contains one electron and the upper level is empty (Figure 2.24). An electron
polaron is formed when the polymer is n-doped (that is, an electron has been introduced into the
chain). In the presence of an extra electron, the lower level is filled with two electrons and the
upper level gains an electron.®® At high doping level of the polymer, two polarons can
recombine to form a double charged bipolaron (Figure 2.24).2%1 The generalized oxidation
process can be represented by the chemical equation (2.7)

Oy /A~ NN -
;{3 , =RAT]= /AT [p2o gm0 2.7)

p =
n Red

where P, represents a section of a polymer chain.

The summary steps are: A cation radical, formed by p-doping or an anion radical formed by n-
doping (which is the polaron) is first formed. This is followed by a second electron transfer with
the formation of a dication (or dianion), which is the bipolaron.*! An alternative representation
is that of Equation (2.8), in which charge transfer complexes may form between charged and

neutral segments of the polymer when the situation allows.!%
PHAT + P = [(BP)* A7 (28)

As explained in the next section, the absorption of light by a conjugated polymer may lead to

charge generation. Light is an example of an external stimulus.

2.8.2 Generation of charges through external stimulus-response mechanisms of conjugated

polymers

In intrinsic semiconductors, electrical conductivity may be induced through intrinsic excitation
of the material.l’% B2 The stimulus can be thermal energy (which is temperature dependent),
electric field, or solar light. Extrinsic semiconductors require doping (see Section 3.2) to enhance
conductivity. Charge carriers may alternatively be injected into the material from the
electrodes.™ There is also the necessary field assisted charge generation in polymers. When an
exciton has been generated in a (conjugated) polymer based solar cell, it has to be dissociated

into an electron and a hole. When dissociated, each of the two charge carriers has to be
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transported to its respective electrode in order for it to enable the device to deliver current to an
external circuit. For the two processes (dissociation to generate ‘isolated’ charges and charge
transport) to be achieved, the polymer based solar cell must have some built-in driving
electrostatic field to assist and enable the processes. The assisting field accumulates the

dissociations and generates a charge transport.!!- (%4

2.9 Charge conduction/flow mechanisms in conducting polymers

Semiconductors are distinctively marked by the simultaneous presence of both electrons and
holes, whereas in metals, only electrons are present. This means that current conduction in
polymers (as is the case for all semiconductors) is characterised by the motion of both charge
carriers (that is, electrons and holes) in opposite directions. For metals, current conduction
involves the flow of electrons only. An organic photovoltaic device of the metal/polymer/metal
assembly has the structural presence of metal/polymer junctions sandwiching a bulk
semiconductor (or semiconductor blend) material. Potential barriers have illustratively been
explained to develop at these interfaces, leading to the creation of rectification phenomena (that
is, diode characteristics) which are now understood to be associated with potential barriers at
metal/polymer interfaces (or in general metal/organic semiconductor interfaces). This means that
in the absence of illumination (that is in the dark) an organic photovoltaic device (for example,
organic solar cell) is a diode. This characteristic can be used to distinguish between a well

fabricated solar cell and one with many shortcomings.

The fundamental electric current conduction (that is, simultaneous flow of electrons and holes)
processes in metal/polymer/metal devices are mainly explained by two theories, which are,
charge carrier injection from the metal electrode into the polymer and vice versa at
metal/polymer/metal interfaces and charge transport in the bulk polymer material. The
domination of one over the other depends on the particular settings of the experimental
parameters, such as temperature, electrode workfunction, external bias, surface density of states,
trap density, transport and trapping levels of the polymer.[*” One of the two processes may occur
at a much lower rate than the other. Since the two contribute to the carrier flow through the
device, it means that the slower process limits the carrier dynamics and therefore controls (or

dominates) the characteristics of the current through the device. To emphasise that the current
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characteristics are ascribed to the lower rate mechanism, the current is referred to as either
injection limited, if the carrier cross-over at the interface is of lower rate or bulk transport
limited,™ %1 jf the carry-through transportation rate by the polymer material is weaker. The
transition between injection limited and bulk transport limited depends upon the bias (field) and
the temperature. Core variables that have a significant bearing on whether the current is injection
limited or bulk transport limited (commonly short- termed bulk limited or transport limited) are
the externally applied electric field and the height of the potential barrier to be overcome (see
Figures 2.5 and 2.6). Currently, the widely applied understanding is that of taking barrier heights
of less than 0.2 eV to be presenting insignificant hindrance to the injection and therefore, the
associated current is generalized as bulk limited. Barrier heights between 0.2 eV and 0.5 eV
account for the transition range, whilst those above 0.5 eV and with non-extreme biases have
corresponding currents described as injection limited.*®

The preceding introductory remarks in this section converge at the realisation that the current-
voltage J(V) characteristics of metal-polymer-metal devices are in many ways controlled by the
charge carrier injection processes from the injecting contacts and the transport mechanisms in the
bulk polymer material. We present a deeper discussion about these phenomena in the next
subsections in order to contribute to the enhancement of the understanding of the physics of such
conjugated polymer assemblies and also for subsequent use in the characterisation of our

devices.

For charge transport in the bulk, it is the morphology of the bulk which contributes greatly to the
way in which charge flows through the active material/blend. Once the carrier injecting contact
can provide a reservoir of carriers, the behaviour of the injected charge carriers and hence the
current, is controlled by the properties of the bulk material in which the charge carriers will now
be flowing. Charge transport in the bulk may be of space charge limited current (SCLC),
hopping and/or percolation forms. These forms are however not exhaustive, because transport
mechanisms in such devices of organic origin are still not clearly understood. Each of the
transport forms may be accomplished through diffusion, drift, etc., processes. For SCLC, the
condition is that one of the electrodes must be ohmic. This means that it should be capable of
supplying charge carriers to the bulk polymer (semiconductor) material at a rate which surpasses

the rate at which the bulk can transport the handed over carriers. Since the bulk material fails to
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immediately transport all the injected charge, the result is that charge delays and piles up
(accumulates) in the polymer region near the injecting electrode and builds up an electric field
that hinders further injection. Such heaped up cloud of charge, spreading over a significant
region of space in the active material, is referred to as space charge. It is the one which slows
down (limits) or determines the rate of charge flow (that is, current) within the device. Since
space charge is limiting the current in this case, it is for this reason that such current is referred to

as space charge limited current (SCLC).

2.9.1 Charge carrier injection mechanisms at metal/active layer/metal interfaces
Whilst the following charge flow mechanisms can be generalized for semiconductors, we

confine our discussion to conducting polymers of the conjugated form and fullerenes.

In Section 2.4 we deliberated that the function of an electrical contact is either to enable or to
block charge carrier injection. There are two possible ways in which charge carriers (electrons
and holes) can be injected from an electrode (metal) into a polymer (or vice-versa) across the
metal-polymer interface and these are: thermionic emission and quantum mechanical tunneling.
There is also the diffusion theory which accounts for the charge carrier drift/diffusion process
from the depletion region (adjacent to the junction, in the semiconductor) into the metal.[°®®! The
theory assumes a bias drop inside the depletion region, in which case, the barrier does not present

an obstacle to the flow of charge across the junction and we shall therefore not consider it.

In order for charge carriers to be injected from the metal into the polymer, they must overcome

the potential barrier at the metal-polymer junction. If the potential barrier ¢, is of small enough

height (¢B >>,/kBT/me) or at high temperatures T (T >>eg, /k,), many charge carriers

energetically surmount the junction barrier and cross over into the (organic) semiconductor. Note
that this is a classical process enabled by the charge carrier’s possession of high enough thermal
energy. Such thermally induced flow of charge carriers over a potential energy barrier is termed
thermionic emission."®" [ The process occurs, because the thermal energy given to the charge
carrier overcomes the work function of the material (metal, in the case of injection from metal
into polymer). In this regard, thermionic emission theory assumes that charge carriers, which

have energy larger than the top of the barrier, will cross the barrier, provided they move towards
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the barrier. In this regard, the theory assumes an abrupt bias drop at the metal/semiconductor

interface and neglects scattering adjacent to the barrier.!®!

At low temperatures or high electric fields , the dominant transport across a Schottky barrier is
quantum mechanical tunneling, which can either be direct tunneling (field emission) at the quasi-
Fermi level, or thermally assisted tunneling (thermionic field emission). Whilst direct tunneling
takes place at the quasi-Fermi level, thermally assisted tunneling occurs above the Fermi level,
but below the top of the barrier.®® Figure 2.25, depicts these exchange injection mechanisms at a

metal-organic semiconductor (active layer) junction.

The type of injection is predominantly dependent on the potential barrier height. In the event of
the charge carriers being confronted by a potential barrier of a large value, a small number of the
carriers will likely have energies greater than the potential barrier height. As such, negligible
thermionic emission across the junction will take place. The injection can then only occur
through quantum mechanical tunneling of the charge carriers through the potential barrier. The
mechanism is that the charge carriers tunnel from the metal to the empty states at the LUMO or
HOMO level of the polymer. On the other hand, if the concentration of impurities in the polymer
layer is high, tunneling may occur from the metal to the empty localized states in the polymer
layer and constitute a kind of hopping process. The smallest barrier at any given metal- organic

semiconductor junction always dominates the injection. /¢!

The tunneling current may also show rectifying behaviour, but the polarity of the rectification is
opposite that observed in thermionic current. In thermionic emission, the large positive current is
a result of the lowering of the band bending in the semiconductor, which implies easier flow of
charge carriers from the semiconductor into the metal.[®® Charge conduction in the tunneling
regime has some dependence on the magnitude of the bias. For very small bias, the current in
both directions should be linear. However, when the bias is smaller than the barrier height,
tunneling in the reverse biased contact may be larger, because the tunneling distance is smaller

than in the forward biased contact.[®®
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Figure 2.25 Injection mechanisms through and above a triangular potential barrier at a metal-organic

active layer interface. @5 is the potential barrier height.

Assuming no presence of surface states at the metal-organic semiconductor interface (which may

pin the Fermi level between a dielectric and the electrode) and also no depletion layer due to

impurity doping, the energy barriers that regulate hole and electron injection are respectively

(refer to Figures 2.5 and 2.6): @en = ®m (anode) — | = (Eg + %) and Pee = Om (cathode) — %, (2.9)

where Om (anode)
$m (cathode)
I=(Eg+%)
X

Eq

is the workfunction of the (positive metal) electrode

is the workfunction of the (negative metal) electrode

is the ionization energy of the organic dielectric (semiconductor)
is the electron affinity of the organic dielectric (semiconductor)

is the (forbidden) energy gap of the dielectric (semiconductor)

The parameters in Eqg. (2.27) help to show at which energy levels hole and electron transport

proceed (which in effect indicates where the HOMO and LUMO are located energetically).
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Depending on the magnitude of the bond energy AE, between HOMO and LUMO, the measured
current can either be injection limited or (bulk) transport limited. The bulk transport limited

characteristics are treated in Section 2.9.2.2.

Current is injection limited if the bulk (active material) clears away and transports all the charge
carriers injected into it and performs these clearing and transportation chores at a rate that
prevents any accumulation of the injected charge near the injecting electrode. In this study, the
term ‘charge injection’ refers to ‘charge flow across a metal-polymer junction. Connected to this
is the term ‘injection limited’, which we use in reference to the impedance to/hindrance to/delay
in charge flow within the device, strictly imposed by the electrical contacts (that is, metal-
polymer interfaces in this case).

The models which describe charge injection mechanisms (that is, thermionic emission and
quantum mechanical tunneling) at metal/polymer junctions are Richardson-Schottky (RS) and
Fowler-Nordheim (FN) respectively. The two are briefly described in the next subsections and

are used in characterising the electrical behaviour of the solar cells fabricated in our study.
2.9.1.1 The Richardson-Schottky (RS) Thermionic Emission current model

Thermionic emission model is based on the premise that only those electrons with energies
higher than the conduction band energy at the metal-polymer junction have a share in the
resultant current. According to the RS model, if an electron from the metal acquires enough
thermal energy to surmount the maximum potential barrier formed by the superposition of the
external potential ( due to the applied (bias) voltage) and the image charge potential, it can then
be injected into the polymer.lX%! 1€l 7071 The model holds for low (applied) electric fields and
higher temperatures. With consideration of the lowering effect of the image force on the
potential height, The Richardson-Schottky Emission Model is the Schottky equation (which is

the RS model) is given by, 1% 1181 [70-72]

1

*, - 3V E
= AT?e0| 22 lowl | Y ' /k.T 2.10
Xp(kBT] P (47rgogrdj B ( )
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where ¢, d, &, and ¢, are the interface potential barrier height, active film thickness,
permittivity of free space and relative permittivity (optical dielectric constant) respectively; kg is
Boltzmann’s constant, q is the elementary (electronic) charge, T is the thermodynamic
temperature, V is the applied (bias)voltage (which is positive for forward bias and negative for

reverse bias) and A* is the Richardson-Schottky constant. For free electrons,
A* = 4mqm*kE/h® = 120 Alcm?K, 20

where, h is Planck’s constant. The effective mass of the carrier m*, which actually depends on

the anisotropy of the (polymer) material ™ is assumed to be equal to that of the free electron.

For the case in which temperature T is constant, RS thermionic emission can still be investigated
for by variation of bias voltage at constant temperature through rearrangement of Equation
(2.10), followed by taking the natural logarithm of the rearranged equation. This leads to the

equation

y v\ g
LnJ =LnA" +2LnT - 22 4|9
kgT 4re,&,.d kgT

which can be rewritten as

y N
Lnd =LnA" +2LnT -2 || 9 W 2.11)
Kg 4re,e,d kgT

Based on Equation (2.11), RS plot of LnJ versus vV is made. This RS plot must be a straight

line with positive slope/gradient if the injection of charge through the potential barrier at the

metal-polymer interface is by thermionic emission.

3
From Equation (2.11), the slope of the RS curve is given by ! g (2.12)
kgT \ 47e,e,d

The intercept on Ln J axis = LnA" +2LnT _k¢_BT (2.13)

B
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From Equation (2.13), the potential barrier ¢, corresponding to injection by thermionic emission

at the metal-polymer junction of the device kept at constant temperature T is then given by

—(LnA" +2LnT k,T (2.14)

¢B(RS thermionicemission at constant temp)

Since F = V/d =V = Fd, where F is the electric field due to V. Substituting V in Equation (2.11)

i 3 (1/2)
gives LnJ =LnA"+2LnT - b + g ! VFd , which leads to
Kg 4, e,.d Kg
s W)
Lnd = LnA" +2LnT -5 |[ 9 NS (2.15)
kT 4ng,E, kT

Equation (2.15) is the alternative for Equation (2.11) if the variable parameter in the
experimentation is the applied electric field F, in which case, the plot of Ln J vs JF should

also be a straight line of positive slope if RS thermionic emission is taking place at the metal

polymer interface of the isothermal device.
2.9.1.2 The Fowler-Nordheim (FN) Tunneling (Field Emission) current model

If the barrier height is large and the applied electric field is sufficiently high, the potential barrier
may become so thin that field emission (quantum mechanical tunneling) becomes significant.
Field emission therefore refers to the quantum mechanical tunneling (penetration) through a
potential barrier, by charge carriers (electrons or holes) from a metal to a semiconductor or
insulator when the assembly is subjected to an intense electric field, which however, is not high
enough to cause breakdown. As alluded to in Section 2.9.1, quantum mechanical tunneling can
also occur at low temperatures. At such favourably low temperatures, most electrons tunnel at
the Fermi level of the metal, thus constituting strict field emission (F-emission). At intermediate
temperatures, most electrons tunnel at an energy level E, above the Fermi level of the metal,

which constitutes the so-called thermionic field or thermally assisted field emission (T-F
emission). When at very high temperatures (but not so high to damage (degrade) the assembly)

the main contribution is thermionic emission (see Figure 2.25).
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Figure 2.26" illustrates the quantum mechanical

Classicaly (wave-mechanical) tunneling phenomenon in a
U region .
E 0 o " simple form. Though shown for a rectangular

particle energy

barrier, the phenomenon is the same for all barrier

types. Quantum mechanically, a quantum particle

incoming particle
wavefunction

| particle wavefunction (like an electron) that impinges on a potential

! past the barrier

barrier whose height is larger than its incident
Kinetic energy (Figure 2.26) will definitely

exit

Reduced probability, penetrate a certain distance into the barrier. This is
but not reduced h lassical . b
energy! contrary to the classical perspective, but quantum

Figure 2.26 lllustration of the quantum Mechanics asserts the behaviour by taking into

(73]

mechanical tunnelina phenomenon account the wave-particle duality of matter, which

is significantly pronounced in quantum particles. The FN formulation derives the tunneling
current by starting from the one dimensional (along x axis) time independent Schrodinger
equation for the wave-function of an electron (or other quantum particle). A parallel derivation
can be the following:

The time independent Schrédinger equation is

+V (x)y(x) = Ew(x) (2.16)

which can be written as

o’y(x) _2m(V(x)-E)

poE o vx) (2.17)

If we assume that V(x) — E is independent of position in the interval between x and x +dx and that
the potential V(x) varies slowly with distance x, we can engage the Wentzel-Kramers-Brillouin
(WKB) approximation and arrive at the solution of Equation (2.17), which is shown in Equation

(2.18) for the infinitesimal distance dx.

w(x+dx) = p(x)exp (- 2m Vh(zx)_ E dx} (2.18)
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The negative sign inserted in the equation is to reinforce our assumption that the quantum

particle is moving from left to right. Since the potential V(x) varies slowly with distance x, the
probability amplitude of the wave function at x = x, can be related to the probability amplitude of

the wave function at x = 0 by the WKB approximation

w(0 exp[ j VZm[V ]de (2.19)

V/(Xl)

where W(O) is the probability amplitude of the incident wave function (that is, the wave incident
to the potential barrier at x = 0, where tunneling starts). Since the incident electron energy E is
smaller than the potential V(x), the classical expectation would be that of no penetration.
Interestingly, this is not so for the quantum particle, whose wave ceases to oscillate sinusoidally
as shown in Figure 2.26 before incidence, but decays exponentially in probability amplitude as it
penetrates the barrier. Since there is no scattering, its energy E remains constant, as Figure 2.26
shows. By further engagement of the WKB approximation, the tunneling probability T(E) can be
estimated for the assumed triangular potential barrier for which V(x)— E=0q¢; (1—%}

1

T(E):M T(0 exp{ 2]‘/% ¢B 1—— dx} (2.20)

where x is the distance into the barrier between zero (0) and x,. Equation (2.20) can be rewritten

in the form

T(E)=T, exp{— zj:l\/i—T[vB (x)-E] dx} (2.21)

where Vg (x) the barrier energy as a function of the distance x, m is the mass of the tunneling
particle, E is the total energy of the quantum particle (which is smaller than the barrier potential
V(x)) and T, is the tunneling probability when the energy of the particle is larger than the barrier

height (which is virtually equal to 1). The tunneling probability then becomes
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32
ﬂ_\/thm LJ (2.22)

T(E):exp[—3 F

where F is the electric field given by

In a given metal-polymer interface, a combination of diffusion current, thermionic emission
current and tunneling current can exist, but typically only one current mechanism dominates.
When field emission dominates, the Fowler-Nordheim model, which ignores image charge
effects, assumes the quantum tunneling of electrons from the metal through a triangular potential
barrier into unbound continuum states"®” and postulate that the tunneling injection current

density J is given by

2.23
3hgF (2.23)

87+/2m" ¢§’2J

J—Aerxp{——

where m* is the effective charge carrier mass, F is the applied electric field and A (in A/V?) is a
rate coefficient that contains a tunneling prefactor and rate of current back-flow, h is the Planck
constant equal to 6.62607004 x 10" m?kg/s and q is the electronic charge. Equation (2.23) is the
Fowler-Nordheim tunneling current, which can also be expressed in terms of the applied (bias)
voltage V by substituting F with V/d. The model is used in the J(V) characterisation of our

devices. The tunneling current therefore depends exponentially on the square root of the cube of

the barrier height. The expression for A has been deduced to bel’® A=q®/37 heg .

Equation (2.23) can be rewrittenas  J = AF? exp(_?’(j (2.24)
3
where k is a constant given by™®  k = 8”( 2m )(¢B ) (2.25)

3hq

3hgk

3
The barrier height is then given from (2.25) b ¢ =| —/—
g g ( ) y B [8 /2 " j

(2.26)
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The tunneling current density J may also be obtained from

J =qvypT(E), where v is the Richardson velocity (2.27)
. . J 1
Equation (2.24) can be rewritten as =3 = Aexp (— k(EB (2.28)
: . J 1
from which we obtain Ln[?j =LnA- k(Ej (2.29)

Therefore if quantum mechanical tunneling is ongoing, the graph of Ln(%) against é should

be a straight line of negative slope equal to —k. With known Kk, the barrier height ¢, during

tunneling can then be obtained from Equation (2.26).

However, use of this method to obtain ¢, does not explicitly expose the dependence of ¢, on

the thickness d of the active layer, because d is implicit in the applied electric field F (from
F :\di’ where V is the applied (bias) voltage). Therefore, for practical applications, it is

convenient to express the Fowler-Nordheim tunneling model in terms of the applied (bias)

voltage V by substituting F with V/d. Following on this, it implies that Equation (2.29) becomes

(2.30)

from where we arrive at Ln(vi =LnA-Lnd? —kd (\%j (2.31)

This implies that the graph of Ln(\%) Vs \% is a straight line of negative slope (or gradient)

equal to —kd if tunneling is overwhelming. Therefore, in the tunneling regime,

1o
Gradient of Ln(izjvslplot =—kd = _8”(2m )2 (¢ )2d (2.32)
\Y \Y, 3hq
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: 3hg.(gradient)
From equation (2.32), =7 2.33
quation (2.32) bs { P (2:33)

2.9.2 Charge transport mechanisms, in the bulk conducting polymer

In polymer solar cells, charge carriers either photo-generated or injected into the bulk active
layer have to reach the electrodes. Various charge transport mechanisms accounting for their
motion (to the electrodes) while inside the polymer material or composite have been identified,
the main ones being diffusion, drift or both, which can be of hopping, percolation, etc. form.
These various transport mechanisms are dependent upon the device and the polymer material
attributes such as, crystallinity, nature/level of disorder, amorphousness, etc. This shows that
once the carrier injecting contact can provide a reservoir of carriers, the behaviour of the injected
carriers and hence the current is controlled by the properties of the material in which the charge
carriers are flowing. In this section we delimit our discussion to hopping and space charge
limited current (SCLC), which contribute significantly to transport mechanisms in the bulk.

2.9.2.1 Hopping Mechanism

The random distribution of conjugation length of polymer chains in the bulk of the material gives
rise to the distribution of electronic states where regular lattice arrangement is lacking. This
implies that a polymer film can be described as a discontinuously distributed amorphous phase,
in which the discontinuity is introduced by the small crystalline like ordered phases of small
dimensions. This variation in molecular morphology leads to the broadening of the electronic
density of states and results in hopping®®. Hopping transport can be approximated by a random
walk which is restricted by energetic and spatial disorders. Its transport mechanism is
characterised by a considerable activation energy, which renders its transport mobility to be field

and temperature dependent. The mobility obeys the Poole-Frenkel lawt™

u = poexp (yVE) (2.34)

where p, is the zero field mobility, y is the field activation factor and E is the net electric field.
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Hopping mechanism in polymers considers electrons or hole to be hopping from one chain
fragment (section) to another of the same chain or from one chain to anther chain as illustrated in
Figure 2.27.

Conjugated
polymer chain

Intermolecular h. trans.

Intramolecular h. trans./

Key: Black spheres @ = charge carriers of the same kind (either all electrons or all holes)

Figure 2.27 Intramolecular (intrachain) and intermolecular (interchain) hopping transport

Hopping is considered as the main phenomenon contributing to charge transport in
semiconducting polymers. Most of the conducting polymers show a better hole transport than
electron transport.*! Such disordered systems are subject to an energetic spread of the charge
transport sites, which are often approximated in shape by a Gaussian density of states (GDOS or
simply DOS).™ The charge carriers, which are initially relaxed to equilibrium states, are
sometime later excited to higher energy states through thermal stimulation. The Gaussian
disorder model (GDM) was developed through a Monte Carlo simulation that assumes a

[75]

Gaussian distribution of transport site energy'> given by

p(e) = (2mphos) ™ 7exp (- 5 (2.35)

2
20p0s

where apsis the width of the Gaussian site energy distribution and the energy ¢ is measured

relative to the centre of the DOS. In the GDM formalism, the jump rate v;; between adjacent

sites i and j of the energye; and ¢;, respectively. The separation distance R;; is the Miller-

Abraham’s type, which is.?% 7677]

exp (— gj_gi), & > g
AR kT
V;j = Vgexp (—Zya T) (2.36)
1 §< g
) ] l
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Charge carriers that hop to locations higher in energy are thermally promoted or accelerated by a
field. The effective potential energy barrier for hops to higher energy is given by the difference

between the two states.
2.9.2.2 Space Charge Limited Current (SCLC) Theory/Model

Current is injection limited if the bulk clears away and transports all the charge carriers injected
into it and performs these clearing and transportation chores at a rate that prevents any
accumulation of the injected charge near the injecting electrode. If the injection rate outweighs
the transportation rate, then the current is said to be transport limited (or bulk-transport limited or
simply, bulk limited). This situation implies that the bulk (polymer material) is failing to cope
with the injection pace, since it cannot at once sweep away and transport the injected carriers. As
such, the ‘stranded’ charges accumulate inside the polymer, in the region adjacent to the
injecting electrode and gradually develop an electric field that hinders continued injection. This
accumulated cloud of charge, spreading over a significant region of space, is referred to as space
charge and the corresponding current is called space charge limited current (SCLC). In a
photovoltaic device, if at least one contact can inject (within the locality) higher charge densities
than those of the material in thermal equilibrium without carrier injection, then space charge

limited currents can surface.l’®

The space charge limited (SCL) dark current conduction (not resulting from light absorption or
thermal perturbations) takes place when the contacting electrodes (under bias) are able to inject
either electrons into the conduction band or holes into the valence band of a semiconductor or an
insulator and when the initial rate of such carrier injection is higher than the rate of
recombination, so that the injected carriers will form a space charge to limit the current flow.™®

Carrier injection into a solid material is generally categorized into two divisions, which are
single injection and double injection. In single injection, the current flow is mainly due to one
type of carrier (electrons or holes) injected from a contacting electrode into the solid. The
injected carriers gradually develop a space charge resulting in single carrier SCLC. For double
injection, the current flow is comprised of two different types of charge carriers; electrons
injected from the cathode and holes from the anode. In double injection, all the electrical
properties are controlled by recombination kinetics. The recombination process may either be

bimolecular (which implies band-to-band electron-hole recombination) or it may take place
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through one or more sets of localised recombination centres. The J(V) characteristics strongly
depend on the concentration and the distribution function of traps inside the active material and
other boundary conditions. Since a few of our devices will be of the one-carrier current injection
class, with the majority belonging to the two-carrier current (double) injection category, we
present a brief discussion of both processes. We start with single injection and then treat double
injection thereafter. Actually, the space charge electric conduction is quite intricate, because
many competing processes are at play and so to tone down the otherwise burdensome solution,
we resort to simplifying assumptions.

2.9.2.2.1. Modeling (single carrier) SCLC: Many transport parameters such as, charge carrier
mobility, concentration of traps, parasitic resistances, etc., can be estimated from models of the
transport of charge carriers in the SCLC region. In this section a formulation of the space charge
limited (SCL) model (the current of which is the SCLC) is described, due to its application in the
electrical characterisation of the bulk regions of our devices. Furthermore, the model/formalism

provides a deeper understanding of the efficiency-limiting factors in polymer solar cells.

Since the active material in a polymer solar cell (and light emitting devices) is thin (nano-scale
order of magnitude), charge transport in such devices is assumed to be a one dimensional
mechanism. We can therefore invoke Poisson’s one dimensional and continuity equations for
electrons and holes, which constitute the fundamental transport equations modeling charge
transport behaviour. Assuming negligible effect of traps, the drift-diffusion current equations and

the Poisson’s equation are respectively given by

d d
Jn = €| ~n (GO + Dy T2 (2.37)
d d
Jp=e [—up (0px) d—f + D, d—z (2.38)
dE(x) e _
—— =-[p(x) —n(x)] (2.39)
where Jn and J, are the electron and hole current densities respectively

n(x) and p(x) are the respective electron and hole densities

D, and D, are the respective electron and hole diffusion constants

63



te and p, are the electron and hole mobilities respectively

€ = gy&, IS the permittivity of the polymer material blend or single component D/A

The electric field E(x) and the electrostatic potential y(x) are connected by the equation

E(x) =— % (2.40)

The Einstein equation D = ukgT (2.41)

connects the mobility and diffusion coefficients. In Equation (2.41), kg is Boltzmann’s constant

and T is the thermodynamic temperature.

In the SCL transport regime, the drift current dominates the net current flow and the diffusion

component is often considered negligible.

2.9.2.2.1.1 The ideal case — Without traps (trap free solids): If we assume negligible trap
density or traps free bulk, we can obtain an analytical expression of SCLC through simultaneous
solution of the current equation (2.37) or (2.38) with the Poisson equation (2.39). This yields the
practical equation

9 V2
J=JscL = s 3 (2.42)
where w is the charge carrier (electron or hole) mobility and d is the film thickness.

Equation (2.42) is true for a trap free SCL transport. It is referred to as Child’s law for solids and
is also often known as the Mott and Gurney equation or the square law for trap-free SCL currents
(TFSCLC), ™ I Child’s law is modeled on the basis of stringent adherence to the quadratic
dependence of current (= current density) on voltage. This means that if a Log J vs Log V plot
has slope 2, then the behavior is characteristic of Child’s law. However, this does not literally
mean that there are no traps in the active material, but rather means that the traps are all filled.®"
A strikingly clear and undoubted difference between SCL currents and injection limited currents
is that SCLCs depend on the thickness of the active layer (as can be deduced from Equation
(2.42)), but injection limited currents do not. This characteristic difference provides an informed

guidance to valid experimental set-ups and the subsequent analyses of results of conjugated
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polymer-based photovoltaic devices. The dependence of current on the electric field is in most

cases not enough basis of differentiating (TF)SCL currents from injection limited currents.

Equation (2.42) assumes no effect of the thermally generated carriers. At low applied voltages,
the J(V) characteristics may follow Ohm’s law if the density of the thermally generated free

carriers p, is predominant such that!®

2

V.9 _ VvV
qpott7 > SEl 3 (2.43)
The start of the departure from Ohm’s law or the start of the SCL conduction occurs when the
inequality (2.43) becomes equal and V' = Vi, scrc, Where Vi, scre 1S the minimum (threshold or

lower limit) bias voltage required for the transition from ohmic to SCL regime to take place.

Therefore, using equation (2.43), the minimum applied (bias) voltage for this transition to take

2
place is Vin sce = gqud (2.44)

If equation (2.44) is rearranged in the form

d? 9 ¢

== (2.45)
UWehscLc 8 qpokt
we can have the approximation
tt = T4 (246)

where t, is the charge carrier transit time and t, is the dielectric (or ohmic) relaxation time,
which is a measure of the time required for the injected carriers to re-establish equilibrium. From
Equations (2.45) and (2.46), we can deduce that when the transition from the ohmic regime to

the SCL regime takes place, the carrier transit time t, can be given by

dZ
te = 7 at Vin scrc (2.47)
th SCLC
and = 2.48
ta = pon (2.48)

If the applied voltage V is less than Vi, scic, then t, > 4, which implies that the injected carrier

density p is less than the thermally generated carrier density p,. Therefore, the injected carriers
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will redistribute themselves with an inclination to maintain electric charge neutrality internally in
a time comparable to 7, and have no chance to travel across the specimen (material).™. The
redistribution of the charge is termed the dielectric relaxation. In this case, the density of the
carriers p, is not changed by the injected carriers, because the injection of p would be
accompanied by a net space charge, which according to Gauss’ law would generate an electric
field that would exert an attractive force on nearby carriers of opposite charge. The attracted
charges then accelerate in and neutralise the space charge. As a result, carriers of the same
charge as the ones being injected, for example, holes in all regions of the specimen begin to drift
in such a manner that the injected holes now do the business of replacing those holes flowing out
at the contacting electrode. This leads to no significant change in the carrier (for example, hole)

density everywhere within the polymer material.

Therefore, when t, > t; the ohmic process is predominant and the effect of injected space
charge is suppressed and when t, < t,; the SCL conduction is predominant and the ohmic
process is suppressed. The transition from ohmic to the SCL conduction is not a sudden change,
but rather a gradual change.!*®! When the density of the thermally carriers p, inside the polymer
material is larger than that of the injected carriers, the ohmic conduction becomes predominant

and we can therefore set V = V. The total current can then be qualitatively expressed as,™®
Vo , 9 V¢ 14 1% 1%
] =apop—+zen—; = qpoi— + qpok = q(2po)u—

> Jo = apu=2 (2.49)

which is Ohm’s law equation.[16]‘ ) The parameter p is the overall (injected plus thermally
generated) free charge carrier density of the active material, ], is the ohmic current density and
Vq is the applied (bias) voltage in the ohmic regime. If the slope of a Log — Log plot of J(V) or
I(V) at low voltages equals 1, then the behaviour can be attributed to Ohm’s law. However, the
bottom line is that ohmic compliance breaks down at the space charge limit when the injected
charge carrier density is comparatively so large that the electric field generated in the polymer
specimen (by the created space charge) overwhelms that due to the applied bias and result in the

space charge limit characteristics taking centre stage.
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2.9.2.2.1.2 The Real Case - With traps: When traps are present, most of the injected charge
carriers are localised and do not contribute to current flow. Under such situations, the J(V)
characteristics are determined by the density and energy distribution of the trap sites. However
the considerations of this case are so huge that due to time constraints, its detailed treatment is
beyond the scope of this study. Many factors come into play in different trap distribution
categories like, traps confined in single or multiple discrete energy levels, traps distributed
exponentially within the forbidden energy gap, traps distributed Gaussianly within the forbidden
energy gap, whether shallow traps or deep traps, whether trap distribution is homogeneous or
inhomogeneous, density of unfilled traps, etc. As such, we delimit most of our analyses to the
ideal case blended with checks for the presence and impact of traps. Small inroads into

quantitative considerations are only done for a few isolated cases which thus demand.

Also, in the case of traps confined in single or multiple discrete energy levels, the ohmic
conduction predominates when the density of thermally generated free charge carriers p, inside
the polymer material is greater than the density of injected carriers p. The onset of the transition
from the ohmic to the SCL conduction follows the same principle discussed for the ideal case
and takes place when the applied voltage becomes,

9 qpod?

Vinscre = 8 0.¢ (2.50)
a

where 6, is the ratio of the free carrier density to the total carrier (free and trapped) density and

is given by

__PF
P+ pe

0, (2.51)

where p; is the density of the trapped charge carriers.

Thus, for the trap free case, p, = 0 and therefore, 6, = 1. Equation (2.50) shows that with all
traps, 6, is always less than unity. In fact, it could be as small as 10~7.' For simplicity,
equation (2.50) ignores the effect of the inhomogeneous (non- uniform) spatial distribution of

traps.
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From Equation (2.50) we can extract that: V;, ¢, increases with increasing p,; the higher the
concentration of traps, the higher is the value of V;;, s¢.. At quasi-thermal equilibrium of trapping
and detrapping (when trapping and detrapping have reached steady state) the total density of

injected carriers pr is given by pr = p + p;. Therefore the effective mobility is

p
Hepy = -1 = ( )u = 0,1 (2.52)

p P+ pe

where p is the usual (trap free) mobility of the free carriers. In fact, py is the effective carrier
density for electric conduction. Extending from Equation (2.52), the effective carrier transit time
can be expressed in terms of free carrier transit time t, at V, (with the remembrance that

Vo = Vinscrc) ast*®!

te d>  d?
00 60apVo  HerrVa

This means that the change from the ohmic to the SCL regime takes place when t;.sf is

approximately equal to .

There is always a transient supply of injected carriers when a voltage is applied across a polymer
material. Even if V < V,(when ohmic conduction is normally predominant in the steady state),
the ohmic behaviour can be observed only after these space charge carriers become trapped.®”

The SCL current for this case of traps confined in a single discrete energy level has been found
to be given by. 28 124
9 v?
IscLe = gfllga FED (2.54)
eff

2
which shows that [ « d‘;— , Where d. is the effective thickness, which takes into account

eff

the effect of non-uniform spatial distribution of traps.

For traps distributed exponentially within the forbidden energy gap, the combined SCL current J

is estimated by!'®!
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LN (ZHl)Hl L\ v 2.55
J=a w7 [+1H)) a2 (2.55)

V 1+1

which shows that JscL FEES

By setting J = qpoug equal to equation (2.55) we obtain the applied voltage for the onset of the

transition from the ohmic to the SCL conduction, which is given by

1+1/1

_ qd’Hy (p(,)l/l (l + 1) (l + 1)
Vo= N,. I J\21+1 (2:56)

When all the traps are filled up, a transition from the trapped SCL current to a trap-free SCL
2
current will take place. By setting | = gsu% (which is the trap-free current (Equation (2.42)))

equal to Equation (2.55) we obtain the trap-free limited (TFL) threshold voltage (Vg )"

1/(1-1)

qd?[9H! 14+ 1\ /14 1\
( )( (2.57)

V==l U1 ) \@rs

where, [ is defined in terms of a characteristic trap distribution constant.™®! (6. [761. [€2]

2.9.2.2.2 Space Charge Electric Conduction (SCLC) for Double (two carrier current)
Injection

Double injection is characterised by charge carriers being injected into a semiconductor (or
insulator) through simultaneous emission of electron and hole from the contacting electrodes.
Electrons are emitted from the cathode, whilst holes are emitted from the anode. Such charge
emitted upon absorption of light increases the electric conductivity of the polymer material.
Under such conditions, np > n?, where n? = nypy, n, and p, are the thermally generated
electron and hole densities respectively inside the polymer specimen, n; is the electron (or hole)
density of the intrinsic semiconductor, n and p are the free electron and hole densities
respectively. Since all materials always have imperfections resulting in localised states, it means
that the injected carriers in the material will either be temporarily captured at trapping centres or

lost completely through recombination centres.™*®!
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Chapter 3
Underlying physical principles of organic solar cells

Prior to the presentation and analysis of our experimental settings and results obtained from
fabrications of the carbon-based solar cells, it is crucial to get an insight into the fabrication of an
organic solar cell (OSC), the underlying physics governing its operation, its characterisation
techniques, optical limitations, response and behaviour, which impact on its power conversion
efficiency. As such, the purpose of this chapter is to bring to light such prerequisites. As we do
so, we confine our treatment to the bulk heterojunction (BHJ) polymer-fullerene solar cell,
because it is central to this study. Our presentation is of a general approach and we leave the

focus on specific materials used for the next chapter.
3.1 Organic solar cells (OSCs)

3.1.1 Structural configurations of OSCs

Two different structural configurations commonly adopted in organic photovoltaics (OPVs) are
the normal and the inverted®® %% Geometrically normal organic solar cells are of the
structure: substrate/semitransparent high workfunction cathode-hole collector/ active layer/
low workfunction anode-electron collector.’® (See Figure 3.1.) Under this structure, the anode

is deposited as the last layer on top of the organic semiconductor blend.®

Normal OSC

Cathode contact—5 — - ) — —
Electrode: Low workfunction metal anode-electron collector

(e.g. Al)

Electrode: Semitransparent high workfunction ‘metal’
Anode contact —> 4 4 cathode-hole collector (e.g. ITO) 4 +

Glass Substrate

Figure 3.1 Normal structure organic solar cell
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The down side of this architecture is that the low workfunction metal electrode can be easily
oxidised in air, which lowers the device performance. As such, encapsulation of the device
becomes necessary to protect it from oxidation. Alternatively, an inverted structure is used. An
inverted OSC is of the structure: substrate/cathode contact-electron collector/active
layer/hole collector-anode.® (See Figure 3.2.) Under this structural configuration, the low
workfunction metal is in contact with the substrate, while the high workfunction metal is

exposed to air.®!

Inverted OSC
Anode contact —5F + F F F

Electrode: High workfunction metal cathode-hole collector

Electrode: Low workfunction metal anode-electron collector

Cathode contact—> — —_ -_ — —

Glass Substrate

Figure 3.2 Inverted structure organic solar cell

For organic solar cells with one of the electrodes being transparent conducting oxide (such as
ITO), a normal cell would have indium tin oxide being the hole collecting electrode
(drro = 4.7¢V) and the electron collecting electrode would be a metal with a lower workfunction
than ITO (like aluminium (Al, dai = 4.2 eV)). In inverted organic solar cells, ITO is the electron
collecting electrode and a metal with a work function greater than ITO (like silver or gold) serves
as the hole collecting.® 8 \When an ITO substrate is used in the inverted structure, its role is
flipped from collecting holes (which it does under normal architecture) to collecting electrons.
This is possible, because the workfunction of ITO (4.5 to 4.7 eV) lies between the typical
HOMO and LUMO of common active composites (like PBHT:PCBM).!®! As such, ITO can
collect either holes or electrons depending principally on the contact properties of the coating
layer on top of its (that is, ITO) surface.®! In the normal structure, a relatively higher

workfunction layer, mostly PEDOT:PSS, which collects holes, is cast on top of ITO, whereas in
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the inverted architecture, the workfunction of ITO is lowered by coating with a low
workfunction material and it collects electrons.®® One advantage of the inverted structure is that
the need for using PEDOT:PSS, which is acidic in nature, is circumvented. This study uses the

normal structure.

3.1.2 Attributes of the normal structure bulk heterojunction organic solar cell

Figure 3.3 is a schematic illustration of the geometrical structure of the layers of a normal
polymer-fullerene bulk heterojunction solar cell with a high workfunction buffer layer. (Also
refer to Figure 3.1.)

Anode - electron collector (Metal electrode e.g. Al)
Active Layer (e.g. polymer-fullerene blend)

High workfunction buffer layer (e.g. PEDOT:PSS)
Cathode -hole collector (e.g. ITO electrode)
Glass—>

Figure 3.3 Normal structure organic solar cell with high workfunction buffer layer

This type of solar cell fundamentally consists of five layers, which are: glass, semitransparent
hole collector electrode, high workfunction buffer layer, active layer and electron collector
electrode. In OSCs, as in an electrochemical cell, the terminological concept of what electrode is
anode and what is cathode is based on the direction of flow of electrons. Electrons flow to the
anode electrode. In an electrochemical cell, the anode is the electrode at which oxidation occurs
and electrons flow from the electrolyte to it. Analogously, in a normal OSC, the anode electrode
is the low workfunction metal or metallic electrode to which electrons from the active layer flow
to.[® Therefore, in the case of an ITO/PEDOT:PSS/ACTIVE LAYER/AI solar cell, the anode
(electron collector) electrode is Al and the cathode (hole collector) is ITO. This means that under
this geometry, the indium tin oxide (ITO) terminal is an anode contact, whilst the Al terminal is a
cathode contact (See Figure 3.1. Also note the difference between cathode/anode electrode and

cathode/anode contact.)

The glass (or other suitable rigid body) serves as a support base (foundation) for the solar cell
and the crucial prerequisite is high transparency (> 90%) in the visible spectrum, because this is
the light that the solar cell harnesses for power generation. In addition to their use as electrodes,
ITO and Al importantly generate a built-in electric field that arises due to the difference in the
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work functions of the two metals. This electric field spans across the solar cell from the ITO
electrode to the Al electrode. A detailed description of this physical quantity (the built-in electric
field) is presented in the next section. ITO is chosen, because it also fulfills the ‘transparency to
visible light’ requirement. Such material, which is coated on a glass substrate, must allow all

light from the glass substrate to pass through to the active layer.

PEDOT:PSS (poly[3,4-(ethylenedioxy)-thiophene]:poly(styrene sulfonate) is a buffer layer
which has multiple enhancement functions in a polymer solar cell. An elaborate description of
this chemical as well as many of its utilities is given in Chapter 4, where all materials
incorporated in our devices are significantly treated. For now, the extraction that PEDOT:PSS’s
inclusion in the polymer solar cell increases the built-in electric field, which thus improves the

performance of the solar cell'® suffices for the present needs.

The active layer is a polymer-fullerene blend, whose function is to generate charge carriers upon
absorption of light. The fullerene derivative, like [6,6]-phenyl-C61 butyric acid methyl ester
(PCBM) is the electron acceptor for a donor conjugated polymer material, like poly-3-
hexylthiophene-2,5-diyl (P3HT). These organic materials are not crystalline (like silicon or
germanium) and when mixed in a common solvent, they form a disordered blend of electron-
donor and electron-acceptor materials, hence the name bulk heterojunction. Donor polymer
materials show high light absorbance, whilst the acceptor fullerenes exhibit strong affinity for

electrons.

Currently, there are three donor-acceptor bulk morphologies: the bilayer, the bulk heterojunction
and the “comb” structure. However, our focus is on the bulk heterojunction, which provides
many polymer-fullerene interfaces for improved charge dissociation. In a bulk heterojunction
device, charge generation can occur throughout the bulk and charge transport mainly depends on
the transport properties of the individual components. The collection efficiency of these
polymer-fullerene photovoltaic devices is greatly increased by controlling the morphology of the
phase separation within the bulk material, so that an interpenetrating phase separated donor-
acceptor (D/A) network composite is formed. Such maneuvering ensures the establishment of a
large interfacial area within the bulk material, such that any point within the composite gets to a
few nanometers of donor-acceptor interface, where electron transfer takes place. Additionally, it

is best that the network is bicontinuous (doubly running) with the constituent materials adjacent
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and parallel to each other in such a manner that pathways to the respective electrodes exist for
the separated charge carriers. The bicontinuous configuration guarantees efficient hand over of
the electron by the donor to the acceptor, as well as efficient collection (receiving) of the electron
by the acceptor at the interface of the two materials. Such a composite is effectively the ideal

bulk D/A heterojunction material.

In a bilayer device, the p-n junction is the origin of rectification, while for a bulk heterojunction;
rectification has to be introduced via selective contacts and the subsequent built-in electric field.
The creation of bulk D/A heterojunctions is a milestone step towards the creation of efficient

nanostructured p-n junctions in organic materials.
3.2 The built-in electric field and its band bending mechanism

When a bound exciton has been generated in a polymer solar cell, it has to be dissociated into an
electron and a hole. Each of the two charge carriers (electron and hole) has to reach its respective
electrode so that the cell can be enabled to deliver current to an external circuit. For this to
happen, the polymer solar cell must have some kind of built-in driving force, which promotes the
dissociations (at the D/A interfaces) and the subsequent charge transport (in appropriate material
phases) to the different electrodes. This built-in driving force can be created through spatial
variations in the electronic environment, which practically is done through junctions of materials

with different electronic properties,*" ¥ (that is, different work functions).

For a deeper understanding, we can imagine a simple polymer solar cell that consists of a
polymer layer sandwiched between two metals, the assembly of which forms a heterojunction.
The two metals generate an electric field inside the polymer due to their different (asymmetrical)
work functions. This built-in electric field generates a built-in driving force, which if large
enough, can dissociate the Coulomb-bound excitons by pulling the electrons and holes in
opposite directions.’®® Therefore the built-in electric field is that force on unit charge, which is
created, because of the difference in the work functions of the two materials (metals or
semiconductors) in electrical contact. In the case of polymer photovoltaic devices, the built-in
electric field’s functions can be two fold. Firstly, the force field can be used to dissociate the

generated excitons into holes and electrons. Secondly, it pulls (drives) the separated (lone)
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charges to their respective electrodes. The creation of a built-in electric field causes band

bending, the physics of which is epitomized as follows:

Before the polymer solar cell is built, the Fermi levels of the two electrodes (for example, ITO
and Al) are independent of each other. When assembled, as explained in Chapter 2, a
redistribution of charge carriers begins and the diffusion continues until thermal equilibrium,
which is marked by the alignment of the Fermi levels of the two metals, has been reached. This
redistribution of charges results in the establishment of an electric field, which affects the
valence and conduction bands. Depending on the conductivity of the polymer, two different

profiles (shown in Figure 3.4) can be created ®]

[ CB ‘}d CB CB
Al o~
®rro — \ \
ITOR LAl ITOR LAl
VB VB VB

(A) (B) ()

Figure 3.4 Illustration of two possible band bending profiles in a polymer solar cell. ITO is the
high work function electrode and Al is the low work function electrode. (A) depicts the energy
levels before the solar cell assemblage, while (B) and (C) show the energy levels after
assemblage. In (B), the polymer is an insulator and so the electric field changes linearly through
the cell. (C) polymer is hole conducting and so a Schottky barrier is formed between the polymer

and the low work function electrode.®®!

If the polymer is an insulator, it will have no free charges to participate in the redistribution.
Therefore charge carriers which can diffuse are only those from the electrodes. This means that
electrons from the low work function electrode (Al in this case) diffuse to the high work function
electrode (ITO in Figure 3.4) in order to align the Fermi levels and establish a thermal
equilibrium." As a result, the low work function electrode is left positively charged and the
high work function electrode becomes negatively charged, thus the creation of a built-in potential

difference between the two electrodes, which generates the built-in electric field under present
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discussion. If the sandwiched polymer is an insulator, this field changes (builds up) linearly
throughout the solar cell and in so doing, pulls the valence and conducting bands in skewed
form, as shown in Figure 3.4 (B).*! The skew direction of the polymer bands at each metal-
polymer contact, is the direction in which the Fermi level of the adjacent metal goes in order to
establish thermal equilibrium, with the Fermi levels of the two metals aligned. For insulator
polymer (B), this implies, downward on the Al side and upward on the ITO side).

At this stage, it is crucial not to be trapped in the misconception of interpreting this band bending
to be referring to the physical bending of the conduction and valence bands of the polymer,
because it does not. Rather, it is used to illustrate a local change in the energy of electrons in a
semiconductor caused by an applied electric field,"*"! (which happens to be the built-in electric

field in this case).

If the polymer is a hole conducting semiconductor, the hole conducting properties of the polymer
allow holes to freely redistribute within the polymer and therefore participate in the alignment of
the Fermi levels. At the junction between the polymer and the low work function electrode, holes
from the polymer will diffuse into the electrode in order to lower their energy. This diffusion of
holes leaves a region of negatively charged acceptor atoms in the polymer and creates a
positively charged domain in the electrode.l*'! An electric field (Schottky barrier) is therefore
created across the interface. This development causes the valence and conduction bands in the
polymer region close to the polymer-low work function electrode interface to bend as shown in
Figure 3.4 (C). Holes tend to drift upwards as also explained in Chapter 2. If the polymer was an
electron conductor, the band bending would have taken place at the junction between the
polymer and the high work function electrode. In this instance the valence band (VB) and

conduction band (CB) bend upwards as the electrons flow from the polymer to the metal.

3.3 Singlet and Triplet states

According to Pauli Exclusion Principle, electrons in a molecular orbital are paired with equal but
opposite spins. When an electron absorbs enough energy it will be excited to a higher energy
state; but will keep the orientation of its spin. The molecular electronic state in which electrons
are paired is called a singlet (transition) state (Figure 3.5). On the other hand, the molecular

electronic state in which the two electrons are unpaired is called a triplet state. The triplet state is
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achieved when an electron is transferred from a singlet energy level into a triplet energy level, by

a process called intersystem crossing; accompanied by a flip in spin (Figure 3.5).

In a singlet state, the spins of the two electrons are paired
—\l/— and thus exhibit no magnetic field and are -called
| diamagnetic. Diamagnetic molecules, containing paired

electrons, are neither attracted nor repelled by a magnetic

|4 i\
vl I

field. On the other hand, molecules in the triplet state have

unpaired electrons and are thus paramagnetic, which means

Ground Singlet Triplet ) )
State State state that they are either repelled or attracted to magnetic fields.
Figure 3.5 Ground, singlet and The terms singlet and triplet stem from the definition of

triplet states multiplicity where: Multiplicity = 2S+1, where, S is the

total spin. The total spin for a singlet state is zero since electrons are paired, which gives a

multiplicity of one (the term singlet state), given by:

Multiplicity = (2 * 0) + 1 =1 = singlet
In a triplet state, the total spin is one (the two electrons are unpaired) and the multiplicity is three,
given by: Multiplicity = (2 * 1) + 1 =3 = triplet

The probability of a singlet to triplet transition is much lower than a singlet to singlet transition.

3.4 Mechanisms of photon-to-charge carrier conversion process in polymer-fullerene BHJ

Solar Cells

The backbone steps whose consecutive operational involvement generates the photovoltaic effect
in BHJ polymer-fullerene SC are: in-coupling of the photon; absorption of the photon in the
donor/acceptor of lower band gap; exciton creation; exciton migration by diffusion; exciton
configuration to electron transfer complex (polaron formation) at polymer—fullerene interface;
electron-hole dissociation —enforced by the built-in electric field across the polymer-fullerene
interface; charge carrier (bulk) transport to the junction of the polymer or fullerene®® with the
metal electrode; charge injection at the electrode (metal)-active layer interface and subsequent
collection at the electrodes; and finally, electric power extraction by the external circuit.
Although significant progress has been made in improving the performance of organic solar
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cells, there are still many gray areas embedded in each of the outlined steps. Basically, these
steps converge to four fundamental processes, which we here treat for the regioregular
conjugated polymer-P3HT:PCBM fullerene BHJ SC.

We start from the encouragement that the photon absorption likelihood is high in organic donor
materials (for example, conjugated polymers), because these materials often exhibit very high
thickness dependent absorption coefficients, which are above 10’ m™.B% As a result, very low
active material thicknesses of between 100 and 300 nm suffice for good absorption yield in
organic photovoltaic devices.*® Unfortunately, on the downside, many organic materials have a
rather narrow absorption band width. Conjugated polymers commonly used in organic solar cells
typically cover the visible optical spectrum only,®® P92 ajthough polymers with wider
absorption bands exist.®**4 In contrast, the inorganic semiconductors, silicon and CulnSe,,
absorb across the whole spectrum of the sunlight and beyond to more than 1000 nm (optical
bandgap 1.1 eV),*® but the costs involved in fabricating solar cells based on these materials are
inhibitive, hence the need to continue studies on the much cheaper organic counterparts.
Therefore, the advantageous optical property of high absorbance in the visible range for

conjugated polymers is utilised.

Figure 3.6 shows a simplified energetic sketch diagram illustrating the fundamental mechanisms
of the photon-to-charge carrier conversion operations. Upon absorption of a photon, a valence
electron of the donor molecule (polymer) undergoes photo-induced excitation, which excites it
from the HOMO to the LUMO, usually of the same molecule of the organic (polymer) material
and in the process leaves a hole behind; thus creating a Coulombically bound electron (e)-hole
(h*) pair called a (singlet) exciton (or Frenkel exciton) (see Figure 3.6). The absorption
efficiency (n,) is then equivalent to the ratio of the generated Frenkel excitons (in terms of
absorbed energy) to the total incident photons energy-wise. In organic materials, excitons usually
reside on one molecule or along an extended polymer segment (intrachain excitons).l®®
However, interchain excitons which reside on adjacent molecules have been reported. Singlet
excitons (which are the ones usually generated upon illumination) have a resulting spin of zero
and triplet excitons have a spin of one.”® The lifetime of a singlet exciton is in the order of 1 ns,
after which it recombines radiatively with photoluminescence as the decay path. Triplet excitons

have a relatively longer life time of up to milliseconds.!*®! °6-7]
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Figure 3.6 Underlying mechanisms of the photon-to-charge carrier conversion process in a bulk

heterojunction solar cell incorporating a conjugated polymer as the absorber material.

The created exciton exhibits a significant amount of binding energy (several tenths of electron
volts,'®®) which is much larger than the thermal energy and therefore precludes the possibility of
it being dissociated by thermal energy at 300K (25 meV). Since the exciton binding energy by
far exceeds the thermal energy at room temperature, it is commonly referred to as a Frenkel
exciton, which distinguishes it from the weakly bound type, called Wannier-Mott!*®! Typical
values of the binding energy of excitons in organic materials are 0.5 to 1.0 eV.['% This is so,
because organic materials exhibit low dielectric permittivities (or constants) that range from 3 —
4, which makes the screening length larger.®® For example, an exciton of radius 1 nm, in a
material with a dielectric constant of 3, has a Coulomb binding energy of 0.5 eV.® In

comparison, thermal energy (kzT) at room temperature (298 K) is approximately 0.025 eV,
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which is much lower than that of an exciton in an organic material. Therefore to achieve
dissociation of the bound charges, another driving force is needed. This force is brought about by
the introduction of a second organic semiconductor, which is more electronegative and thus
lower in energy. The material is introduced either in a bilayer or bulk heterojunction assembly. It
therefore serves as an electron acceptor and due to different work functions of the two organic
materials, the acceptor also incites the creation of a built-in (internal) electric field at the donor-
acceptor interface of the two materials (as explained in Chapter 2). This built-in electric field is
usually large enough to dissociate any excitons that diffuse into the interface location. In fact the
difference between the electron energy on the LUMO of the donor molecule and the
corresponding LUMO of the acceptor molecule has to be larger than the exciton binding energy,
in order to bring about an electron transfer from the LUMO of the donor (molecule) to LUMO of
the acceptor (molecule). The commonly used electron acceptors are the (Buckminster)
fullerenes, C60 and its derivatives,*%%% Jike [6,6]-phenyl-61 butyric methyl ester (PCBM) and
a popular donor is a conjugated polymer like poly (3-hexylthiophene 2,5 diyl (P3HT). Fullerenes

have greater electron affinities than those of polymers or small molecules.[*9>1%%!

In most cases the exciton reaches the donor-acceptor heterointerface by diffusion (within the
donor) towards this planar interface to the acceptor, since it is neutral.2®*%! However, this
journey to the interface is shrouded in problematic challenges. The main challenge is that the
diffusion length (L) of an exciton in most conjugated polymer films ranges from 5 to 10 nm,
(1% which is quite low. The L, = 10 nm approximation is mostly considered to be the
standard.” B This implies that the exciton creation must take place at a distance from the
donor-acceptor (D-A) interface, which is within the exciton diffusion length, in order to guard
against recombination losses (often radiative). This requirement further bottlenecks free charge
carrier generation. Therefore, dimensions of the active layer must be chosen meticulously. The
bulk heterojunction concept, which features a distributed D-A interface over the whole spread of
the active layer attempts to implement the guideline. The phase separation should be as small as
possible. When polymers and fullerenes are mixed well at the molecular level, photo-generated
excitons are next to the heterojunction and often do not need to diffuse that much to the
interfaces for charge transfer process.*® The ratio of the number of excitons that reach the D-A
interface to the total number of excitons generated through photoexcitation is termed the exciton

diffusion efficiency (ngp). Formation of donor and acceptor clusters lead to Schottky barriers.
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The simplified diagram of Figure 3.7 shows the photovoltaic effect for a bulk heterojunction

solar cell whose active layer composite is a blend of conjugated polymer and fullerene. Many
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Figure 3.7 Competing processes associated with a bulk heterojunction (BHJ) polymer-fullerene

solar cell in its photovoltaic effect

At the interface, the electron transfer process is reported to be at an ultrafast pace® 71 (100 fs)
in polymer-fullerene assemblies and very efficient, whereas the alternative loss mechanisms are
relatively much slower.®® In fact, separation process times of 40 fs have been recorded in
polyphenylene vinylene (PPV)/PCBM composites,*” with the back-transfer process exhibiting
heavy hindrance resulting in the establishment of metastable charge separated states with
lifetimes in the fs timescale. Thus, the stabilization of radical ions is intrinsic in this system.

This fast electron transfer process minimises various forms of losses at the D-A interfaces. In
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suitable material combinations, the charge transfer is much faster than any competing loss
processes such as radiative-photoluminescence or intersystem crossing.®! The charge-transfer
(CT) process yields a polaron (Figure 3.7), where the hole and electron still remain
Coulombically bound, but are now in the donor and acceptor phases, respectively. The polaron
finally dissociates as a result of the pull on the mutually bound charges by the built-in electric
field, which splits them into free holes and electrons in their respective phase for bulk
transportation to their respective electrodes. This means that the hole remains in the HOMO of
the donor and the electron is offloaded into the LUMO of the acceptor, from where they are
transported, mainly by hopping along these energy levels until they reach their electrodes
(Figures 3.4 and 3.7). The charge separation efficiency (n¢s) is defined as the ratio of the
number of excitons that have undergone the charge transfer (CT) to the number of excitons that

have reached the D-A interface.

Electrons and holes have different mobilities in the bulk material. The dangers (loss
mechanisms) in the bulk materials are that the charges may fall prey to localised trappings and
recombinations, the risks of which increase with distance travelled. This diminishes the charge
transport efficiency. While a thin active layer minimises the losses, its downside is that it
simultaneously reduces the optical absorption, which is proportional to film thickness. This calls
for an optimization trade-off. An electron or hole that reaches the interface of the electrode
(metal) and the polymer/fullerene is still not guaranteed of reaching the electrode, because it
must overcome the potential barrier at the interface. All the mechanisms (for example, quantum
mechanical tunneling) associated with charge carrier injection at metal-active layer interface
have to deal with the crossing problems presented by the potential barrier height and width,
interface imperfections, geometry and topology, etc. As such, some of the charge carriers are
eliminated (screened) during the cross over. It is only after surmounting all the junction
hindrances that the charge carrier passes and is collected at the electrode. It can then participate
in electric conduction in the external circuit. Interestingly, despite all the transport hitches, the
transport of free charge carriers to the respective electrodes occurs within a period of time
ranging from nano to microseconds.>® The charge collection efficiency (1¢¢) is defined as the
ratio of the number of charge carriers that have collected at the electrode to the number of

excitons that have undergone the charge transfer process.
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3.4.1 Some of the factors affecting performance of organic solar cell (Summary)

Materials used in fabricating the organic solar cell are important. For example, the band gap of
the absorber material should be within UV and visible range. Only photons with photon energy >
band gap of the material can be absorbed and can excite an electron from HOMO to LUMO of
the material. The ability of the material to absorb solar radiation (as shown by the material’s
absorbance spectra) is fundamental, as it plays the crucial role in the generation of excitons.
These play crucial roles in the generation of excitons. Essential attributes of the acceptor material
have been explained in the preceding section (3.3). Other factors, which are mainly
morphological dependent, have been explained to be exciton separation (which generates charge
carriers) and charge transport to electrodes (which partly depends on the transport properties of
the active ingredients). The electrical properties of electrodes are core to charge injection
processes at metal-organic semiconductor interfaces. Recombinations, series and parallel/shunt
resistances and maintenance are also among many other determinants of the performance of an
OSC.

3.5 Current Generated in a Solar Cell
3.5.1 Dark Current

A diode is a device that admits (or conducts) much larger current in one direction, following the
application of a voltage in that direction (forward bias) than in the other (reverse bias). A solar
cell acts as a diode under bias. For a solar cell, the external voltage needed to deliver electrical
energy to the external circuit (or the load) creates a bias across the solar cell, which drives
current, the so called dark current, within the cell, even when the cell is not under illumination
(that is, in the dark) — hence the descriptive term ‘dark’ for such currents. Therefore, dark current
is current generated within the diode, by the photogenerated voltage, which biases across the
diode solar cell. As a result, the dark current will flow in the opposite direction of the
photogenerated current and reduce the net current. It stems from injection movements of
electrons and holes driven by the bias electric filed (generated by the bias voltage) which occur
within the bulk of the active material and which ultimately result in the charge carriers
recombining. A single exponential formula, based on the Shockley equation for an ideal diode

and which adequately approximates the dark current is 1%®!
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where 1, (V) is the dark current in terms of the applied voltage V, n is the ideality factor, I is

0
the reverse saturation current, which is a constant for a given solar cell, q (or e) is the elementary
charge, k is Boltzmann’s constant and T is the thermodynamic temperature. At low voltages, the
ideality factor n approaches 2 (n — 2) which indicates activities dominated by recombination
behaviour within the space charge region. At high voltages, n — 1 and this corresponds to
recombination behaviour dominated by diffusion in the quasi neutral regions.'® Values of n
greater than 2 have been reported for many solar cells at low bias voltages. However, there have
been many unexplained practical observations involving organic and other solar cells in which
values of n > 2 at low bias voltages have surfaced. These may partly be explained as being due to
current leakages that can be modeled as a parallel resistance.!*% (%! Other different causes such
as the tunnel effect, breakdown by micro-plasmas, leaks along surface channels, etc., have been
suggested.

3.5.2 Photogenerated current

Regarding an illuminated solar cell in the absence of a load, the current drawn through the circuit
is the short circuit current, Is.. When a load is included, the current that flows will be between 0
and Is.. This current will be the net result of two components of internal current acting against

each other. The components are:

e The photogenerated current I resulting from the generation of carriers by light.
e The diode or dark current, Ip, due to the recombination of carriers driven by the external
voltage. This external voltage across the solar cell terminals (or electrodes) is the

photogenerated voltage that will be delivering power to the load.

Assuming the two currents to be superimposed linearly, as is the case in many practical cases
and taking the photocurrent as positive, it means that the current | in the external circuit can be
approximated as the difference between the two components as shown in equation (3.2).

I(V):IL_ID(V) (3.2)
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At sea level, under clear conditions, atmospheric absorption modifies the solar spectrum
typically to air mass 1.5 (AM1.5) and the irradiance becomes reduced to 100 mW/cm? under

clear conditions.

The number of photogenerated electron-hole pairs is equal to the number of photons absorbed,
because only one electron-hole pair is created for each photon absorbed, regardless of the energy

of the photon. Based on this, the photogenerated current may be calculated as:™*°®!
I, =eACj; S(E)a'(E,W )dE (3.3)
which can be rewritten as:
I :eACE;S(E)[l—p(E,W)—r(E,W)]dE (3.4)

where, a’(E,W) is equal to the term in the square bracket in Eq. (3.4) and denotes the spectral
absorbance «a', which depends on photon energy E and layer thickness W, Eg is the bandgap of
the semiconductor material of thin film (layer) thickness W, S(E) is the number of photons of

energy E, Ac is the area of the illuminated cell, e is the electronic charge, p(E,W) is the
reflectance and z(E,W) is the transmittance. Under careful device architecture, reflection and

transmission losses may in principle be reduced to zero, but non-absorption losses are inevitable
since these depend only on the properties of the semiconductor material. With these

considerations, the theoretical maximum photocurrent from a solar cell then becomes:
I <eA [ S(E)dE (3.5)

Equation (3.5) shows that the current depends only on the bandgap and the solar emission
spectrum (S(E)). The current therefore decreases as the bandgap E, is increased. Not all the
photogenerated carriers contribute to the generation of electricity in the external circuit, because
even under short circuit conditions (no voltage existing across the device), a small fraction of the
photogenerated carriers that is generated far from the area of high electric field recombines
before being collected. This becomes so, because such carriers have to travel some distance
towards the area of high electric field before being separated and collected across the junction.

The fraction of the carriers that is collected is termed the collection efficiency, 7., (E) and
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depends on the optical and electrical properties of the material as well as the structure of the

device. Consideration of this brings the photocurrent to:

|, =eA j: S(E)a'(E)7,., (E)dE (3.6)
The collection efficiency depends on the region of the device being considered.
3.6 Solar cell characterisation parameters

3.6.1 Quantum efficiency 7. (E)

The external quantum efficiency (EQE) of a solar cell is a property parameter of a photoactive
device that measures the fraction of incident photons that result in actually collected electron-
hole pairs under short circuit conditions. From a practical perspective, the quantum efficiency
(QE) can be viewed as the ratio of the number of charge carriers collected by the solar cell to the
number of photons of a given energy incident on the solar cell. It may be given either as a

function of energy E or wavelength A, since A = h—EC, where h is Planck’s constant and c is the

speed of light in free space. If all photons of a certain wavelength are absorbed and the resulting
minority carriers are all collected, then the quantum efficiency of that particular wavelength is
unit. Figure 3.8 shows sketch curves of (external) quantum efficiency versus wavelength for an

ideal and a practical solar cell.

QE is reduced at short wavelengths QE is reduced at long wavelengths
due to surface recombination due to: rear surface passivation, reduced
absorption and low diffusion length
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Figure 3.8 Variation of external quantum efficiency with incident wavelength for ideal and practical

cases of a solar celll**®]
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As Figure 3.8 shows, while quantum efficiency ideally has a square shape shown in red dashes
above, the quantum efficiency of most solar cells is reduced due to recombination effects. The
mechanisms which affect the collection probability also affect the quantum efficiency. For
example, the front surface passivation affects carriers generated near the surface and since the
blue light is absorbed very close to the surface, high front surface recombination will affect the
blue portion of the quantum efficiency. Similarly, green light is absorbed in the bulk of a solar
cell and a low diffusion length will affect the collection probability from the solar cell bulk and
reduce the quantum efficiency in the green portion of the spectrum. Likewise, the quantum
efficiency is reduced at long wavelengths due to rear surface passivation, reduced absorption and
low diffusion length.**% As the figure shows, the quantum efficiency is equal to zero (QE = 0)

for wavelengths longer than the bandgap wavelength A, =hc/E_, because no light is absorbed
below the bandgap E, (that is, light spectrum region 4 > A4,).

The carriers travel by diffusion once they are created. The minority diffusion length Ly,
represents the average distance, which a (generated) minority carrier will travel before it
recombines. The diffusion length is related to the minority carrier lifetime t, and the diffusion

constant D, by the equation:

I-m = m (37)

where, the subscript m can either be n for electrons or p for holes.

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 incident

number of photons.

The ‘external’ quantum efficiency of a solar cell often includes the effect of optical losses such
as transmission and reflection. However, it is often useful to look at the quantum efficiency of
the light left after the reflected and transmitted light has been lost. ‘Internal’ quantum efficiency
(IQE) refers to the efficiency with which photons that are not reflected or transmitted out of the
cell can generate collectable carriers.**® By measuring the reflection and transmission of a
device, the external quantum efficiency curve (like the blue plot curve in Figure 3.6) can be
corrected to obtain the internal quantum efficiency curve. As such, when the term quantum

efficiency is used, it often refers to the external quantum efficiency, unless distinctly stated to
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mean otherwise. In a nutshell, quantum efficiency includes the effect of optical losses such as
transmission through the cell and reflection of light from the cell, whereas internal quantum
efficiency refers to the efficiency devoid of transmitted and reflected light by the cell. The
narrowing down to internal quantum efficiency, where more precise analysis is needed, is based
on the premise that only the absorbed portion of light can generate charge carriers which can

constitute photocurrent.
The monochromatic external quantum efficiency (EQE,) is defined as:
ISC/l
EQE, = >% (3.8)
€ 04

where, |, is the short-circuit photocurrent due to incident photons of wavelength A, e is the

elementary charge, and Ng, which is the incident photon flux density at wavelength A is given by.

P(light),  E(light), 2
P(photon)2  hc

NoA = (3.9)

Each photon absorbed is capable of generating only one electron-hole pair. The short circuit

current density per wavelength J, is then given by

E(light ), 4
Jeor =%EQEA (3.10)

In terms of the solar flux of photons n(a)) with energy E =ho and quantum efficiency QE(E),

the load carrying short circuit current is given by
lse = [QE(E)n(w)dE (3.11)
where @ =E/h=2zv and v is the photon frequency.

As a function of external quantum efficiency, the photocurrent I, of a given solar cell may be

determined from: I, =eA [ S(E).(EQE, ).EdE (3.12)
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3.6.2 Current-Voltage Characteristics

The overall current (or current density) of a solar cell as a function of the applied voltage is
called the current-voltage (V) {or J(V)} characteristic. This current is given by the difference
between the photocurrent |, and the dark (or recombination) current ID(V). Note that the round
bracketed V is to remind that I, is a function of V (or ‘depends upon V’ in other words). This is
so from the dark current equation, Eq. (3.1), which is based on the Shockley equation for an ideal

diode. ID(V) is due to the bias from the photogenerated voltage.

Following from Eg. (3.1), the current-voltage characteristics of an illuminated solar cell

becomes: 1(V)=1,- I{exp(niVT]—l} (3.13)

Eq. (3.13) is for simplicity based on the assumption that the current in the diode (the solar cell in
our case) can be expressed by a single exponential. The greatest value of current, with the solar
as a generator, is obtained under short circuit conditions, when V = 0. Substituting V in Eqg.

(3.13) with zero (0) gives 1V =0)=1(0)= I, =the shortcircuit current I . (3.14)

This shows that the photogenerated current I, can be approximated by I., which when applied

to Eq. (3.13) yields 1(V)=1 - Io[exp[niv_rj—l} (3.15)

Therefore, the overall (or net) current I(V) of a solar cell can be approximated as the algebraic

sum of the short circuit and dark currents. Note that Egs. (3.1), (3.2), (3.13) and (3.15) are valid
for an ideal diode. Practical settings require the consideration of resistances. Short circuit current
refers to the maximum electric current produced when the negative and positive terminals of a
cell are short-circuited (or bridged with a good conductor). Current flow through the bridging
conductor is maximum (thus the short circuit current) because the load resistance is zero under
the configuration. In this case, load resistance corresponds to series resistance Rg. The bridging
(or joining) of the two terminals ensures that the voltage (potential difference) between the

terminals is zero.

The short-circuit current depends on a number of factors some of which are:
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e area of the solar cell - To remove the dependence of the solar cell area, use is made of the
short-circuit current density (Jsc in mA/cm?) rather than the short-circuit current.

e charge carrier mobility

e power of the incident light source

e spectrum of the incident light - For most solar cell measurement, the spectrum is
standardized to the AM1.5 spectrum.

e optical properties (absorptance, reflectance and transmittance) of the active material of
the device

e collection probability of the solar cell, which mainly depends on the surface passivation
and the minority carrier lifetime in the base.

The -1 in Egs. (3.13) and (3.15) can be neglected, because the exponential term is usually much

greater than one (>>1) except for voltages below 100 mV. Also, at low voltages the

photogenerated current 1, dominates the 1,(eV/nk,T) term, so the term -1 may be neglected

eV

qVv

under illumination as shown by the following proof: e Z[nk'll'j ~1+ eI:/T forV <<0.1
N n

When under open circuit conditions, it means that the positive and negative terminals of the
device are either not connected or are equivalent to those of a device whose terminals are
bridged by a material of infinite resistance (such as a potentiometer) which will not allow current
to flow between them. Therefore, the device will not be delivering any current under this
condition. If the solar cell device is kept in open-circuit condition (implying current | =0), it
biases itself with a voltage that is the greatest possible for the device. This voltage is called the

open circuit voltage V. and ideally corresponds to a load resistance (commonly termed shunt
resistance Rq,,) of infinity. As the equivalent circuit of the solar cell shows in Figure 3.7, R, is

analogous to parallel resistance in the conventional electric circuit diagrams. The value of the
open circuit voltage is such that the photogenerated current corresponding to it is completely

negated (cancelled) by the dark (bias) current {that is, 1 = ID(VOC)} under open circuit
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conditions. From Eq. (3.13), the open circuit voltage can be derived and is displayed in Eq.

(3.16).

Eq. (3.16) can be approximated by I as

Ve =N uCLIN :—L—l} (3.16)
0

Voo = nkB—TIn Ii—l} (3.17)
e |

Egs. (3.16) and (3.17) show that at constant temperature, V.. depends on the saturation current

I, of the solar cell and the photogenerated current. While 1. typically has a small variation, the

crucial effect is due to the saturation current, since this may vary by orders of magnitude. The

saturation current depends on recombination in the solar cell. As such, the open circuit voltage is

a measure of the amount of recombination in the device. Higher 1, implies higher

recombination. In an electric circuit due to a solar cell, the solar cell is equivalent to a current

source connected in parallel with a diode as shown in Figure 3.9. The placement of parasitic

resistances is briefly explained towards the end of this section and more extensively in Chapter 5.

When a voltage is applied, the current will be divided between the load and the diode.

(O

Figure 3.9 Electrical model of a practical solar cell with parasitic resistances modeled as a

parallel shunt resistance (Rsy) and series resistances (Rs). For an ideal solar cell, Rsy would

be infinite and would not provide an alternative route for current to flow, while Rs would be

zero, so that there would be no voltage drop and/or power loss before the load

The power P generated by a solar cell at any given voltage is the product of the voltage and the

corresponding current, as expressed in Eq. (3.18). P=Vi (3.18)

The solar cell can only operate at a voltage between 0 and V... The highest efficiency

corresponds to the point where the cell delivers maximum power. This point can be arrived at by
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varying the load resistance from zero (short circuiting) to infinity (open circuiting). Although

I and V. are both highest, at both of these operating points, the power of the cell is zero,
because the two counter-peak, that is, at I, V =0 and at V., | = 0, which by Eqg. (3.18)

yields zero power in each case. On the I(V) curve, the maximum power point (MPP) occurs at
the point where the product of voltage and current (or current density) is a maximum and the
wish is to locate this point. As shown in Figure 3.10, the power will increase with increasing

voltage until a maximum is reached at V,, and I,, or J,,, then drop to zero at V.. The solar

cell dissipates maximum power at about the ‘knee’ of the I(V) or J(V) curve. This is the point at
which the solar cell operates at its maximum efficiency in converting light energy into electrical
energy. This behaviour is described by the fill factor, FF, which in mathematical from is defined

Vo lu Vi dy

by Equation (3.19) as: FF=—MM _
VOC I SC VOC‘] SC

(3.19)

The fill factor characterises how “square” the J-V curve is and it gives a measure of how difficult

or how easy the photogenerated charge carriers can be extracted out of the photoactive device.

Response of a Common Organic Solar Cell

J [current
density
oz
Dark Voltage
J oh
Im MPP-‘knee’
heminated
' Js-: il Factor E

Figure 3.10 Simulated J(V) characteristics of a solar cell at a
particular light level and in darkness: Performance parameters

Such behaviour is quantitatively indicated by the comparative extent of the difference between

I, and 1. as well as the degree of the difference between V,, and corresponding V. at the

maximum power point. Figure 3.10 graphically illustrates the degree of matching. A higher fill

factor indicates greater squareness and nearness of the yellow J,, — MPP —V,, —0 square to the
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white J,. -V, —0 square, which implies higher power conversion efficiency. In terms of the

fill factor FF, P, Voo lse,r Vyy and I,,, the efficiency n and maximum power Py, Of the

. P 1,V FF (V.. |
SCare given by: n=-Y% - M M _ ( oc sc)
P P P

in in in

...(@and Py =FF (Vo Ic)...(0) (3.20)

where P, is the incident power. From Eqgs. (3.20), the efficiency of a solar cell can be viewed as

the fraction of the incident power which is converted to electricity.

3.6.3 Parasitic resistances (series and parallel)

Resistive effects in solar cells decrease the fill factor and hence the efficiency of the solar cell
through power dissipation (a loss mechanism) in the resistances. The most common parasitic
resistances are series resistance (Rs) and shunt (parallel equivalent) resistance (Rsy). The
inclusion of the series and shunt resistances in the solar cell model is shown in Figure 3.9. In
practice, power will be lost in the contacts through leakage currents within and around the cell.
These flaws are the ones simulated with the two parasitic resistances. To model the power loss
due to leakage currents plying the polymer bulk sheet layer (inclusive of active material
properties and polymer-polymer junctions), a parallel connected or shunt resistance Rsy is fitted
as shown in Figure 3.9. To mimic power lost in contact resistance at the polymer-electrode
interfaces and within the electrodes, a series resistance Rs is included as in Figure 3.9. To derive
the 1(V) {or J(V)} characteristic of the solar cell inclusive of the effects of parasitic resistances,
use is made of Ohm’s V =IR and Kirchoff’s laws of currents at a junction in a circuit and

potential changes in a loop.!*Y! The modified I(V) characteristic which accounts for the effect of

parasitic resistances then becomes!®"

(3.21)

Eqg. 3.21 can be rewritten in the form

1(v)= |L—|O{exp(e(VTT'Rs)j-1}V;'RS (3.22)

93



Chapter 4
Materials and methodologies

4.1 Materials
4.1.1 Indium Tin Oxide (ITO)

Indium tin oxide (ITO) is more of a composite alloy of indium, tin and oxygen in varying
proportions (about 74% Indium (In), 18% Oxygen (Oy, and 8% Tin (Sn) by weight)."* ] |ts
general molecular formula is 1n,0sSn or 1N,04/SNO,.113 |t is transparent and colorless in
thin layers, but in bulk its colour ranges from pale yellow to greenish yellow (see Figure 4.1)
depending on SnO, concentration. The oxide is widely used as a transparent conducting
electrode in many organic devices, because of its two main properties, which are; good electrical
conductivity and high optical transparency over the visible region.!®! 8384 |n many applications,
these two properties outweigh its disadvantages. It is also easy to deposit it as a thin film and its
patterning is easy. During its deposition onto glass, for purposes of forming the anode electrode,
at the (commercial) manufacturing stage, a compromise is made between conductivity and
transparency, because increasing the thickness increases its electrical conductivity, but decreases

its optical transparency. (8" [83-84] [111-113]

Figure 4.1 Indium tin oxide, from left: first—general structural formula, second—dust form and
third—after deposition on glass substrates."****¥ Smallest (square) glass substrate shown in
picture is of the size purchased with side measurement of 2.50 cm and then cut into 4 smaller
squares each of side dimensions 1.25 cm.

However the downside the material is that high quality 1TO is too expensive, has a low work
function (~ 4.6 eV), contains indium that is too limited in supply for widespread use in solar
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energy applications, cannot be solution processed, is brittle and cracks easily and is therefore
unsuitable for use on flexible substrates. 8" &4

Indium tin oxide (ITO) coated on glass is generally employed as the high work function anode
electrode in organic photovoltaic (OPV) cells, because of its good electrical conductivity.

4.1.2 Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)

"THQQ O
SO; SOH SO;H SOsH SOj3~
:‘H'-%H r“wbﬁs :

PEDOT

O

Figure 4.2: Chemical structure of PEDOT:PSS showing PEDOT+ and PSS—,®4 M4 The fixed
negative charges on the PSS chain are balanced by polarons existing on the PEDOT chain,
giving rise to enhanced electronic conductivity. The “dot” and “plus” represent the unpaired

electron and positive charge on the PEDOT chain, respectively.™***!

PEDOT is a conjugated polymer that is positively doped and neutralised with the PSS polyanion.
The material PEDOT:PSS (Figure 4.2) assists in band bending for the anode and so enhances the
performance of the solar device. Furthermore, PEDOT:PSS is highly transparent in the visible
range, has excellent thermal stability and is processable in agueous solution. As a result it is
widely used as a buffer layer for anodes in OSCs to improve hole extraction and block the flow
of electrons to the anode. In the process, it prevents electrical shorting of devices by reducing
pinhole defects.® The material helps to smooth the ITO surface, decreasing the density of

pinholes and stifling current leakage that occurs along shunting paths. [ (84 [114-113]

95



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

In all our experimental fabrications we used the > 98% head-to-tail regioregular poly (3-
hexylthiophene-2,5-diyl) (P3HT) purchased from Sigma-Aldrich in South Africa, but being a
product of USA (P Code1001366532). The regioregularity

CH5(CH»)gCH3
aspect refers to the percentage of sterio-regular head-to-tail
/ \ (HT) attachments of the alkyl side chains to the three-
S position of the thiophene rings. Figure 4.3 shows the
: " structural formula of one of the P3HT isomers. The
Figure 4.3 Structural formula
of P3HT regioregular P3HT was our donor material and we chose it

primarily because of its end-to-end arrangement of side chain, which allows efficient stacking of
the conjugated backbones, leading to superior conductivities,™® charge carrier mobilities,™"
optical non-linearity and magnetic properties over the regiorandom head-to-head (HH)
conjugated polymers. P3HT is soluble in a variety of solvents, which enables easy and cheap
processing. The rigidity and planar conformation of its conjugated backbone further ensures
efficient packing, crystallization and development of functional properties with a characteristic
absorption in the low energy part of the spectrum.''®! However, a precise crystallization
mechanism of conjugated polymers has not yet been fully established. On account of the alkyl
side group, P3HT is rendered hydrophobic in neutral state. Our HT P3HT was prepared by the

Rieke method,™® which is commercially available from the Aldrich Chemical Co.

4.1.4 Fullerenes and PCBM
4.1.4.1 Fullerenes

Fullerenes are a class of closed-cage carbon molecule, C , characteristically containing 12

pentagons and a variable number of hexagons.”” Fullerenes composed of less than 300 carbon
atoms, or endohedral fullerenes, are commonly known as "buckyballs", and include the most
common fullerene, buckminsterfullerene, C 60" Giant fullerenes, or fullerenes with more than 300

carbon atoms, include single-shelled or multi-shelled carbon structures, onions, and

nanotubes.”’!
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Form: As individual molecules, fullerenes are about 1 nm in diameter. This compares to 0.16 nm
for a water molecule. During manufacture, these molecules come together to form small particles
(10 nm to several microns).”™ %) They are readily handled, or can be easily pelletized.
Buckminsterfullerene is the smallest fullerene molecule in which no two pentagons share an
edge (which can be destabilizing, as in pentalene). It is also the most common in terms of natural

occurrence, as it can often be found in soot. The structure of C  is a truncated (T = 3)

icosahedron, which resembles an association football ball of the type made of twenty hexagons
and twelve pentagons, with a carbon atom at the vertices of each polygon and a bond along each
polygon edge.”® 19%1%] The suffix “ene” indicates that each C atom is covalently bonded to
three others (instead of the maximum of four), a situation that classically would correspond to

the existence of bonds involving two pairs of electrons (“double bonds™)
4.1.4.2 [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)

The fullerene PCBM stands in as the electron acceptor in the active bulk heterojunction (BHJ)
solution of its blend with a donor like P3HT. Its structural form is of the configuration shown in
Figure 4.4, P 119210531 pcBM has the capacity to accept as many as Six
electrons into its structure. P3HT," the dominant solar radiation
absorber material has been found to have sufficient band gap to absorb
radiation within the UV and visible. Also, the synthesis of these

solution processable conjugated polymers with different band-gaps

provides a wide potential to absorb the insolation.!” C, is a molecule

Figure 4.4 Structural
form of PCBM

that consists of 60 carbon atoms arranged as 12 pentagons and 20

hexagons™™ 1 The carbon atoms within each C,, molecule are held together by strong
covalent bonding. Van der Waals interactions are the dominant intermolecular forces in C,,

crystals.™? Our experimental PCBM was purchased from Sigma Aldrich in South Africa, but

being a product of Netherlands. Its electronic grade was > 99 %.
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4.1.5 Chlorobenzene (CgHsClI)

Chlorobenzene is an aromatic organic compound with the chemical formula C¢HsCl and has a
Cl structural formula of the build shown in Figure 4.5. It is a colorless,
flammable liquid that is commonly used as a solvent. In all our making of
the active blend, we used chlorobenzene as the solvent for P3HT and

PCBM, since it had empirically demonstrated superiority in 1(V)

Figure 4.5 characterisation over others like chloroform. Our Chlorobenzene was in a

Chlorobenzene ~ dark brown tinted bottle inscribed: Koch-Light Laboratories Ltd;
structural formula . . . .
Colnbrook Berks England; 1009-57; CHLOROBENZENE; C¢HsCl;

purics; M.W.11-56; Fl.p.30 °C; ML 055-01.
4.1.6 Aluminium (Al)

For all our fabrications, aluminium metal formed the electron collecting electrode (cathode).

Aluminium is a low work function metal ( ~ 4.1 eV).

4.2 Methods
4.2.1 Optical responses of glass, ITO and PEDOT:PSS

We first investigated the optical characteristics of the auxiliary materials in the conjugated
polymer solar cell assembly by conducting absorbance measurements of the individual materials
involved. These materials are glass, ITO and PEDOT:PSS. The information helps us to
determine whether the incorporation of such materials significantly reduces or does not reduce
the light targeted for the active material. The absorbance of glass was measured with air as the
reference. For ITO, glass was the reference and for PEDOT: PSS, glass and ITO were the

references.

4.2.1.1 Results and Discussion

Figure 4.6 shows the ITO plot superimposed on the glass plot (the zero baseline), which
basically means that it does not absorb any light in the visible region, since glass is seen not

absorb any light in the same region. More importantly, both materials dot not absorb in the
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region absorbed by the active materials P3HT, PCBM and P3HT:PCBM. This characteristic is
picked up from the comparison of the graphs of Figures 4.6 and 4.7. The behaviour is as
expected and is good, because the light is let to pass to the active layer where its absorption is

needed most.
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Figure 4.6 Comparative optical absorbances of glass, ITO and PEDOT:PSS

PEDOT:PSS shows a generally very low absorbance, which becomes negative in the
approximate wavelength range of 300 nm to 440 nm. The interpretation of the negative
absorbance range helps us identify a unique optical behaviour characteristic of PEDOT:PSS. The
conjugated polymer (PEDOT:PSS) removes some of the reflective ability of glass and thereby
makes more light pass through to the active layer. The low absorbance must also be due to the
very thin layer of PEDOT:PSS spun over the substrate. Although PEDOT:PSS has a broad
absorbance area (deduced from Figure 4.6), the light it absorbs is negligibly small, such that we

can safely treat it as a material transparent to light in all (organic) photovoltaic endeavours.
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4.2.2 Enhanced optical absorbance of P3HT, PCBM and P3HT:PCBM blend due to thin
film cast of PEDOT:PSS on ITO substrate

The optical absorption enhancement of PEDOT:PSS was foremost investigated to establish the
optical superiority of using PEDOT:PSS based substrates, as opposed to depositing the active
layer on top of bare ITO substrates and obtained the results shown graphically in Figure 4.7.
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Figure 4.7 Optical absorbance enhancement effect of PEDOT:PSS on polymer P3HT

and fullerene PCBM with base substrate ITO on glass

Both P3HT and PCBM show significantly enhanced absorbances under PEDOT:PSS
incorporated assemblies than under those without PEDOT:PSS. Based on the findings, all the
experimental devices were spin cast on ITO/PEDOT:PSS substrates. Explanation of the
behaviour and role of PEDOT:PSS is presented in section 4.2.4.1.
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4.2.3 Generalised fabrication of the experimental organic (carbon-based) solar cells

Figure 4.8 displays the composite building blocks of the backbone experimental activities
undertaken in the device fabrications and in the subsequent performance tests (characterisation

measurements) of the organic (carbon-based) solar cells.

Preparation of polymer-fullerene blend and/or polymer during stages 1 - 4

1. Cutting substrate into 4 2. Substrate cleaning in USB 3. Patterning of ITO

smaller substrates each of mounted in fume chamber, electrode by etching away

dimensions (1.25 cm x1.25 using in order: detergent, ITO up to one third
cm) for just fit into the —_—> distilled water, acetone, —> distance from one end of

square cavity for thermal methanol, mixture (distilled substrate. Section dipped

evaporation deposit of Al water +methanol). Interval in reaction of wet zinc dust

electrode (cathode) gun blows of N, gas to dry with 2M HCL.

6 Heating (baking) on hot 4. Substrate cleaning in

plate at 120°C for 15 5. Spin coating of USB as outlined in Stage 2.
minutes to boil off water |&— PEDOT:PSS in ambient |&—

7. Spin coating of the 8. Deposition of Al 9. Thermal annealing on a
active ingredient, either contacts by thermal hot plate in ambient for
polymer—fullerene blend | ——>{ evaporation under high | —>| some batches and in
(P3HT:PCBM) or polymer vacuum carbolite furnace for other

in ambient batches
y
CHARACTERISATION MEASUREMENTS

10. Dark and lllumination
J(V) in ambient,
film thickness

—>

11 .Optical measurements:
Spectrophotometer-for
absorption and
transmission

—>

12. AFM (Atomic Force
Microscope)-for surface
morphology

Figure 4.8 Composite building blocks of the backbone experimental activities undertaken
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Prior to cutting and cleaning the substrates, preparations of the active ingredient solutions were
conducted and left to run (under monitoring) while carrying out stages 1 to 4 (as Figure 4.8

shows).
4.2.3.1 Fabrication of the experimental polymer-fullerene bulk heterojunction solar cell

We used the commercial 703184-10PAK indium tin oxide (ITO) coated transparent glass slide
squares as the substrates. ITO formed the high work function anode electrode. The ITO glass
substrates were purchased from SIGMA-ALDRICH and each was of the following
specifications: side dimension: 2.50 cm, surface resistivity p: 30-60 €/square slide and Lot #
MKBQ1819V. Each of the purchased substrates was carefully cut into 4 named smaller square
substrates (collectively referred to as a batch) each of side length 1.25 cm. We however remark
that the smaller square area A of the substrate resultant from the cutting brings in the problem of
increased resistance R, since the resistivity p remains constant in the relation R = pL/A, where L
is the side length of the square. In our case, the surface resistance theoretically doubled in the

smaller substrate due to cutting.

The substrates (in their batches) were then subjected to thorough cleaning in hot (= 50°C)
ultrasonic (water) bath (USB) mounted under fume hood. The cleaning activities (each of which
was run for 5 minutes) involved the sequential use of distilled water and solvents according to
the listing: detergent —distilled water —acetone (X 2) —methanol —mixture (in equal
proprtions) of distilled water and methanol. At the end of each 5 minutes cleaning interval
and still under fume hood, each substrate was dried by gun blowing it with nitrogen.

In order to guard against short circuiting and control the effective surface area, the ITO electrode
was patterned by etching away ITO one third distance from the end bearing the inscribed identity
of the device. The ITO section to be spared was covered with kapton tape and etching of the
other section was achieved by dipping it into the reaction of wet zinc dust with 2M HCI. The
zinc dust [< 10 pm > 98%], was purchased from SIGMA-ALDRICH. The 2M HCI had been
prepared by adding 16.4 ml of 32% hydrochloric acid (HCI) to 83.6 ml of distilled water, which
produced 100 ml of 2M HCI. After etching all the substrates constituting the batch, the substrates
were again thoroughly cleaned as described earlier in this section (and also outlined in stage 2 of
Figure 4.8). The clean substrates were then subjected to spin coating and Al electrode deposition
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activities. Poly(3,4-ethylenedioxythiophene)-polystyrenesulphonate (PEDOT:PSS) was the first
to be spin coated on each of the thoroughly cleaned ITO coated glass substrates. This was done
at a constant speed of 2000 rpm for 60 seconds, followed by baking each of them (on a hot plate)
at 120°C for 15 minutes. The thermal drying process was done in order to evaporate water from
the PEDOT:PSS solution and build up stability in the PEDOT:PSS interfaces, which in turn

enhances the opto-electrical properties of the device.® 12!

In forming the active composite, each of 7.5 mg of regioregular head-to-tail poly(3-
hexylthiophene-2,5-diyl) (P3HT), the electron donor, purchased from Sigma Aldrich and 7.5 mg
of [6,6]-phenyl Cg; butyric acid methyl ester (PCBM), the electron acceptor, also purchased from
Sigma Aldrich and having the capacity to accept as many as six electrons into its structure, was
dissolved in 0.5 ml of chlorobenzene and stirred by use of a magnetic stirrer for 3 hours in
ambient. P3HT is the conjugated polymer and PCBM is the fullerene). The active blend solution
of P3HT and PCBM was then made by mixing the two solutions (in the matrix P3HT:PCBM =
1:1 by mass and concentration 15 mg/ml) and subjecting the mix to magnetic stirring for a
further 2 hours in ambient. For experiments in Chapters 5 and 7, we then cast the active polymer-
fullerene heterojunction matrix layer by spin coating the prepared 1:1 P3HT:PCBM blend
solution on top of the dry PEDOT:PSS film, also at 2000 rpm for 1 minute in ambient. For
Chapter 6 experiments, we varied the spin coat speeds of the 1:1 P3HT:PCBM blend as given in
the chapter.

Each active layer spin coating was followed by deposition of the Al electrode (~ 100 nm thick)
by thermal evaporation under high vacuum of the order of 1.5 x 10°® mbar, at the deposition rate
of 0.1 — 0.2 nm s, which was monitored by a quartz crystal thickness monitor. This was the
final stage of the fabrication process. High vacuum is essential for impurity free evaporation. A
deposition power in the order of 300 W was set across the molybdenum resistance wire on which
an Al strip to be melted was hung. The Al electrode deposition completed the fabrication
process, which produced a polymer-fullerene bulk heterojunction solar cell of the structure
shown in Figure 4.9. The assembly was left in the vacuum chamber to cool for 30 minutes, after
which the devices were either subjected to opto-electrical characterisation or further treated (for
example post-fabrication annealing) as per specific investigation requirements, before and/or

after opto-electrical characterisation.
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Figure 4.9 Structure of the fabricated bulk heterojunction polymer-fullerene solar cells as well as the

chemical formulae of the materials forming the active thin film composite (P3HT:PCBM)

4.2.3.1.1 Characterisation techniques

Characteristic current-voltage measurements were obtained in the dark and under the solar
simulated white light illuminations (AM 1.5) of varying intensities. The illumination was from a
ThermoOriel 150-W solar simulator with AM1.5G filters. A dc current-voltage HP 4141B
Source/Monitor Unit was used to obtain the results. Automated (I-V) measurements were
retrieved via a connected computer which performed corresponding current-voltage sweeps

through use of the Lab-View program.
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A Varian Cary UV-VIS-NIR visible spectrophotometer (Cary 500 scan) was used to measure the
optical absorption responses of the P3HT:PCBM blend films, which formed the opto-active
components of the devices. This photo-detector (which is available in the University of the
Witwatersrand School of Physics) is able to measure different wavelengths of a light beam sent
through the sample under investigation for absorption and/or transmission by determining the
optical excitations of the sample upon dispersion. The measurements were confined to the 300-
800 nm wavelength range and were then used to produce the absorption spectra of the active
blends.

Morphological studies of the active layers of chosen devices were conducted through imaging
engagements of the Veeco Dimension 3100 Atomic Force Microscope (AFM) instrument
available in MMMU at the University of the Witwatersrand.

Film thickness measurements were done by the use of a surface profilometer available at the

Council for Scientific and Industrial Research (CSIR) centre in Pretoria, South Africa.

4.2.4 Analyses of the generated interfaces, energy levels, charge transport levels and

energetic mechanisms of the experimental device

In general, our fabrications of the bulk heterojunction (conjugated) polymer-fullerene solar cells
created the following interfaces and electrical contacts: ITO/PEDOT:PSS interface,
ITO/PEDOT:PSS/P3HT interface, P3HT/PCBM interface in the bulk, ITO/PEDOT:PSS/PCBM
interface P3HT/AI junction and the PCBM/AI junction. We discuss about these in the next
sections and start with the ITO/PEDOT:PSS interface, which we used as the anode electrode in

most of our devices.

4.2.4.1 ITO/PEDOT:PSS interface (and electrode)

The stability of the ITO/organic interfaces (like ITO/P3HT interface in our case) greatly
influences the performance characteristics of the device.??*%! There are many problems
associated with direct electrical contacts of such materials. For example, in single-layer organic
light emitting diodes (OLEDs) some of the problems include:

e oxidation of the organic emitting layer by oxygen diffusing out of the ITO

e evolution of electric shorts aggravated by the rough ITO surface
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e an imbalance in electron-hole injection at the electrical contacts of the two materials

involved.

Such problems curtail the life-time of the device.[**” To circumvent or minimise these problems,
a thin film of hole injecting PEDOT:PSS is applied between ITO and the active layer. Since the
introduced PEDOT:PSS layer will be very thin (~ 60 nm) , it will virtually be transparent to
visible light and will therefore not reduce the light output. Instead, its presence will significantly
enhance the durability as well as the optical performance of the device and also promote a
reduction in the operating voltage.™ '*! Some of the enhancement outcomes of PEDOT:PSS
include: the smoothing effect it renders onto the ITO surface (which impressively reduces the
chances of occurrence of short circuiting, by blocking electrons from filtering into ITO, in
addition to inflicting significant reduction in the brittleness of ITO) and the reduction of the hole-
injecting barrier due to the high energy of the occupied electronic levels of PEDOT:PSS in
comparison with that of 1TO,"% (also illustrated in Figure 4.11). In this regard, PEDOT:PSS
enhances the mobility of holes. It is possible that PEDOT:PSS may undergo interfacial
chemistry with 1TO.12124 Since PEDOT:PSS is a stable emulsion in water, it is easy to spin-
coat it onto ITO. On the downside, when PEDOT:PSS film is exposed to air, it absorbs

atmospheric water (water vapour) and forms an aqueous acid environment as a result of the
reaction: H,O+ PSS(SO,H).H,0" +PSS(S0; ) which facilitates the etching of 1TO.L"

Furthermore, the sheet resistance of PEDOT:PSS can reduce the short circuit current Jsc.

4.2.4.2 Metal-active layer interfaces, energy levels, charge transport levels and energetic

mechanisms of the experimental device

In Figure 4.10, we show the same fabricated BHJ solar cell, but with display of the identified
interfaces affecting the performance of the solar cell. We note that each of the electrodes
(metallic ITO/PEDOT:PSS and metal Al) is in contact (electrical contact) with both P3HT and
PCBM. These contacts constitute the metal-active layer (or metal-organic semiconductor)
interfaces, from which we identify those active during forward bias (FB) and those active during

reverse bias (RB).

As shown in Figure 4.10, the FB active are the AI-PCBM and ITO/PEDOT:PSS/P3HT interfaces
and the RB active are the AI/P3HT and ITO/PEDOT:PSS/PCBM interfaces.
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FB active metal-polymer
interface
(ITO/PEDOT:PSS/P3HT) £P3HT:PCBM blend chip (from Figure 4.10)

— Donor phase

FB active metal-fullerene
interface (AI/PCBM)

RB active metal-polymer
interface (Al/P3HT)

— Donor-Acceptor interface

——Acceptor phase

RB active metal-fullerene
interface
(ITO/PEDOT:PSS/PCBM)

Figure 4.10 Identified metal-organic semiconductor interfaces, donor-acceptor interfaces, as well as the

transport phases formed of the bicontinuous composite of donor and acceptor of the BHJ device

The zoomed P3HT:PCBM blend chip (from Figure 4.9) which is shown in Figure 4.10 portrays
the desired bicontinuous composite of donor and acceptor, which should phase segregate on a
suitable length scale to allow maximum ordering and effective charge transport in continuous
pathways to the electrodes.™*2") Such ordering also minimises recombination of free charges.
We also note that the bulk heterojunction polymer-fullerene blend is fraught with many polymer-
fullerene junctions. These account for the dissociation of the photogenerated excitons within the

active blend.

Figure 4.11 shows an energy level diagram of the device under non-equilibrium conditions and
includes approximate energy values (work functions) of the faces (orbitals) forming the
identified metal-active layer junctions and the polymer-fullerene (donor-acceptor) interfaces

identified from Figure 4.10.
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Figure 4.11 Energy level diagram of the ITO/PEDOT:PSS/P3HT:PCBM/Al device under non-
equilibrium conditions as well as the associated metal-active layer interfaces, donor polymer-acceptor

fullerene interfaces and biases

From the energy level diagram of the P3HT:PCBM based device shown in Figure 4.11, we
identify 8 metal-polymer interfaces (or electrical contacts). The four which are making
significant contributions to the performance of the device, namely AI/PCBM-LUMO,
ITO/PEDOT:PSS/P3HT-HOMO, AI/P3HT-HOMO and ITO/PEDOT:PSS/PCBM-LUMO are

shown. The approximate work function ¢ of each of the materials forming the m-p contact is

shown, for example, in the case of the AI/PCBM-LUMO interface, ¢, =¢, =4.3 eV and

b = Pocam =42 €V,

We remind that only magnitudes of the work functions are compared, because the negative

sign on each of the given work functions is solely to emphasise the position of the energy level
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relative to the assigned zero potential at infinity (vacuum). Since the work functions of the
constituent materials (metal and semiconductor) forming each of the junctions are different, it
implies that any of the junctions is either Schottky (rectifying) or ohmic. A rectifying contact is
characterised by the formation of a potential barrier ¢, which bars the corresponding charge
carrier in the metal from entering the semiconductor. This means that an electron blocking

interface (contact) is marked by the build-up of an electron blocking potential barrier ¢, .

We investigated the nature of the significant four interfaces (that is, electrical contacts) using the
criteria explained in earlier sections, which we here summarise as:

e For n-type semiconductor (in contact with a metal): if ¢, >¢,, it implies electron
blocking Schottky (rectifying) interface and therefore an electron blocking potential
barrier ¢, formed.

e For n-type semiconductor: if ¢, <¢,, it implies ohmic interface, which implies no
blocking potential barrier.

e For p-type semiconductor: if ¢, <¢,, it implies a hole blocking Schottky interface and
therefore a hole blocking potential barrier ¢, present.

e For p-type semiconductor: if ¢, > ¢, it implies ohmic contact and therefore no blocking

potential barrier.

Since P3HT is a hole conducting polymer, it merits fall under p-type organic semiconductors
while PCBM, an electron conducting fullerene, is therefore an n-type semiconductor fullerene.
Application of the outlined criteria in determining (for example) the nature of the AI/PCBM-
LUMO interface gives that the AlI/PCBM-LUMO interface is an electron blocking Schottky

contact, since gy > ocen_Lumo = I > s -

We similarly determined the nature of each of the other interfaces and obtained the findings

givenin Table 4.1.
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Table 4.1 Summary findings of the nature of each of the significant metal-polymer interfaces of the
fabricated bulk heterojunction ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell

Metal-polymer Work functions Nature of Nature of
interface description @, VS ¢, relation interface Potential barrier
¢B
Schottky

Al/PCBM-LUMO (rectifying), | Schottky barrier ¢, ,

electron blocking | Electron blocking

¢AI > ¢PCBM7LUMO

ITO/PEDOT:PSS/P3HT | ¢ . <g . . Schottky, Schottky barrier g, ,
-HOMO hole blocking | | 5/e blocking
Al/P3HT-HOMO < Schottky, Schottky barrier @y, ,
Pa < Poanr—romo hole blocking Bh
hole blocking
ITO/PEDOT:PSS/PCBM | ¢ >doer Lumo Schottky, Schottky barrier g, ,
-LUMO electron blocking

electron blocking

Table 4.1 shows that all the four metal-polymer interfaces are rectifying contacts. Each Schottky
interface is manned by the associated potential barrier, which hinders like charge carriers

(electrons) from the metal side from crossing the interface into the semiconductor.

To aid understanding, we explain the electronic interactions at the AI/PCBM-LUMO interface,
the understanding of which can be applied in explaining encounters at other interfaces. An
electron in Al, which approaches the AI/PCBM-LUMO interface with the ‘intention’ of crossing
the interface and be in the PCBM ( a semiconductor), finds itself confronted (at the junction) by

an electron barring potential barrier ¢,, of the form shown in Figure 2.4.
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This potential barrier will be in the PCBM (a fullerene semiconductor) region adjacent (next) to
the interface. It impedes the electron from entering the PCBM. For the electron to enter the

PCBM, it has to overcome this potential barrier ¢,,. Depending on the height, width and other

barrier determinant parameters as well as the electron kinetic energy, temperature, bias electric
field, etc., the electron may cross the interface either by thermionic emission or by quantum
mechanical tunneling. The other four metal-polymer interfaces not yet discussed have very large
work function offsets, which result in the formation of too large potential barriers that stifle any
significant thermionic emission or quantum tunneling. For example, in the case of the
ITO/PEDOT:PSS/PCBM-HOMO interface, the ITO electrode alone has a work function of
approximately 4.7 eV and the PCBM-HOMO’s work function is approximated at 6.0 eV (Figure
4.11). This gives an energy difference of 1.3 eV, which is too large for any significant charge
(hole in this case) injection, either thermionically or quantum mechanically. Other metal-
semiconductor interfaces (in our device depicted by Figures 4.9 — 4.11) with too large potential
barriers are AI/PCBM-HOMO {(6.0-4.3) eV = 1.7 eV}, AlI/P3HT-LUMO {(4.3-2.9) eV = 14
eV} and ITO/PEDOT:PSS/P3HT-LUMO {(4.7-2.9) eV = 1.8 eV}.

Biasing configurations are also shown in Figure 4.11. We note that under forward bias (FB)
(green colour coded), the Al electrode is negative, and injects electrons into LUMO of PCBM,
while the ITO/PEDOT:PSS electrode is positive, injecting holes into HOMO of P3HT. Under
reverse bias (RB) (red colour coded), the Al electrode is positive, injecting holes into HOMO of
P3HT, while ITO/PEDOT:PSS electrode is negative, injecting electrons into the LUMO of
PCBM. Charge is always injected into transport level with smallest barrier height for the charge.
For both, FB and RB we expect electron injection into PCBM-LUMO to dominate when
compared with injection into P3HT-LUMO, because (as can be deduced from Figure 4.11) the
barrier is smaller with PCBM. Based on similar analysis, but applied to hole flow into either
P3HT-HOMO or PCBM-HOMO, we expect hole injection into P3BHT-HOMO to overwhelm that
into PCBM-HOMO since the barrier is smaller with P3HT.

The PCBM fullerene has many encouraging properties as an electron acceptor. First, it has an
energetically deep lying LUMOM?® which by nature makes it possess high electron affinity
relative many potential organic donors. Furthermore, it has a triply degenerate LUMO, which

allows the molecule to be reversibly reduced with six electrons. As a result, it is capable of
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accepting six electrons in its structure, which shows its ability to stabilize negative charge. The
P3HT:PCBM conjugated polymer-fullerene blend exhibits ultrafast {~ 45 fs, (that is ~ 45x10™
s)}19 8281 hhotoinduced charge transfer (CT), in which an electron from P3HT exciton is
transferred to PCBM at the donor LUMO to acceptor LUMO level. The back transfer is of orders
of magnitude slower.*?®! Furthermore, PCBM has been shown to have very high electron
mobility (up to 1 cm? Vs in field effect transistors (FETs)!*?! The two materials are capable of
packing effectively in crystalline structures conducive to charge transport™®@ The electronic
structure of PCBM, like many fullerenes, remains constant throughout the fabrication.
Comparative analysis of the empirical energy level values given in Figure 4.11 for the P3HT and
PCBM LUMOs, together with the photon-to-charge carrier conversion process illustrated in Figure
4.12, expose that the P3HT:PCBM LUMO interface produces a downhill energetic driving force

which exceeds the exciton binding energy.
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Figure 4.12 Charge carrier transport levels (not to scale) and elementary energetic mechanisms of the
photon-to-electron conversion process in the fabricated bulk heterojunction solar cell incorporating a
conjugated polymer (P3HT) as the photon absorber material and a fullerene (PCBM) as the acceptor

material
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In this way, this P3HT conjugated polymer:PCBM fullerene polymer interface facilitates exciton
dissociation. The overall of this energetic driving force for a forward electron transfer from the donor
to the acceptor is represented by the energy difference (offset) between the LUMOs of the donor and

the acceptor. Literature!™® [13-:133

gives that a minimum energy difference (offset) of 0.3 eV is
required to effect the exciton splitting and charge dissociation. LUMOs’ offset for our device has
been found to be 1.3 eV. This is far much greater than the minimum required and unfortunately
results in excess energy waste, {i.e.(1.3—0.3=1.0)eV waste}. The ideal polymer would be one

having minimum threshold energy difference between the LUMOSs, so that wasted energy upon
exciton splitting would be avoided.***3® Optimisation would therefore be required. This calls
for methods that result in fine tuning the bandgap for maximum absorption of light and for

achievement of the maximum attainable open circuit voltage V.34

In Figure 4.12, we also show the charge carrier transport levels and note that, in either case (FB
or RB) of the bulk heterojunction ITO/PEDOT:PSS/ P3HT:PCBM/AI solar cell, holes are always
transported along the HOMO of P3HT and electrons are propagated along the LUMO of PCBM.
The difference between these two energy levels gives the open circuit voltage V..

4.2.5 Comparative optical responses of active ingredients with the AM1.5 solar spectrum

and establishment of the contribution of unabsorbed radiation to the limiting efficiency

We conducted absorption measurements of the active experimental materials, P3HT, PCBM and
P3HT:PCBM blend, firstly for purposes of getting information on how much of the AM1.5 solar
spectrum the materials absorb for charge carrier generation and secondly, in order to determine
the contribution of the optical behaviour of the active materials to the limiting efficiency. For
comparative purposes, we were able to obtain AM1.5 solar spectral irradiancel***?! (that is,
terrestrial irradiance) and corresponding wavelength distribution data through the University of

Oldenburg’s Renewable Energy (Photovoltaic) Division, Germany.

4.3 Results and Discussion
The optical data were used to plot comparative graphs (shown in Figure 4.13) of AM 1.5 spectral

irradiance and the superimposed absorptivities of the active materials against wavelength
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Figure 4.13 Extractable portion of AM1.5 solar spectrum as defined by the experimental materials

These plots enabled us to determine the following attributes of the materials (which in turn
contribute to the behaviour of the solar cells made out of them):

e the utilisable range of the AML1.5 (terrestrial) solar spectrum for photovoltaic effect due
to the P3HT:PCBM composite (which for our case was in the ratio 1:1) and also due to
the individual active materials (P3HT (donor) and PCBM (acceptor))

e the optical properties of the active materials in the generation of charge carrier pairs
(electron—hole)

e the theoretical limiting efficiency as based only on the radiation which cannot be

absorbed by the active materials

Theory has already advanced that the performance of a given solar cell very much depends on
the amount of solar radiation absorbed by the active material(s). This sets a limit of efficiency
right from the onset, because in practice, not all the incident flux is absorbed. Only photons
possessing energy greater than or equal to the band gap of the material are absorbed and may or

may not contribute to electron-hole pair generation. A photon of energy greater than the
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material’s band gap is still capable of producing only one electron-hole pair. In theory, it could
have been possible for one photon to produce two, three or four, etc., electron-hole pairs if its
energy was respectively double, triple or quadruple, etc., that of the absorbing material’s band
gap. Such multiple energy photons are negligibly available in nature. Excess energy is mostly
dissipated as heat in the lattice. For argument’s sake, if such multiple energy photons were of an
appreciable fraction in nature, their absorption would result in large amounts of excess energy
being dispersed in the lattice, which would in turn increase the temperature of the cells of the
material to unbearable levels. Too much temperature generates too much heat, which may
detriment the cells. Based on this, we can therefore fall back on the assertion that an absorbed

photon can generate only one electron-hole pair.

The fraction f;,_; of the of the blackbody energy between zero and AT has been shown (Section
3.4) to be given by

¢ Iu C,d(AT)
e (T [exp (C, 1 AT)-1]

(4.1)

The red edge of the visible spectrum is at about 770 nm (or 0.77 pum). 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
spectrum is obtained by first integrating Eq. (4.1) and then substituting AT with,
AT =0.77 tim x 5777 K = 4448 ym K , which gives about 56%.

For P3HT (electron donor), the absorption edge is at approximately 670 nm. Using equation
(4.1), the fraction f,,_, of energy from zero to AT is therefore about 46%. The absorption edge for
PCBM (an electron acceptor) is at about 560 nm, which gives a fraction f,_, of about 32%,
being the one capable of generating electron-hole pairs. As for P3HT:PCBM, the absorption
edge is at approximately 630 nm, but with a much smaller absorption peak (at about 500 nm
wavelength) compared to that of P3HT alone. The composite (that is, P3HT:PCBM) cannot
therefore give a fraction f,_; which is higher than 46%. This sets a limiting efficiency of 46%,

based only on radiation that inherently cannot be absorbed by the materials under consideration.

It is of interest to note that 46% efficiency would only be possible if the two materials absorbed

like blackbodies; in which case, each of them would be absorbing all radiation of all wavelengths
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that fall on it. Such 100% absorption, which is independent of wavelength, is characteristic of the
ideal and does not hold for real materials like the P3HT and PCBM. The 46% efficiency is also
based on the assumption that every absorbed photon generates an electron-hole pair that
dissociates successfully and is finally collected. Furthermore, reflection and transmission losses
cannot be ruled out for such thin film castings. The limiting efficiency is therefore bound to

decrease to a much lower value when other loss mechanisms are factored in.

This analysis has revealed that many factors have to be considered in the choice of materials for
organic photovoltaic effect. For example, the thickness of the active materials’ layer is a very
crucial factor, because too small a thickness is prone to large transmission losses and too large a
thickness suffers numerous recombination losses among many others. It is also important to
choose materials which exhibit optical responses that are significantly favourable. The band gaps
of the materials are particularly crucial. However, there is hope in that the address of this demand
seems to lie in conjugated polymers which avail many different band gaps suitable for absorption
within the UV and the visible ranges of the AM1.5 solar spectrum.
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Chapter 5

Effect of charge injection mechanisms at metal-active layer interfaces on the
efficiency of thin-film photoactive P3HT: PCBM composite device under increasing

incident light intensity

5.1 Introduction

One of the challenge gaps in organic solar cells is to account for the observed decrease in the
device’s efficiency with effect from a characteristic threshold open circuit voltage as the intensity
of the incident light is increased. Revelation of the underpinning physics compelling such
behaviour awakens insight into informed pathways of improving the performances of these
excitonic solar cells." ™ Since this decay behaviour surfaces during the device’s operation under
illumination when the photogenerated current is at play, it is logical to link the cause of the decay

(78] because it is the only new

in efficiency to the photogenerated current flow through the cell,
parameter plying across the cell. Current conduction in such organic semiconductor assemblies is
characterised by the motion of both charge carriers (electrons and holes) in opposite directions.

[781. 10} A pulk heterojunction

This current increases with increase in incident light intensity.
(BHJ) organic photovoltaic device of the metal/organic active layer/metal assembly has the
structural presence of metal-active layer junctions sandwiching a polymer-fullerene blend. This
means that charge carriers diffusing™ or drifting (by hopping or percolation, etc. mechanisms)

(1012 2t metal-

inside the composite towards the electrodes, have to overcome potential barriers
active layer junctions in order for them to cross over to or from the respective electrodes. Metal-
active layer junctions therefore play critical roles in regulating charge conduction mechanisms as

314 In so doing, they

the incident light intensity changes in metal/active layer/metal devices.
impact on the power conversion efficiencies!'”! of the devices, the improvements of which rest
upon a clearer understanding of the devices’ voltage regimes, comprised of electric charge
conduction processes at metal-active layer junctions and space charge limited current (SCLC)

conduction!®’ [1621]

in the bulk material(s) or their blends. Call is also for a deeper understanding
of the devices’ optical and thermal behaviour, which in coupling with a clear understanding of
the electrical behaviour, would give impetus to optimisation endeavours. In light of this, we

focus this chapter on the problem statement, ‘effect of charge injection mechanisms at metal-
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polymer interfaces on the efficiency of conjugated polymer-fullerene blend solar cells’.
Specifically, we seek to make a contribution in bringing to light, fundamental interface physics
accounting for the observed decrease in the efficiency of organic solar cells at high incident light
intensity and extend our investigations to finding out how the observed Ve thresh eff decay 1S

quantitatively linked to the device’s voltage regimes at the metal-active layer junctions.
We advance the following hypotheses:

e Electrical conduction and the coupled power conversion efficiency in photoactive
metal/polymer/metal devices are to a large extent influenced by the photogenerated
voltage, which drives an increased dark (opposing) current within the organic solar cell
that impacts negatively on the efficiency of the device.

e The experimentally observed threshold open circuit voltage (Vo thresh eff decay) cOrresponds
to the threshold voltage (Vinresh wnn) for tunneling regime commencement in such
optoelectronic devices of organic descent.

To test these hypotheses, the effect of external voltage bias on charge injection across electrical
contacts formed as thin films of each of the organic semiconductors P3HT or PCBM (in the
P3HT:PCBM blend) contacts with the metal electrodes ITO (enhanced with PEDOT:PSS) and Al
respectively of the ITO/PEDOT:PSS/P3HT:PCBM/ALI solar cells. The solar cells were fabricated
as described in Chapter 4. We restricted our investigations to the problematic metal-polymer

interface regions.

5.2 Results and Discussion

Figures 5.1 (a) and (b) show the obtained current density J and semi-logarithmic J versus voltage
V. curves of the representative as cast bulk  heterojunction  (BHJ)
ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell, in the dark (0 mW/cm?) and under differing light
illumination intensities (0.27 mW/cm? to 100 mW/cm?). Each of the fabricated experimental
devices displayed electrical characteristics similar to those in Figure 5.1. The asymmetrical
nature of the curves in Figure 5.1 (b), is ascribed to the difference between the work functions of
the electrodes (ITO/PEDOT:PSS and Al) and the active blend materials (P3HT and PCBM) in

electrical contact with the electrodes. This indicates the existence of Schottky junctions and therefore

different potential barriers at the electrode (a metal)-polymer interfaces.
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Figure 5.1 (a) Linear scale and (b) semi-logarithmic family plots of current density variation with
applied voltage for the as cast bulk heterojunction ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell, in the
dark (0 mW/cm?) and under differing illumination intensities (0.27—100 mW/cm?)

In order to gain more insight into the fundamental electrical behaviour of the device, we isolated
for study, its dark J(V) curve from Figure 5.1 (a) and its corresponding dark semi-logarithmic

scale curve from Figure 5.1 (b), the display of which is presented in Figure 5.2.
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Figure 5.2 (a) Dark current density and (b) corresponding log current density versus voltage
characteristics for the Schottky barrier junction type ITO/PEDOT:PSS/P3HT:PCBM/AI device
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The dark forward and reverse bias current-voltage characteristics of the
ITO/PEDOT:PSS/P3HT:PCBM/AI device shown in Figure 5.2(a) are characteristic of a diode
and show rectification behaviour as well as non-linearity, with very small leakage current under
reverse bias. This indicates the formation of depletion regions at the metal-active layer interfaces
of the device. Forward bias corresponds to positive (+ve) potential on the ITO/PEDOT:PSS
electrode and negative (-ve) potential on the Al electrode. We investigated the rectification
phenomena of the device by calculating RFs at different applied bias voltages and used the
values in plotting the graph for the variation of rectification factor with absolute values of
applied voltage. The obtained graph is shown in Figure 5.3. The rectification factor/ratio (RF or

RR) is determined as the ratio of the forward current |- to the reverse current Ig at a certain

oo

RF is therefore subject to the applied voltage.

applied voltage V. Mathematically:

(5.1)

\Y
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Figure 5.3 RF vs voltage of the ITO/PEDOT:PSS/P3HT/PCBM/AI Schottky junction

As the graph shows, the device was found to be having rectification factors of ~ 213 at 1.0 V. In
general, high rectification factors at different bias voltages are evident from the graph. The

incidence of high RF is attributed to the fact that under reverse bias, large potential energy
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barriers exist at the metal-active layer interfaces of ITO/PEDOT:PSS/P3HT:PCBM/AI devices.
Such high values of RF are typical of polymer based diodes with asymmetric electrodes.®" 2224
ITO/PEDOT:PSS/P3HT:PCBM/AI devices therefore generally exhibit very high rectification
behaviour. This behaviour is mainly due to the formation of space charge layer at the
ITO/PEDOT:PSS/P3HT:PCBM/AI interfaces.

The discussed diode I-V characteristics of the fabricated ITO/PEDOT:PSS/P3HT:PCBM/AI
solar cell in the dark have several features that correspond to various types of charge transport
within the device. In Figure 5.2 (b), we identify three corresponding, typical charge transport
regions labelled I, 11 and 111 revealed by the device in semi-logarithmic representation of the dark
current density-voltage characteristics. The low bias voltage regime, represented by region 1 in
Figure 5.2 (b) is characterised by an ohmic flow of charges expressed clearly and exactly as
J cV/d, where J is the current density, V is the applied bias voltage and d (~ 100 nm) is the
thickness of the active P3HT:PCBM (polymer-fullerene) blend film. The current is limited
mainly by shunt (parallel) resistance (R, )emanating from the P3HT:PCBM film. In this regime,

injection of charge carriers from the electrodes into the polymer material is considerably reduced
due to the low bias voltage which cannot compensate for the internal (built in) field.?>! Under
forward bias conditions in region I, the depletion layer is minimised at the interfaces and current

flow originates mainly from extrinsic effects that give leakage currents.*! (%!

Region Il is the intermediate positive voltage bias regime, which results from increasing the bias
voltage. This increase further decreases the internal electric field and enhances the injection of
charge carriers from the electrodes into the bulk P3HT:PCBM composite. Charge conduction
(injection) in this region is therefore across the metal-active layer interfaces, in which for our
devices, the electrodes were ITO/PEDOT:PSS and Al and the active materials were P3HT and
PCBM. The sharp J(V) slope and exponential increase in current with bias voltage (shown in
Figure 5.2 (b) Il) characterise injection limited (IL) behaviour of charge flow in this region. The
current increase should be due to decrease in the depletion layer width at the interfaces. The
mathematical formulation of conduction across this Schottky junction region is

J ocexp (qV/kBT), where k; is the Boltzmann constant. In reverse bias, the depletion layer

increases and almost all the current is due to the minority carriers of PSHT:PCBM.
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All this shows that in region Il, current is controlled by the diode characteristics of the device,
which in effect are factors attributed to the device’s metal-active layer interface(s). The main
junction factor that controls the injection process is the potential barrier, which in turn is often
mainly controlled by the interface dipoles, Fermi level alignments, defects,?® energetic disorder
introduced by the roughness at metal-organic semiconductor interface!®® and impurities. In

certain situations, image force also plays a role by giving rise to current backflow.?”

The high bias regime (which accounts for charge transport in the bulk/blend material(s)) is
shown by region Il of plot (b) in Figure 5.2. This is the region corresponding to space charge
limited region (J ocVZ/ds), in which the bias voltage has been increased beyond the flat band
condition. At flat band operation, the bias voltage will be high enough to compensate for the
built-in potential of the diode. Immense current injection is therefore expected in this region.
However, due to low charge carrier mobility, compounded by the presence of impurities, traps
and current limitation by series resistance (Rs), the transportation rate of the injected charge
carriers is greatly reduced and charges accumulate in the bulk of the active organic material(s).
Hence the dominant controller of the transport flow is now space charge limited current (SCLC),

which results in saturation of current.!?¢2

Further analysis of the dark J(V) curves in Figure 5.2 produced the following parameter values,
(which we ascribe to the diode behaviour of our ITO/PEDOT:PSS/ P3HT:PCBM/AI device of
cell area 0.08 cm?, active layer thickness d ~ 100 nm and fabrication thermodynamic temperature

T ~ 300 K): reverse saturation current density J,~ 10" mA/cm?, reverse saturation current 1, ~

8 x 10° A =8 nA, Ideality factor n ~ 1.73 and dark barrier potential height ¢, ., ~0.452 V.

The reverse saturation current density was determined by interpolation of the exponential slope

of J (V) at V = 0. The dark reverse saturation current 1, is the maximum leakage current in the

absence of light. It is an extremely important parameter which differentiates one diode (organic
solar cell) from another. It is a measure of the recombination in a device. A device (for example,

organic solar cell) with larger recombination will have a larger 1, (= larger J,). I, increases

as T increases and decreases as the material quality increases.
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The value of the ideality factor n greater than unity can be attributed to the recombination of
electrons and holes in the depletion region of the interface. It is also associated with the Fermi
level pinning at the interface or with relatively large voltage drops in the interface region.’*! The
ideality factor of the device was estimated by use of the slope of the linear section of region Il

(the exponential region of the forward bias of the semi-logarithmic J(V) characteristics. The

slope which is equal to ( ] was then used in equation (5.2) to determine n.

(&) 2

The value of the barrier potential height ¢, was estimated from the forward bias current-voltage

o\
d(in)

characteristics by use of equation (5.3), in which A* is the Richardson constant.

¢B=EIM(AWJ (5.3)
q Jo

In the case of the fabricated device under examination, the more relevant equation describing
current as a function of applied voltage is the modified Schottky equation (5.4), because the

device is a non-ideal diode. This practical (real-diode) equation is®*=?

qv — IR gV — IR V —IR
I =1 eﬂ)(____iJ_q+4 [am(————iq—l}+[ Sj (5.4)
0{ nkT 0z n,kT R,

where the symbols carry their usual meanings. Comparative output parameters obtained for the
fabricated ITO/PEDOT:PSS/P3HT:PCBM/AI device in the dark and under 100 mW/cm? white

light illumination are shown in Figure 5.4. As can be seen in Figure 5.4, the maximum current is

not always reached at 0 Volts (when device is under short circuit conditions), but at times it is
achieved at more negative bias, corresponding to a higher internal field. This conveys
information that the polaron pair dissociation in the device is more difficult. One of the reasons
could be that the active layer is thicker than the optimal thickness for optimum polaron
dissociation. If the active layer is thicker, it means that at the same external voltage, the internal
field at zero bias is lower, hence the need for thickness optimisation. However, mechanisms of

exciton-polaron pair dissociation are still not clearly understood.

136



Current density J (mA/cm?)

—
m
]
w
sl

1E-4 -

Figure 5.4 Comparative semi-logarithmic representation of the dark and illuminated (100 mW/cm?) J(V)
characteristics for the fabricated ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell. The inset is for the

1

e
-
al

0.01

0

1 |[—— Dark
] |—— 100 mw/cm?

Shunt (parallel) resistance

yonential7

 Current density J (mA/cm?)

\')

oc

Series
resistance

Injection at metal-
polymer interface

o
5
8

T
—e— Dark
—=— 100 mW/em? | J

&
o

s
N

0.0

Voltage (V)

corresponding dark and 100 mW/cm? raw J(V) plots for the device.

Under solar simulated white light illumination intensity ranging from dark (0 mW/cm?) to 100

mW/cm?, the device gave the output parameters shown in Table 5.1.

Table 5.1 Output photovoltaic parameters obtained for the ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell

T
1.0

in the dark and under different solar simulated white light illumination intensities.

1.5

Light Series Shunt
Intensity Voe Joe Prax Efficiency | Resistance | Resistance
(mW/ecm?) | (V) | (mA/ecm?) | (mW/cm?) FF (%) (Q) (Q)

0 0 0.0002 0.000 12021.94 12021.94
0.27 0.35 0.02 0.002 0.3570 0.91 6169.50 28828.83
1.72 0.49 0.14 0.029 0.4280 1.68 878.83 7804.88
5.5 0.55 0.42 0.099 0.4256 1.79 288.86 3200.00
17.6 0.59 1.17 0.289 0.4205 1.64 124.86 1151.08
34.3 0.61 2.11 0.530 0.4115 1.55 80.57 800.00
100 0.64 5.39 1.323 0.3837 1.32 42.45 266.67
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5.2.1 Efficiency decay with increase in light intensity versus metal-active layer interface

contributions

In most applications, the solar cell operates under approximately AM1.5 white light illumination,
which is equivalent to 100 mW/cm? simulated white light intensity. Table 5.1 shows the open
circuit voltage V. for the ~100 nm thick experimental device under 100 mW/cm? white light
illumination to be 0.64 V. The magnitude of the electric field F produced by this V. is given by:

F=(V,./d)=(0.64V /100nm)=6.4x10* V/cm. This shows that the bias V. of magnitude 0.64

V is enough to bias the device externally with an electric field of ~ 6.4x10* VV/cm. Such high bias
electric fields, though produced by the photogenerated V., must be impacting on the
photogenerated current, (responsible for its creation) in a negative way which decreases the
efficiency of the organic solar cell.

We built up this hypothesis from empirical observations of the decrease in the device’s
efficiency, shown in Figure 5.5 with effect from a characteristic threshold open circuit voltage
(Moc thresh eff decay) @S the light intensity (1) incident on it was increased. As can be read from Figure
5.5, Voc thresh eff decay fOr the device was found to be ~ 0.53 V. Below this threshold V., efficiency

was observed to increase.

To verify the hypothesis, we set to study these empirical observations of the performance
behaviour of our ITO/PEDOT:PSS/P3HT:PCBM/AI device under differing illumination
intensities shown in Figure 5.5, in order to find explanation to the evolution of this threshold
open circuit voltage at which efficiency of the P3HT:PCBM based device starts to decay (Vhresh
off decay). Models explaining conduction mechanisms at metal-polymer junctions are examined.
We also seek to find out whether the observed Vinresh eff decay 1S COrrelated to certain fundamental
voltages marking the onset or transition of elementary electrical behaviours in the device and
obtain comparative values of the thresholds. The findings are used to formulate generalisations
explaining the origin (or cause) of the observed decrease in efficiency as light intensity increases.
This  knowledge provides a sound base for improved architecture  of
ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells and the generality of organic solar cells, in that it

will enable us to identify specific domains and attributes of the cell to improve.
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Figure 5.5 Variation of efficiency n and open circuit voltage V. with light intensity. The smooth curves
are lines of best fit to the respective data points. Inset is for the variation of the corresponding fill factor
with light intensity.

For the fabricated device, Figure 5.5 shows that at very low white light illumination intensity in
the approximate range 0<1 <55 mW/cm? corresponding to Vos less than 0.53 V, the
efficiency of the device increases sharply in similar manner to V. and peaks at Vo~ 0.53 V (the
alluded Vinresh eff decay), corresponding to I ~ 5.5 mW/cm?. Further increase in incident light
intensity is seen (Figure 5.5) to induce a significant fall in the rate of increase of V. and

simultaneously triggers a rapid decrease in the (performance) efficiency of the device.

It is the explanation of this observed turning point in the performance behaviour of polymer-
fullerene devices that is central to this investigation. Specifically, we investigate the
contributions of metal-active layer interfaces to this retrogressive behaviour, by finding out how

charge injection mechanisms/processes at metal-active layer interfaces aggravate the behaviour.
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Figure 5.6 Family of open circuit voltage Vo, and efficiency n against light intensity I incident on
ITO/PEDOT:PSS/P3HT:PCBM/AI devices from different batches. The smooth n vs I curves are lines of
best fit to the data points.

For reliability check, we experimented with several ITO/PEDOT:PSS/P3HT:PCBM/AI solar
cells and for each case plotted variations of V. and efficiency n with incident light intensity |
and noted Vinresh eff decay - 1 N€ resulting family of curves for a few representative devices from

different batches is shown in Figure 5.6.

In all plots we witness sharp increases in efficiency at low incident light intensity (~ 0<1<6.5
mW/cm?), up to peak values (thresholds) which mark the onset of efficiency decay for any
beyond illumination intensity. We note the general efficiency peak shifts towards increasing
incident light intensity (that is, the right hand side (RHS)) for devices with higher operational
power conversion efficiencies at 100 mW/cm? incident intensity. Therefore, the higher the

operational efficiency at 1.5AM illumination intensity, the greater is the peak shift to the RHS.
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This is the expected behaviour, because by so doing, the device delays the onset of efficiency
peaking, which means delayed decrease in efficiency and therefore larger increase range. This
information is useful in unfolding the behaviour pattern we want in the organic solar cell. As
such, we need to identify sites within the cell which contribute towards the unwanted turning
point from increase to decrease behaviour in efficiency and be able to explain how the behaviour
occurs at these sites. This discussion has already singled out metal-active layer interface sites,

which are under present investigation.

To aid analysis of the plots in Figure 5.6, we present in Table 5.2, approximate values of the
parameters having a bearing on the peaking of the device efficiency at low incident light

intensity and the marking of the onset shown. All the values are extractions from the figure.

Table 5.2 Approximate values of the parameters associated with onset of decrease (decay) in the power
conversion efficiency of the ITO/PEDOT:PSS/ P3HT:PCBM/AI solar cell as incident light illumination

intensity increases

Bias E-field | Bias E-field
*Ter_e‘T‘EOId Device V.. at 100 | Efficiency *n % fall | dueto | duetoV,
Intelr%sity | state Vinreffdee | mW/cm® | at Vinrefrgec | at 100 , inn Vinr eff dec at 100
(mW/cm?) (V) % mW/cm (V/em) | mw/em?
(V/cm)
5.3 As Cast 0.54 0.64 1.805 1.323 26.7 5.4x10" 6.4x10*
3.0 As Cast 0.47 0.53 0.750 0.473 36.9 4.7x10" 5.3x10*
2.0 As Cast 0.42 0.52 1.083 0.638 41.1 4.2x10" 5.2x10*
5.5 As Cast 0.36 0.49 1.200 1.197 0.3 3.6x10" 4.9%10*
1.8 As Cast 0.33 0.44 0.167 0.109 34.7 3.3x10" 4.4%10*
5.5 Annealed 0.43 0.56 1.5683 1.288 18.6 4.3x10" 5.6x10*
6.5 Annealed 0.52 0.62 2.375 1.643 30.8 5.2x10" 6.2x10*

In Figure 5.7, we use data from the asterisked columns in Table 5.2 to show in scatter plot the
positive correlation between the threshold incident light intensity and the operational power
conversion efficiency under solar simulated white light intensity of 100 mW/cm? The
percentage fall in power conversion efficiencies from those at the decay thresholds to those for
the devices under 100 mW/cm? illumination is generally very high. This is a setback. Good
device architecture is one that works towards minimising and delaying such falls so that the
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increase is extended over most of the illumination intensity range. We also note the generally

high bias electric fields which seem characteristic of the P3HT:PCBM based assemblies.

~

Threshold incident light intensity | (mW/cmz)
=N

-

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Efficiency (of device under 100 mW/cm?)

Figure 5.7 Scatter plot revealing positive correlation between the efficiency under100 mwW/cm?
illumination of the P3HT:PCBM based device and the threshold incident light intensity at which
efficiency starts to decrease. (Note that efficiency is the independent variable in this case.)

We present Table 5.3 for purposes of giving an overview of the values of parameters of merit
describing the average experimental ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell that was
fabricated and studied. Attention is drawn to the Voc thresh eff decay Values which seem to suggest the
existence of a unique threshold open circuit voltage (Voc unique thresh) Which triggers ohmic
behaviour in the device when the device is operating under AM1.5 incident white light intensity.
The value of this Vo unique thresn TOr @ well fabricated device, could be around 0.46 V order of
magnitude, as deduced from the averages in Tables 5.3 (a) and (b). Annealing at 60°C for 15
minutes was done on a few devices whose figures of merit and graph profiles are respectively

shown in Table 5.3 (b) and Figure 5.6, solely for the purpose of ascertaining whether there is a
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significant difference in values of Vinresh eff decay between those of well done ‘as cast’ and those of

well done ‘annealed’ devices.

Table 5.3: Parameters of merit for the ‘as cast’ and ‘annealed ITO/PEDOT:PSS/P3HT:PCBM/Al solar
cell subjected to 100 mW/cm? (AM 1.5) solar simulated white light illumination
(a) As Cast

110714 160714 160714 200714 210714 160814 | Average
Device/Cluster Description H2 M LM1 M LM1 S2 LM2 M LM3 M uzm Performance

Device/Cluster State As Cast | AsCast | AsCast | AsCast | AsCast | AsCast As Cast
+0.03
Ve (V) 0.53 0.63 0.64 0.58 0.56 0.49 0.57
Abs. ls. (MA) 0.219 0.313 0.431 0.377 0.217 0.461 0.34
Abs.Js. (mMAcm?) | 2.7375 | 3.9125 |53875 |4.7125 |2.7125 | 5.7625 4.20
100 | Puw(mWem®) | 04725 | 09943 | 13230 | 1.0735 | 0.6753 | 1.1974 0.96
mW/em® Mo ctor 0.3257 | 0.4034 | 0.3837 | 0.3928 | 0.4445 | 0.4241 0.40
(AM 1.5) —
PC Efficiency (%) | 0.47 0.99 1.32 1.07 0.68 1.20 0.96
Series Res. (Q) 43.1 40.5 42.4 46.9 54.5 31.1 43.10
Parallel Res. (Q) | 320.0 320.0 266.7 266.7 533.3 228.6 322.60
0<1<7.0 | Vihresh. eff decay.
mW/cm? (V) 0.47 0.53 0.53 0.46 0.44 | 036 ~0.47

Key: Cluster comprises 3 ‘neighbour’ solar cells fabricated on same 1.25 cm x 1.25 cm substrate

(b) Annealed

110714 160714 200714 Average
Device/Cluster Description H2 M LM1 M LM2 M Performance
Device/Cluster State Annealed | Annealed | Annealed Annealed
+0.03
Voc (V) 0.58 0.64 0.60 0.61
Abs. Is. (MA) 0.454 0.430 0.340 0.41
100 Abs. Js. (mA cm?) 5.675 5.375 4.2625 5.10
mW/em® 5 —mw cm?) 1.207 1.233 1.155 1.20
(AM 1.5)  ["Fill Factor 0.4013 0.3701 0.4516 0.41
PC Efficiency (%) 1.21 1.23 1.155 1.20
Series Res. (Q) 43.6 41.4 36.2 40.40
Parallel Res. (Q) 177.8 228.6 400.0 268.80
0</<7.0 | Vinresh eff. decay
mW/cm’ (V) 0.44 0.48 0.45 ~0.46
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5.2.2 Link of Vo thresh eff decay 10 charge flow (injection) mechanisms at metal-active layer

interfaces

We set to find out whether the Vinresh eff decay Mmanifestation could be originating from elementary
(fundamental) charge flow (injection) processes at metal-active layer interfaces of P3HT:PCBM
devices. To determine the charge injection mechanisms in these devices the Fowler-Nordheim
(FN) quantum mechanical tunneling theory as well as the Richardson-Schottky (RS) thermionic
emission theory were invoked and used in the analysis of J(V) data obtained (in the dark and at
different light intensities) from the several (alluded) experiments with the P3HT:PCBM based
devices. The choice of the two theoretical models was based on descriptions (presented in
Section 2.2.1) of how charge carriers cross such devices’ metal-active layer junctions during

current conduction.
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Figure 5.8 FN plots for the ITO/PEDOT:PSS/P3HT:PCBM/AI photoactive device in the dark and under

different white light illumination intensities
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Figure 5.8 shows two distinct families of FN curves for the device, each of which is composed of
a dark curve and six other curves plotted using J(V) data belonging to the device illuminated at
different intensities ranging from 0.27 mW/cm? to 100 mW/cm?® Each curve is a plot of
Ln(J/VZ) versus 1/V , the type of which can be deduced from equation (2.31), which in effect is
the FN theory asserting the way in which electric charge can flow at metal-polymer junctions.
We remind that this theory can be expressed in terms of the electric field F as presented in
equation (2.29). We note the asymmetric nature of the curves, which indicates the existence of
different potential barriers at the junctions. The curves in Figure 5.9 have been isolated from the

family in Figure 5.8, mainly for purposes of distinct demonstration of the asymmetric property.
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Figure 5.9 Non-symmetry between corresponding FN curves for forward and reverse bias in
ITO/PEDOT:PSS/P3HT:PCBM/AI devices

For identification of regions of merit and comparison of injection processes at metal-active layer
interfaces of ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells in the dark and under 100mW/cm?

white light illumination, we plotted the FN curves shown in Figure 5.10.
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Figure 5.10 Regions associated with thermionic and field emissions at metal-active layer interface

The plots are for another identical device, which interestingly is beginning to tunnel under dark.
Regions [a], [b] an [e] are associated with transition from RS thermionic emission regime to FN
quantum mechanical tunneling (field emission) regime identified by regions [g] and [h]. We note
that under forward bias (FB), transition from thermionic emission to field emission occurs much
earlier under dark than under illumination. This lead in transition to tunneling by ‘under dark’
than by ‘under illumination’ in FB, is explicitly demonstrated in Figure 5.11 through
comparative plots of the same data in absolute value representation under the same scale. This is
explained by the existence of barriers of different heights. In FB, charge carriers under 100
mW/cm? illumination intensity must be encountering a much greater barrier height than under
dark, because (as shown in Figure 5.11) tunneling starts at a much higher bias electric field under
FB 100 mW/cm? illumination (green) than under FB dark (red). Barrier height therefore

increases as illumination intensity increases. Under reverse bias, transition from thermionic
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emission regime to tunneling regime is hardly taking place for most of the bias voltage ranges

shown in Figures 5.9 — 11.
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Figure 5.11 Lead in transition from thermionic behaviour to tunneling characteristic by dark forward

bias (FB) than by illuminated FB (AM 1.5) of an organic solar cell

Only at very high electric fields (for example, ~ 8.33 x 10* V/cm in Figure 5.11) is transition to
tunneling starting to manifest itself under dark. No likelihood of transition shows for the same
magnitude of bias voltage under AM 1.5 (100 mW/cm?) illumination. This is clear evidence for
the existence of very large barriers at metal-active layer interfaces under reverse bias.

For broadened insight into the more intricate elementary processes at the metal-active layer
interfaces of the ITO/PEDOT:PSS/P3HT:PCBM/AI devices, we comparatively studied charge
injection mechanisms in the dark, under forward bias (FB) and under reverse bias (RB) using
Figure 5.12, which was produced from the experimental ITO/PEDOT:PSS/P3HT:PCBM/AI
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device J(V) data in Fowler-Nordheim (FN) formulation [Ln(J/V?) versus 1/V]. Such broadening

helps in making correct identification of the charge flow constraints at the interfaces, which in

turn enables informed corrective measures and contribution to the device’s performance

improvement endeavours.
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Figure 5.12 Comparative configuration of the truncated Fowler-Nordheim (FN) plots for our

ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell in the dark under forward bias and reverse bias. Inset

displays profile for wider bias voltage range and the proliferation of inflexion points

In Figure 5.12, the dark reverse bias (+ve Al and —ve ITO/PEDOT:PSS) FN Ln (J/V?) vs 1/V plot
corresponds to electron injection through the negative ITO/PEDOT:PSS electrode into the

LUMO of PCBM and hole injection through the positive Al electrode into the HOMO of P3HT.
As for the forward bias (-ve Al and +ve ITO/PEDOT:PSS), the FN Ln (J/V) vs 1/V plot
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corresponds to electron injection through the negative Al electrode into the LUMO of PCBM and
hole injection through the positive ITO/PEDOT:PSS electrode into the HOMO of P3HT (see
Figure 4.11). The Fowler-Nordheim quantum mechanical tunneling theory asserts that the curves
plotted out of Ln (3/V?) against 1/V {or Ln (J/F?) vs 1/V, where F is the associated electric field}
are linear with negative slope if charge injection (flow) through the junction potential barrier is
by tunneling. The theory assumes that the tunneling is through a triangular potential barrier (see
Figure 2.24) in a Wentzel, Kramers and Brillouin (WKB) approximation.*34

In Figure 5.12, curves whose lines of best fit are straight lines with negative slope can be
observed at high applied voltages (thus high applied electric fields). Since this observation is in
conformity with FN theory, the physics being conveyed is that under the given parameter
settings, charge is penetrating the potential barriers at the metal-active layer interfaces of the
device by FN quantum tunneling (field emission) mechanism. Metal-active layer interfaces
characteristic of our device have already been identified in Chapter 4. For our device, no
certainty on whether the tunneling charge carriers are electrons or holes can be made. However,
based on the higher tunneling fields needed for the injection of holes into the HOMO of P3HT
than for the injection of electrons into the LUMO of PCBM (Figure 4.11), we put forward the

tunneling superiority of holes.

For the forward bias curve in Figure 5.12, field emission regime is evident in the region
corresponding to Tgg (for Tunneling under Forward Bias) and as expected, shows occurrence at
high voltages. The steepness (slope) of the straight line of best fit is directly proportional to the
barrier heightg,. This implies that, the greater the slope of the FN best fit, the higher is the

associated potential barrier. In Figure 5.11, for example, the respective slopes m,,, m,,and
m, . for the FN fits shown, are related in magnitude by the inequality mg,> my, > m.,, .

This means that their associated potential barriers are such that

Ba(my,) ™ Po(mg,) ™ Poimesn ) Where, d is for under dark and 1.5AM is for under 1.5AM illumination.

The mathematical representation of the magnitude of the potential barrier under tunneling regime
is given by Eq. (2.26) or practically by Eq. (2.33). If the FN plots {Ln (J/V) vs 1/V} are
nonlinear, it indicates non-compliance with FN theory (that is, no tunneling) under the given

configuration values, in which case, the charge injection would be by Richardson-Schottky (RS)
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thermionic emission, in conformity with the proposed sum of the two (FN tunneling and RS

thermionic emission) contributions to current™® at metal-active layer junction.

In the device, tunneling under FB starts at a threshold voltage which is comparatively lower than
the one under reverse bias. The existence of threshold voltages for tunneling is evident in both
biases (RB and FB), but the difference is in the magnitudes of the thresholds. Tunneling under
Reverse Bias (Trg) is shown to occur much latter than under FB. This is attributed to a higher
potential barrier to be surmounted under RB than under FB. The transition stage of the dark RB
curve of Figure 5.12 is showing that the onset of tunneling is imminent in the reverse biased
device and a steeper tunneling (Trg) slope of the curve is predicted by the gradient angle B,
which is visibly smaller than the counterpart angle o for Tgg. This is in conformity with the
attribution of a steeper slope of the FN curve to a higher blocking potential at the metal-active

layer interface of the device.

As Figure 5.12 shows, more thermionic emission current is evident under forward bias than
under reverse bias. We explain this behaviour by propounding that this suggests the existence of

a smaller potential barrier (¢B < kBT) under forward bias, which should be overcome easily by

many charge carriers whose thermal energy will be greater than its (that is, ¢;) height. Reverse

bias (RB) has much larger barriers, hence much smaller thermionic emission current.
Conversely, the tunneling currents achieved under FB (for injection of holes through
ITO/PEDOT:PSS and electrons through the Al electrode) are much lower than those for injection
under reverse bias. This is so, because of the existence of higher potential barriers under RB,
which makes surmounting of them by thermionic emission difficult, but favours tunneling if the
bias voltage (hence electric field) is high enough. As Figure 4.11 illustrates, under RB, (with the
ITO electrode biased negative and the Al one biased positive), electrons from ITO have to
overcome a much larger barrier into LUMO of P3HT. Likewise, holes from Al have to overcome

a larger barrier into HOMO of PCBM, thus smaller net current as is evident from Figure 5.12.

In the encircled region C (of Figure 5.12) corresponding to much higher electric fields (FC)
(F. >1x10° V/cm for our device), the FN curve shows a bowing inclination suggestive of it

tending to level off from the straight line ascribed to quantum tunneling. This points to a
reduction in conductivity when compared to the straight line segment attributed to the field

150



emission regime. The likely explanation (based on the suggestion in reference!®) for this
behaviour is that all possible traps in the region have now been filled through tunneling and
space charge is building up close to the injecting electrodes (Al and ITO/PEDOT:PSS for our
double carrier device).

The non-linear region to the right in Figure 5.12 FN curves depicts thermionic emission. This
implies that at low voltages, at the same temperature (300K), charge carriers with thermal energy
(300k, /&) ~ 2.585x107 J being greater than the barrier height (~ 0.67 eV) are able to pass above
the barrier. The RS thermionic emission is verified by the production of straight lines of positive
slope upon plotting Ln J vs +/V or Ln J vs v/F in application of the RS model, which in
experimental representation is given by Eq. (2.11) or (2.15). The RS plots for our device are
shown in Figure 5.13. Higher voltages show non-linearity of the RS curves, especially under
forward bias, which subscribes to field emission under such conditions.

The dark curves of Figure 5.12 reveal the characteristics of the solar cell corresponding to room
temperature (~300 K). The principal curves have been truncated at about 20 mW/cm? in order to
make the minimum turning points of the curves explicit. As labelled in the figure (5.12), negative
slope indicates tunneling, whereas positive slope shows the field independent thermionic
emission. Inflexion points, as shown for dark in the insert, appear along the thermionic regime
section of the curves and lead to steep descents in the curving until a minimum turning point
corresponding to some high bias voltage is reached for each curve. In other words, we can say
that an obstruction of thermionic emission is witnessed in this region. This blockage of
thermionic emission suggests that there must be an additional counter internal electric field,
which surfaces in the device and suppresses thermionic emission process from claiming a
contribution to charge flow across the metal-active layer interface. At the observed FN curve
minima (regions Tr-FN curve minima in Figure 5.12 and Tr-i to iii in Figure 5.11), it should be
that this internal field completely obliterates the dominance of thermionic emission. The fall and
rise section of the curve corresponds to the transition (Tr) region (conspicuously showing under
FB in Figures 5.9 to 5.12) which encompasses the minimum and adjacent limbs of the FN curve,
the assembly of which forms an asymmetrical open letter U. The observed minimum therefore
demarcates the transition from thermionic emission dominated charge injection to field emission

dominated conduction across barriers at the electrical contacts of such devices. The non-
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symmetric characteristic indicates the existence of different barriers at the associated metal-
active layer interfaces. More evidence for the existence of an additional internal electric field in

such organic solar cells emanate from the observation of positive currents even when negative

bias is still applied.'®
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Figure 5.13 Richard-Schottky (RS) thermionic emission curves for the experimental
ITO/PEDOT:PSS/P3HT:PCBM/AI device

When the applied field is high, the internal field may be overwhelmed by the quantum
mechanical tunneling which dominates with increase in the applied (bias) voltage. As a result,
the influence of the internal (built in) field will be overshadowed. However, at low applied fields,
this field becomes significant and its influence cannot be assumed trivial. In fact, under certain
cases of low bias voltage (that is, applied field), this internal field can even become greater than
the applied electric field, to the extent of changing the direction of flow of the current. This
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internal field stops all the thermionically generated charge until a certain field overcomes it. Its
magnitude may be visualized at the (minimum) turning points of the FN curve.[®! The magnitude
of this internal field was determined at the shown minima in the transition regions of Figure 5.12.
These are the points corresponding to the labels V™ gg-en curve minimum 8N0 V™ g.en curve minimum ON the
v axis. In reverse bias (RB), the internal field corresponding to the minimum of the FN curve
for the device under dark was found to be 7.14 x 10* Vem™ and in forward bias (FB), the
obtained internal field was 2.13 x 10* Vem™. The results show that the internal field
corresponding to the dark RB minimum value is significantly higher than that corresponding to
dark FB minimum. This supports the observation that transition from thermionic emission to

field emission occurs earlier under FB than under RB.

From the FN minimum in Figure 5.12, build ups towards the alluded linear steep ascents of
negative slope are observed, especially under forward bias. Ibid™® suggested that this observed
minimum of the dark FN curve is related to the open circuit voltage of the device. In addition to
this, we advance the hypothesis that this minimum of the FN curve is approximated in magnitude
by the experimentally observed threshold open circuit voltage at which efficiency starts to decay
(Moc thresh eff decay). In order to verify this, we compared the found voltage of 0.1818 V
corresponding to the FB minimum of the dark FN curve in Figure 5.12, with the observed V.
thresh eff decay Value of ~ 0.461 V obtained for the same device. Though different, their
corresponding electric fields are of the same order of magnitude. We conducted reliability checks
through repeated experimentation with several such devices and obtained similar
approximations. Following on this, we determined the value of the voltage corresponding to the
onset of strict quantum tunneling (field emission regime), which begins at the end of the

transition region and is labelled ‘onset of tunneling regime’ in Figure 5.12. We found the

magnitude of this voltage (at the point labelled on the V! axis) to be ~ 0.4598

Vthrlesh tunneling regime
V and noticed that its value is approximately equal to the observed value of Vo thresh eff decay TOr
the same device. This seemed to confirm the suggestion by and® that the observed FN curve

minimum is related to the open circuit voltage of the device.

We mounted several replica method experiments with many identical devices and to avoid over-
crowdedness of the curves (which diminishes clarity) we present in Figure 5.14, the obtained FN

curves for a small sample. For comparative purposes, voltage values which we obtained through
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analysis of the shown FN curves for the sample are displayed in Table 5.4 together with those of

the corresponding observed Voc thresh eff decay-
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Figure 5.14 FN curves for sample ITO/PEDOT:PSS/P3HT:PCBM/AI devices used in determining
magnitudes of Vinresn wnneling regime Marking onset of field emission regime and Ven curve minimum @ssociated

with curve minimum in the transition region from thermionic to field emission

The preceding analysis and findings displayed in Table 5.4 show that (in allowance of
experimental error) Vinresh unneling regime Values are equal to Vo thresh eff decay Values. In light of this,
we contribute that the observed threshold open circuit voltage from which efficiency starts to
decrease indicates the value of the internal voltage within the device corresponding to the onset
of field emission (FN guantum mechanical tunneling) injection of charge through the potential

barrier at the metal-active layer interface. Based on our presented results and analysis, we not
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only confirm the proposal by that the internal (built in) voltage is related to the open circuit
voltage, but also add that the observed FN internal voltage suppressing thermionic emission is
the case of our
ITO/PEDOT:PSS/P3HT:PCBM/AI device, this is the electromotive force between the PCBM
LUMO and the P3HT HOMO.

actually the open circuit voltage built within the device. In

Table 5.4 Approximate values of Vo thresh eff decay COMpared With FN Vipresh tunneling @ Veyrve minimum fOT the

sample where » and | are device efficiency and incident light intensity respectively

Device Voc thresh eff. decay FN Formulation FN Formulation | FN Thresh Electric Field
Identity from V,.and n Vs | Vthresh tunneling regime Vcurve minimum Fthresh tun. regime
(Under FB) plot (V) * 0.02 (V) £ 0.001 (V) £0.001 | (V/cm) £ 0.001 x 10*
LM1 S2-as cast 0.53 0.526 0.370 5.263 x 10°
T3 M-as cast 0.43 0.426 0.303 4.255 x 10*
H2 M-as cast 0.47 0.465 0.323 4,651 x 10

The observed minimum in each of the FN plots corresponds to the V. which is linked to the
changeover within the transition zone from thermionic emission superiority flow to field
emission dominated conduction of charge in such devices. The transition from thermionic to
field emission is not an instantaneous event, but is rather a gradual process, although the time it
takes is still very small. The location of the minimum of the FN curve is about half-way of the
transition zone and it signals the end of thermionic emission dominance as well as the start of the

superiority of quantum mechanical tunneling (field emission).

To aid understanding of the charge injection processes at the electrical contacts of our device, we
present in Figure 5.15, the non-scaled energy diagram which shows locations of the FN curve

minimum, the FN Vinresh tunneling @10 Voc thresh efficiency decay-

Also as Figure 5.15 shows, the transition region (which houses the minimum on the FN curve) is
characterised by hybrid operations of thermionic and field emission processes, which for
purposes of exposing the gradual nature of the takeover of each of the processes, are discretely
presented in the figure as field assisted thermionic and thermally assisted field emission
processes. The model enabling explanation of this change from thermionic to field emission at

the metal-active layer interfaces of such organic devices under isothermal confinements is:® *°!
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where Fy, is the threshold field for change over from RS thermionic emission to FN field

(5.5)

emission and the other symbols carry their usual meanings.
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Figure 5.15 Charge Injection mechanisms through and above a triangular potential barrier at a metal-
active layer interface, where @y is the potential barrier height, DIAV implies Direction of Increase of

Applied Voltage and DIT implies Direction of Increase of Temperature

Analysis of equation (5.5) gives that the electric field F increases with increase in temperature.
When ¢, <kgT , the field is not defined, which means that all the charges have thermal energy

equal to or greater than that needed to surmount the barrier.[! Therefore, only thermionic

emission takes place in this case.

5.2.2.1 Accounting for the decrease in efficiency as incident light intensity increases

Since Vinresh unneling Nas been found to be equal to Vo thresh efficiency decay It implies that the values of
the observed Vo thresh efficiency decay Parameters in the J(V) curves of metal-organic active layer -
metal solar cell devices, indicate the magnitudes of the internal electric fields which trigger

quantum mechanical tunneling within the devices’ metal-active layer interfaces. The finding also

156



confirms that the internal voltages generating these electric fields are the open circuit voltages.

Figure 5.12 shows that for our device in the dark and under reverse bias (RB), tunneling (which
corresponds to T, in the figure) starts at V1~ 0.7 V!, which gives the threshold internal

voltage (Vinresh tun) OF approximately 1.4286 V in magnitude. We have found out that this voltage
is the built in (internal) open circuit voltage and it generates an internal threshold electric field
for onset of tunneling (Finresh wn) Which is ~ 1.428 x 10° V/cm. This threshold field is much
higher than ~ 4.5454 x 10* V/cm found for the corresponding forward bias configuration. The
disparity in the field magnitudes further confirms that the barrier to be overcome under reverse
bias is larger than that under forward bias, a case which also accounts for the witnessed threshold
for the onset of field emission (quantum mechanical tunneling) occurring at much smaller
threshold internal electric fields under forward bias than under reverse bias.

The threshold voltage at which efficiency starts to decrease (Vo thresh eff decay) 1S @ member of the
open circuit voltages corresponding to different illumination intensities (see Figures 5.11 and
5.12), of which we deliberately pick the 1.5AM (100mW/cm?) incident white light intensity
since solar cells mostly operate under this intensity. For ease of comparison in the analysis, we
display in Table 5.5 typical forward bias values of the sample’s threshold open circuit voltages
(as well as the associated threshold fields) and compare these with their counterparts when the
same devices are subjected to 100mW/cm? incident white light illumination.

Table 5.5 Comparison of values of threshold open circuit voltages and associated electric field
parameters for start of decrease in device efficiency and onset of quantum tunneling, to the
corresponding operational parameter values at 100mW/cm?® illumination intensity for different
ITO/PEDOT:PSS/P3HT:PCBM/AI devices under forward bias

Device | Vo thresh eff FN FN FN-Thresh Tunn | V, at100 | Elect Field due
Identity | , . fromV, | Formulation | Formulation | CElectric Field mW/cm® | to Vo at 100
(Under FB) and n Vs | Vthresh tunneling chrve minimum I:thresh tun. regime (1'5AM Solar mW/cm illum

PIOt (V) | regime (V) (v) (V/em) | simulated)/ | Fioo (V/cm)
LM1 S2-as
Cast - FB 0.53 0.5263~053 |  0.3704 5.263 x 10 0.64 6.4 x 10
T3 M-as
cast - FB 0.43 0.4255~0.43 |  0.3030 4.255 x 10 0.52 5.2 x 10
H2 M-as
cast - FB 0.47 0.4651~0.47 |  0.3226 4.651 x 10 0.53 5.3 x 10"
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We note (from Table 5.5) that when the devices are illuminated, the thresholds for tunneling

under forward bias occur at electric fields smaller than those generated by the open circuit

ITo voltages  corresponding to 100 mW/cm?

o
&

®O0 Al

Vi .9 illumination intensity. For example, the shown
hi ]

® threshold V.. for the onset of tunneling in device
LM1 S2 under forward bias is ~ 0.53 V, which

generates an associated internal threshold field

g
. ®
O

(o1t g
0

3HT:PCBM

hv

(Finresh wn) approximately equal to 5.3 x 10* V/em.
Based on the preceding discussion, it means that

® once this threshold has been reached, two

o © o

simultaneous mechanisms are triggered within the

.pss O
APEDOT:PSS

- device and these are: FN quantum mechanical

tunneling (field emission) of charge through the

off .

o potential barrier at the metal-active layer interface

of the device and decrease in the power conversion

efficiency 1 of the device. It is the tunneling which

Figure 5.16 Opto-electrical mechanisms ©ON the other hand is responsible for the decrease in

at play within our illuminated polymer- the efficiency, because it increases the dark current.
fullerene based device. White circles

denote holes and black circles denote
electrons come into play within our

ITO/PEDOT:PSS/P3HT:PCBM/AI device under different illumination intensities, we developed

Figure 5.16, which we refer to in the explanation. When the polymer-fullerene based device is

To mimic the opto-electrical mechanisms which

illuminated and the pathway is conducive, the generated excitons ultimately dissociate into
electrons and holes, which under drive by the electric field due to the built in voltage Vi, migrate
to their respective metal electrodes - (electrons to Al and holes to ITO/PEDOT:PSS). We expect
a sea of electrons and holes (as in Figure 5.16) with net negative charge in the P3HT:PCBM
blend to be prevalent. This charge migration within the device constitutes the photogenerated
current Iy, through the device, which results in charge accumulating on the electrodes, thus the
formation of the photogenerated voltage V,n responsible for driving current through the external
circuit and doing work. The downside of this mechanism is that the accumulating charge also

biases the same device with the same voltage Vp, (shown in Figure 5.16), which then drives the
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problematic dark current |, through the device. The nature of the bias is similar to the forward
bias case analysed. Since the dark current I, (or dark current density J,) acts in opposite

direction to the photogenerated current 1, (or photogenerated current density J ) it brings in
the negative effect of reducing the short circuit current density Jg. (because Jg. =J,, —Jp).

As a result, the power conversion efficiency n of the solar cell device is reduced, since 1 directly
. J.V . . . .
depends on Jg.as given by n =—2¢ FF , where FF is the fill factor and Pjigy is the incident
light

light power. If the photogenerated voltage V,, increases, the dark current also increases since it
is driven by V. FN tunneling is characterised by a tremendous increase in current, which starts

once the threshold field for onset of the tunneling has been reached. Electric fields higher than
the threshold result in even more tunneling current through the device, which means higher Vy,
and Ip, the net effect of which is further decrease in 1 as Ip increases after Vinresh tun OF (Voc thresh eff
decay). We therefore surmise that the sudden decrease in device efficiency must be due to the
unexpectedly large increase in the dark current density Jp caused by the avalanche of tunneling
current which takes centre stage from the advent of the threshold tunneling electric field and
throughout the field emission regime. This dark current density Jp acts against the
photogenerated current density and since it becomes boosted upon arrival at the thresholds and
increases drastically for V,. (or V) greater than tunneling threshold, it significantly reduces the
photogenerated current density Jpn, hence the device efficiency m, which is directly proportional
to the photogenerated current density. Voc which follows Vph is proportional to light intensity.

The photogenerated voltage Vph is equal to the open circuit voltage Voc corresponding to the
illumination intensity at hand. Solar cells mostly operate under subjection to 1.5AM incident
white light illumination intensity (100 mW/cm?), which generates within the device, open circuit
voltages (VocS) far much greater than the threshold voltages (= threshold fields) for start of
tunneling. Therefore much further decrease in efficiency is witnessed. For example, when our
LMI S2 device was under 100 mW/cm? incident white light intensity, the corresponding Vo, was
found to be 0.64 V (see Table 5.5), which is much greater than the shown corresponding
efficiency decay threshold of 0.53 V. This 0.64 V generates an internal field of 6.4 x 10* V/cm,
which is far much greater than the threshold field of 5.3 x 10* VV/cm under FB, which leads to the
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creation of larger dark current density Jo and the ultimate further lowering of the device

efficiency.

5.3 Conclusions

Increasing white light intensity incident on bulk heterojunction P3HT:PCBM composite devices
increases the photogenerated current density (Jyn), which simultaneously inflicts (causes)
increase in the photogenerated voltage (Vpn), due to increased accumulation of charge carriers on
the electrodes. Whilst Vp, is responsible for driving current through the external circuit and doing
work, it unfortunately biases its parent device (which produced it) with the same voltage V, and
drives dark current density (Jp) through the device. Since Jp acts in opposite direction to the
photogenerated current density, it implies that as it (Jp) increases with increase in Vpp, it
significantly reduces the photogenerated current density. The short circuit current density (Jsc),
being the maximum photogenerated current density, is therefore significantly decreased, hence
the decrease in device efficiency n, since n is directly proportional to the short circuit current
density. At light intensities lower than the threshold light intensity (that is, those light intensities
corresponding to voltages lower than the threshold open circuit voltages at which the device
efficiency starts to decay), polymer-fullerene solar cells exhibit increase in efficiency.
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Chapter 6

Opto-electrical performance analysis of nanocomposited P3HT:PCBM bulk

heterojunction excitonic devices for varying active film thicknesses

6.1 Introduction

In a composite, the performance of P3HT and PCBM as a thin film heterojunction depends on
many parameters such as techniques by which the thin films are grown,™ processing
conditions,’) morphology of the deposited photoactive thin film,®! thickness of the active layer,
heat treatment® and many others. Whilst organic descent devices based on the bulk
heterojunction (BHJ) concept in which a semiconducting conjugated polymer is intimately
mixed with a fullerene derivative (generating a nanometer phase separation) seems the most
promising,[5] finding the active layer thickness which is commensurate with the mix still remains
a challenge. Two of the major factors limiting the power conversion efficiency of the BHJ solar
cell are low carrier mobility inside the photoactive layer and incomplete absorption of the
incident light.’®® These parameters (like many others) both depend directly on the thickness L of
the active film. Increase in the thickness lengthens the optical path of incident light. This allows

for greater absorption A as given by 10

A=-Log (Ioe"‘”“”) (6.1)
where, A is the measured absorbance, 1, is the incident irradiance and k is the extinction

coefficient of the material.

However, while the total number of charges created in the active layer increases, due to higher
absorption as L is increased; there arises the unwanted downside that the photogenerated
electrons and holes must now travel, on average, a greater distance through the active layer
before they can reach their respective electrodes. This exposes the charges to a higher probability
of recombination before reaching the respective electrodes.***¥ Therefore, the anticipated
increase in the photogenerated current is unlikely, because the higher recombination will now

further curtail the current. This calls for active layer thickness (ALT) optimization.

Along this, we studied the characteristic changes in the opto-electrical properties of the 1:1 blend
of P3HT:PCBM with thickness of the active layer in ITO/PEDOT:PSS/P3HT:PCBM/AI solar
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cells, with intentions of finding out their effect on the threshold voltage at which efficiency starts
to decrease (Vinreshold eff decay) @nd also for purposes of optimizing the thickness of the active layer.
To obtain different active layer thicknesses (ALTSs), each sample was cast at different spin-coat
speeds. The spin-coat speeds used were 1000, 2000, 3000 and 4000 revolutions per minute
(rpm). This technique produced four different active film thickness samples, in which all same
sample devices had their photoactive P3HT:PCBM blends spin-coated at the same speed, for
example, 1000 rpm. Each deposition was done at room temperature, under normal atmospheric
pressure and was accorded a 1 minute spin-coating period. A sample consisted of three batches
of devices, with each batch being made up of 4 clusters and each cluster having 3 devices on it.
This made up a total of 36 devices per sample. For clarity, each cluster was a 1.25 cm x 1.25 cm
glass/ITO/PEDOT:PSS substrate base, on which three 1:1 ratio P3HT:PCBM blend devices were
ultimately mounted. Table 6.1 gives a detailed description of the samples.

Table 6.1 Description of the samples

Sample name | Spin-coating speed (rpm) Active layer thickness (nm)
S: 1000 84.5
S, 2000 771
S 3000 69.4
S, 4000 615

Thicknesses of the active layers were measured by surface profilometer, which in another way
confirmed the achievement of different active layer thicknesses through different casting speeds.
We considered the active film thickness to be a crucial parameter in determining the efficiency
of our nanocomposited P3HT:PCBM based solar cell, because it has a bearing on almost all
parameters contributing to the performance of the organic solar cell. Some of the effects may, for
example, aggravate recombination. In the following sections, we present a summarised report of
our findings on the studies of active (that is, 1:1 bulk heterojunction blend of P3HT:PCBM) layer
thickness variation effect on the performance of ITO/PEDOT:PSS/P3HT:PCBM/AI configured

device.
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6.2 Results and discussion

6.2.1 Influence of active layer thickness on optical characteristics of spin-coated polymer-
fullerene based BHJ solar cells of ITO/PEDOT:PSS/P3HT:PCBM/AI configuration

The absorbance data used to produce the absorption spectra displayed in Figure 6.1 were

obtained through the use of a Varian Cary 500 - Scan UV-Visible spectrophotometer.
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Figure 6.1 Ultraviolet-visible absorbance spectra due to photoactive P3HT:PCBM blend layers of

differing thicknesses

The spectra are due to the alluded experimental 1:1 P3HT:PCBM composite layers of
thicknesses 84.5 nm, 77.1 nm, 69.4 nm and 61.5 nm. As the figure shows, the absorption
characteristics of the composite films were investigated in the wavelength range 300 — 800 nm.
All the spin-coated films with different thicknesses showed their main peaks around 512 nm.
Furthermore, a significant increase in absorbance with increase in active layer thickness is

evident. This is expected, because in our case, greater thickness nears the recommended order of
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the absorption length (approximately 100 nm) for conjugated polymers. In addition, increased
layer thickness increases the number of active molecules which have the potential to capture
more incoming incident photons. However, the setback is that for active layer thickness larger
than the diffusion length of the excitons (aboutl0 nm in disordered and semi-crystalline
polymers) recombination increases.™ This fuels increased recombination inside the conjugated
P3HT polymer. However, loss compensation may be enhanced to a small extent by those few
photons with wavelengths in the weakly absorbing region, which may penetrate further into the
active film and reach those domains with favourably high densities of P3HT:PCBM interfaces
for optimum dissociation of the excitons. All four absorption spectra (Figure 6.1) of the
P3HT:PCBM active layers display typical absorption characteristics that are divided into two
main regions labelled P3HT and PCBM in Figure 6.1. The P3HT region which spans from
approximately 650 — 400 nm is attributed to absorption by the main absorber polymer (the
electron donor P3HT). The second region corresponding to wavelengths below 400 nm is due to

absorption by the PCBM molecules.** [*®!

The spectral region corresponding to P3HT absorption exhibited three different bands. The main
peak P3 was around 512 nm and is attributed to the = — . electronic transition within the P3HT
main polymer.”*8 This peak showed a small blue shift with increase in the thickness of the
active layer. This behaviour could be ascribed to the interruption of the structure and orientation
for P3HT chain ordering™*" 1% due to more thickening of the active layer. The blue shift could as
well be due to phonon generation or vibronic interaction with the exciton. P1 peaks s are
attributed to the absorption of the inter-chain stacking which suggests an improvement in the
chain ordering and band P2 is attributed to the extended absorption of the conjugated
polymer.l*! 2% The absorption band below 400 nm (P4 region) is due to absorbance associated
with PCBM. No peak shift showed in P4 region. However there was delayed transition from
P3HT dominated absorbance to that due to PCBM, as shown by the blue shift of other troughs
relative to the 77.1 nm thick layer, which showed no shift from the usual. The non-shift of the
77.1 nm layer trough might indicate nearness of its thickness to the optimal thickness under the

given fabrication settings.

While the absorbance curves help in giving idea about the proportion of light absorbed by the

thin films, they also provide qualitative information about the crystalline vibration as well as the
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band gap energy of the polymer. In Figure 6.1 curves of the optical absorbance of the P3HT
polymer region, we identify the vibronic progression which is characterised by vibronic peaks.
The appearance of vibronic progression means that there is a coupling vibrational mode in the
conjugated polymer P3HT, which results in excitation from the ground state to the excited state
or emission from the excited state down to the ground state.?* The vibronic peaks indicate the
dominant optical absorption and their corresponding transition. These peaks depend on the
crystalline property of the polymer. The sharper the vibronic peak, the greater is the crystallinity
of the polymer. With amorphous phase, these signature vibronic peaks disappear from the
absorption spectrum. Our results show diminished P2 vibronic peaks, which suggest less
crystallinity of the polymer in the region. P1 and P3 regions show sharper vibronic peaks
indicative of comparatively higher crystallinity. P3HT chains usually exhibit highly crystalline
features facilitated by their self-orientation into two dimensional sheets.[?? The degree of P3HT
crystallinity could be explained by the Head-Tail orientation as opposed to Head-Head
orientation. The higher degree of crystallinity is attributed to the ordered packing of P3HT stacks
in the chains.[?®) P3HT crystallinity can improve the performance of the solar cell by enhancing
the charge carrier transport through the formation of percolation pathways leading to higher

charge carrier mobility and resulting in enhancement of device efficiency.?”

6.2.1.1 Photoluminescence analysis

We analysed photoluminescence behaviour of our samples. Photoluminescence is light emission
from any matter after absorption of photon(s). As such, it is a loss mechanism which may
proliferate in a polymer-fullerene device and therefore needs minimization. Based on the optical
behaviour exhibited by our sample devices in Figure 6.1, we expect increase in
photoluminescence with increase in active layer thickness as approximated in Figure 6.2,
because as more light absorbing molecules are made available by the greater thickness, the
concentration of the luminescent species also rises. With this assumption, we add that
photoluminescence quenching (which is a counter process to minimise photoluminescence)
should therefore increase with more thinning of the active layer. Such behaviour demonstrates
the existence of well-mixed states of electron donor (P3HT) and acceptor (PCBM) that in turn

g [25-26]

facilitate rapid transfer of charge In Figure 6.2, we approximate the assumed

photoluminescence quenching behaviour for our devices by noting that in the plot (Figure 6.2),
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lower values of photoluminescence, which are associated with thinner active film thicknesses,

are indicative of higher luminescent quenching as film thickness decreases.
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Figure 6.2 Photoluminescence quenching approximations for different active layer thicknesses

We add that photoluminescence vis-a-vis photoluminescence quenching should be related to the
reduction in internal quantum efficiency as the incident light intensity becomes large and should
therefore be crucial determinant of the threshold open circuit voltage at which efficiency starts to

decrease (Vinresh eff, decay) IN polymer-fullerene devices.

As the active film thickness reaches 84.5 nm, about half the incident light between 350 and 610
nm is absorbed in one optical path. This spectral response is not that favourable, because of
significant non-absorption losses (50%), which we ascribe to imperfections associated with

device architecture in ambient.
6.2.1.2 Extinction coefficient investigation

From Beer’s law, the absorbance o of incident light by a sample depends on the concentration ¢
of the absorbers, the optical path length L of the light through the sample and the extinction

coefficient €. The extinction coefficient (or molar absorptivity) is a parameter defining how
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strongly a substance absorbs light at a given wavelength per molar concentration (or mass
density). Therefore mathematically

a=cle fromwhich e=% (6.2)

cL
A high value of the extinction coefficient € means that the substance absorbs light strongly at the
particular wavelength.
In light of this, we investigated the variation of extinction coefficient with wavelength A of the
incident light (300 — 650 nm) for the different active layer thicknesses and obtained the
absorption spectra shown in Figure 6.3.
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Figure 6.3 Variation of extinction coefficient ¢ with 1:1 P3HT:PCBM blend (active) layer thicknesses in
ITO/PEDOT:PSS/P3HT:PCBM/AI devices

The extinction coefficients were calculated using equation (6.2) and assuming a typical
absorption length (optical path length) L of conjugated polymers equal to 100 nm and
concentration of 2.2% of P3HT:PCBM blend.”*”! We note from Figure 6.3 that the extinction
coefficients are generally low for all the devices. The highest, corresponding to the 84.5 nm
active film device, is only of peak value of about 0.225 at ~ 510 nm wavelength. Such low &
values suggest weak absorbing profiles attributed to short-comings in the manufacturing

processes. Comparatively, we observe that higher values of ¢ are correspondingly associated
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with thicker active layer. This is due to the increased number of P3HT molecules available in the
active layer to undertake photo-absorption. Furthermore, we found the value of the extinction
coefficient to increase with active layer thickness in the wavelength range 300 — 575 nm. This is
the region corresponding to the left of the demarcation line D in Figure 6.3. The high value of
extinction coefficient in the absorption band is due to the crystallization of the polymer material

leading to more = —x absorption.®

In Figure 6.4, we display the variation of maximum (peak) values of extinction coefficient
(extracted from Figure 6.3 in the principal absorber P3HT region) with active layer thickness and
pose the need to optimize the active layer thickness vis-a-vis recombination losses to high

extinction coefficients.
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Figure 6.4 Maximum values of extinction coefficients for different active layer thicknesses

However, while the importance of optimization of active film thickness needs no over-emphasis,
it currently appears difficult to establish universally optimum thickness values, because of the
various competitive processes which come into play in coupling with variations in the

construction settings, constraints and circumstances.
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6.2.2 An analysis of transformations in the surface morphology of P3HT:PCBM film blend

for differing film thicknesses (2D — treatment)

The performance of organic solar cells based on the blend of regioregular poly(3-
hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) is strongly
influenced by the morphology of the active layer on the nanoscale level. 3% As such an insight
into the surface and internal structures of the photoactive blend layers incorporated in the organic
solar cells is crucial, because information on lateral, vertical or three-dimensional morphology
changes and contributions to the performance of the devices can be provided. Morphology
generally refers to the packing (for example, crystalline packing configuration) of polymer
domains, which encompass the spatial dimensions of the donor acceptor phases. The challenge in
bulk heterojunction solar cells is to arrive at an optimal tradeoff in the active blend, between
exciton dissociation (where a fine-grained phase segregation is perfect) and charge transport
(Where a bilayer configuration is optimum).?®% This implies that the ideal is a bicontinuous
composite of donor and acceptor with maximum interfacial area for exciton dissociation and a

mean domain size commensurate with the exciton diffusion length (5 — 10 nm).

It is for this stringent requirement that we studied the surface morphology of the experimental
1:1 P3HT:PCBM composite films of different thicknesses in bulk heterojunction
ITO/PEDOT:PSS/P3HT:PCBM/AI devices using the Veeco Dimension 3100 Atomic Force
Microscope (AFM) in the tapping mode. We delimited our study to the lateral perspective and
produced the images shown in Figure 6.5. No obvious changes were observed in film
morphology as a result of change in active layer thickness. All the samples show varied
topological features appearing as white enclaves in the figure. The 84.5 nm active layer thickness
seems to possess large deviation of height variations on a lateral scale. In the 77.1 nm and 69.4
nm samples, the density of height variations is reduced. It is the 77.1 nm thick blend layer which
shows the least roughness variations as well as the comparatively improved crystallization of
P3HT together with seemingly conducive PCBM phase aggregation. Also, of the samples
investigated, it is this 77.1 nm active layer thickness which exhibited comparatively optimum

values of parameters of merit.

172



252.52 nm 148.02 nm

0.00 nm

Active layer thickness (ALT): 61.5 nm Active laver thickness (ALT): 69.4 nm

1£5.97 nm 180.85 nm

0.00 nm

Active laver thickness (ALT): 77.1 nm

0.00 nm

Active laver thickness (ALT): 84.5 nm

Figure 6.5 AFM images of P3HT:PCBM active layers for different thicknesses
P3HT:PCBM crystallinity improves the solar cell performance by assisting charge carrier
transport through the forming of percolation pathways which lead to higher charge carrier

mobility and thus enhanced device efficiency.**3* A good interfacial morphology can prevent
current leakage and surface recombination.
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6.2.3 Electrical behaviour analysis of PSHT:PCBM blend devices for varying active film

thicknesses

6.2.3.1 Characteristic parameters of merit ascribed to the cells

In Figures 6.6 (a) and (b), we respectively show our obtained J(V) and output power versus
voltage behaviour characteristics of the experimental ITO/PEDOT:PSS/P3HT:PCBM/AI solar
cells of the different active layer thicknesses (ALTS) displayed in the plot legends.
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Figure 6.6 (a) J(V) and (b) output power characteristics for different active layer thicknesses (ALTS)
under solar simulated white light illumination intensity of 100 mW/cm? incident on the
ITO/PEDOT:PSS/P3HT:PCBM/AI devices

The photovoltaic (PV) measurements were carried out under AM1.5 solar simulator source of
intensity 100 mW/cm?. Figure 6.6 measurements are from ‘as cast’ devices belonging to batches
different from those of Table 6.2, which have also been analysed and included for reliability
check. With reference to Figure 6.6 (a) measurements, the highest short circuit current density Js
of approximately 0.0063 A/cm? is that due to the 77.1 nm active layer thickness device. The
peculiarity may partly be attributed to the lowering of interfacial barriers.*4 This high Js. value
is also consistent with the comparatively improved morphology shown for the device. Such
morphology minimises charge carrier recombination. On the downside, the lowest Js. value of
about 0.0034 A/cm? belongs to the device with the thinnest active layer thickness of 61.5 nm.
The low current density measurement should partly be due to the comparatively high series
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resistance (Rs) evident in the corresponding ‘as cast’ device in Table 6.2. High series resistance

is a problematic characteristic for thinner active layers.

Figure 6.6 (b) shows the highest output power to be emanating from the 77.1 nm thick active

layer. As Table 6.2 also exhibits, the best PV performance is from the 77.1 nm active layer

thickness device. For comparison, as cast performances are displayed adjacent to the

corresponding annealed devices with the same active layer thickness. As expected, parameter

values for the as cast devices, are generally lower than those of their annealed counterparts.

Table 6.2 Characteristic output values of ITO/PEDOT:PSS/P3HT:PCBM/AI solar cell devices of

differing thicknesses at 300 K under shown white light illumination

Active Layer Thickness (nm) 84.5 77.1 69.4 61.5
Device State As Anid As Anld As Anid As Anld
Cast Cast Cast Cast
VOC (V)
+0.02 0.49 0.50 0.55 0.56 0.53 0.53 0.55 0.59
Abs. Is.(mA)
+0.02 0.40 | 0.45 0.34 0.50 0.22 0.45 0.17 0.38
Abs. Js. (mA cm™)
100 +0.02 504 | 5.67 4.19 6.23 2.74 5.68 2.11 4.74
mW/cm? Poax (MW cm?)
(AM 1.5) +0.004 0.813 | 1.144 | 0.750 | 1.435 | 0.473 | 1.207 | 0.379 | 1.097
Fill Factor
+0.0003 0.3202 | 0.4040 | 0.3258 | 0.4116 | 0.3257 | 0.4013 | 0.3260 | 0.3924
PC Efficiency (%)
+0.05 081 | 1.14 0.75 1.44 0.47 1.21 0.38 1.10
Series Res. (Q)
+7 75 40 112 a1 43 a4 215 52
Parallel Res. (Q)
+7 229 229 229 200 320 178 533 267
0<1<75 Voc thresh eff decay (V)
mW/cm? +0.02 041 | 0.40 0.45 0.46 0.48 0.44 0.49 0.55

In addition, we investigated the variation of V,. and efficiency with incident light intensity for

different active layer thicknesses (ALTs) and obtained the results shown in Figure 6.7. The

display enabled us to note the threshold open circuit voltages (Voc thresh eff decay) at which
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efficiency corresponding to each active layer thickness starts to decrease. Such threshold values

are shown for a different batch of experimental devices in Table 6.2.
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Figure 6.7 Variation of (a) V. and (b) efficiency with incident light intensity for different active (thin)
layer thicknesses (ALTS)

The superiority of the ALT 77.1 nm device is spotted in Figure 6.7, in that it shows the greatest
rise in efficiency before the threshold voltage for onset of its decrease is reached. Furthermore,
the 77.1 nm film thick device exhibits the highest efficiency under the commonly employed
operational intensity of 100 mW/cm?. The sharp drop in the efficiency of the 61.5 nm ALT
device must be due to several factors whose drawback effects become more pronounced with
decrease in thinness. Among the main contributors is the acute rise in series resistance due to the
unavoidable presence of pinholes associated with fabrication in ambient. Other contributors
should include shunt (parallel) resistance (due to large leakage across the junction) and probably
morphology. It is the morphology that mainly determines the severity of recombination current
in the space charge region of the cell and the reverse saturation current of the junction. All such

activities also impact negatively on the fill factor (FF) and hence the efficiency.

6.2.3.2 Parasitic resistances in sandwiched P3HT:PCBM nanocomposited photoactive films

of different thicknesses in solar cell devices

In Figure 6.8 we show how the parasitic resistances (namely, series resistance Rs and

shunt/parallel resistance Rs,) and maximum power vary for different active layer thicknesses of
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1:1 P3HT:PCBM blends in our ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells. We note that the
optimum power output (of ~1.4 mW/cm?) is associated with the 77.1 nm thick active layer

device, which displays Rs and R, values of 40.9 Q and 200.0 Q respectively.
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Figure 6.8 Variation of parasitic resistances and maximum power output with differing active
layer thicknesses of the ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells

The competitive interaction among Rs, Rs, and the diode (characteristics) P3HT:PCBM blend
solar cell plays an important role in determining how current flows in the device. Since Rs
induces a voltage drop on itself, it means that it in a way regulates the voltage drop on the diode.
The desire is to have a very large (if not all) voltage drop on the diode. Therefore, the larger the
series resistance Rs is, the higher is the potential drop across it and the less is the potential drop
on the diode. This results in slower increase in current density J with applied voltage V and a
show of less square-ness of the J(V) curve, which implies lower fill factor (FF) and (hence)
J. .V

SC " ocC

efficiency n, because 7 = , Where, Pj, is the incident irradiance.

in

R, should therefore be very small.547

By ratio dividing the photogenerated voltage V, Rs basically determines where the
photogenerated current principally flows, to the diode or to the external load. In Figures 6.9 (a)

and (b) we present sketches of the ideal and practical solar cells to help deduce the effect of R..
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Figure 6.9 Equivalent circuits for (a) an ideal and (b) a real (practical) solar cell. Jy, is the
photogenerated current density, J is the current density flow in the external load, Rs and Ry, are the series

and shunt resistances respectively, Jq is the current density through the diode and V is the applied voltage

If V is the photogenerated voltage, the smaller Ry becomes, the more is the potential drop on the
diode (that is, the organic solar cell in this case) and therefore the greater is the portion of the
photogenerated current Jyn flowing into the diode, which is what we want. The counter side is
that if Rs is large, the current through the diode would be very small and this would imply a small
potential drop on the diode. The ideal Rs would be an infinitesimally small (zero) Rs, which is a
requirement not met by our samples due to numerous drawback factors, some of which are,
imperfections associated with ambient fabrication and un-optimized solvent evaporation rate.
However, while we acknowledge series resistances Rs in our devices to be contributions of the
following four parts: (1) bulk resistance of the active layer and functional layers in the film, (2)
bulk resistance of the electrodes, (3) contact resistance of every interface in the device and (4)
probe resistance;*”! we however assume the dominant contribution to be that due to (1), the
P3HT:PCBM blend active layer.

Shunt resistance Rg, corresponds to parallel resistance shown in the equivalent circuit of the solar
cell in Figure 6.9. It indicates current losses in the cell. Some of such losses are: current leakage
from the edge of the cell, current leakage from the pinholes in the active film “Y or current
leakage due to charge carrier flow into traps. Therefore, R, has the effect of ‘thieving’ a portion
of the photogenerated current by way of dividing and sharing the photogenerated current with the
diode. Ideally, Rq, should be infinitely large in order for it to effectively block any of the
photogenerated current from flowing into it and be lost, for example, as heat. If the shunt

resistance was to exhibit this perfect behaviour practically, then it would be assisting in ensuring
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that all the photogenerated current passes through the preferred diode, but the problem is that it
does not do so in reality. Practically, R, is not large enough to warrant neglect of current through
it. A case in-point is of our devices (in Figure 6.9), which show shunt resistances of 228.6 Q,
200.0 Q, 177.8 Q and 257.3 Q for the active layer thicknesses 84.5 nm, 77.1 nm, 69.4 nm and
61.5 nm respectively under 100 mW/cm? white light illumination. These are small Rg, values
when compared with the threshold Ry, of 6 x 10° Q/cm? found elsewhere!“? and above which the
current through such Ry, can be considered negligible. As a result, the current flowing through
each of the shunt resistances cannot be ignored and the associated J(V) curves deviate from
squareness to show low FF values ( which imply low efficiencies in general). Also, if Rg, is
small, the current under reverse bias will then flow into Rg, and current flow in the external load
will increase linearly with increasing reverse voltage. Referring to Figure 6.8, it is also
interesting to note that optimum power output is shown by the device configured with the 77.1

nm active layer thickness.
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Figure 6.10 Variations of parameters of merit — Vo, Js.. efficiency n, fill factor (FF) and
Vinresh eff decay With active layer thickness for the P3HT:PCBM blend based solar cell

In Figures 6.10 and 6.11 we present graphical and pictorial summaries of the values of
parameters of merit ascribed to the nanoscale composite devices constituting our sample. The

parameters are: open circuit voltage (Voc), short circuit current (J), efficiency (n) and fill factor
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(FF). Optimal parameter value measurements have been found to favour the 77.1 nm active layer
thickness devices, which on average have displayed significantly better photovoltaic
performance that is supported by the relatively higher efficiency and fill factor. The better
performance could mainly be due to improved morphology.
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Figure 6.11 Pictorial representations of figures of merit summarising the electrical

performance of the devices with differently thickened active layers

In view of the values of the opto-electrical properties displayed by the various active excitonic
films, we assert that under the same settings, the optimal active layer thickness in bulk
heterojunction 1:1 P3HT:PCBM blend devices of the configuration
ITO/PEDOT:PSS/P3HT:PCBM/ALI, is of the order 77.1 nm.
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6.2.3.3 Dark Characteristics

6.2.3.3.1 Dark current density-voltage characteristics of the different ALT devices

Figure 6.12 shows the dark J(V) characteristics of our ITO/PEDOT:PSS/P3HT:PCBM/AI solar
cell with different thicknesses of the active layers.
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Figure 6.12 Dark J(V) characteristics of 1:1 P3HT:PCBM composite devices with different active layer

thicknesses in the range 61.5 nm to 84.5 nm, where J (or Jp) is the dark current density, V is the bias

voltage, FI, FIl and FIlII identify regions under forward bias which exhibit peculiar current density

behaviour characteristics, wherein RI, RIl and RIII relate to the reverse bias counterparts

We identify five regions (FI, FIl, FllI, RI, Rl and RIII) which exhibit peculiar current behaviour

characteristics. The dashed red lines mark approximate boundaries for the corresponding regions

under dark J-V curves and the dark semi-logarithmic plots. The surfacing of many peculiar

regions shows that there are many competing processes within the active P3HT:PCBM films. In
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each of the identified regions, the dark current density, J (or Jgark), at a given voltage increases

for the different thicknesses according to the following order:

Region FI — JaLT615mm) < JALT 69.4nm) < J(ALT 845 nm) < JALT 7.1 nm)
Region FII — JaLT61.5nm) < JALT 69.4 nm) < J(ALT 77.1 nm) < J(ALT 84.5 nm)
Region FIII — JaLT615nm) < JALT 69.4nm) < J(ALT 84.1 nm) < J(ALT 77.1 nm)
Region RI — JaLT615nm) ® JALT 69.4nm) < J(ALT 84.1 nm) < J(ALT 77.1 nm)
Region RII — JaLT60.4nm) < JALT 61.5nm) = JALT 841 nm) < JALT 7.1 nm)

Region RIII — JaLT69.4nm) < JALT 84.1nm) < J(ALT 615 nm) < J(ALT 77.1 nm)

These results can be explained in terms of the modifications of the charge carrier injection
barriers as well as changes in the morphology instigated by the different thicknesses of the active

layers.

All the dark J-V curves for the different active layer thicknesses in Figure 6.12 are non-
symmetric and characteristic of diodes with different rectification factors/ratios. Rectification
factor RF (or rectification ratio RR) of a diode at a given voltage refers to the ratio of the
forward bias current (or current density) to the reverse bias current (or current density) measured
at the same absolute bias voltage. We determined the respective rectification ratios at 1.00 V and
found them to be: ~291 for the 84.5 nm ALT, ~304 for the 77.1 nm ALT, ~297 for the 69.4 nm
ALT and ~124 for the 61.5 nm ALT. This confirms the existence of large and different potential
energy barriers at the metal-active layer interfaces of the devices under reverse bias.

The Jgark — V characteristics can be described by the equation

qVv Vv
J =J. <€ for case — >>0 6.3
dark 0{ Xp(nk Tj} T ( )

B

where V is the applied voltage, n is the ideality factor of the diode, k; is the Boltzmann constant,

Jo is the reverse saturation density, T is the absolute temperature and g is the elementary charge.

We note that the optimum Jga Values in the identified forward and reverse bias regions prevail
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more in the 77.1 nm active layer thickness devices, which should therefore be having

comparatively smaller barrier heights in the dark than others.

In Figure 6.13 (a) we used the dark and 100 mW/cm? illumination curves for the 77.1 nm ALT
device to show the different current behaviour regions for our devices. The devices show
compliance with the practical solar cell behaviour predicted by the equivalent circuit equation

(6.4), which takes parasitic resistances Rs and R, into consideration.

V -JR V -JR
J :Jo[em(%]—l}+ : =Jom (6.4)
B sh

In Eq. (6.4), J is the recorded current density on the external load, Jyn is the photogenerated

current density and kg is the Boltzmann constant.
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Figure 6.13 (a) Typical J vs V plot for the ALT 77.1 nm device under dark and simulated

100mW/cm? (b) Regions of merit for the different ALTs in semi-logarithmic representation

According to Eq. (6.4), the J(V) curve of the solar cell is divided into three regions, both in the
dark and under illumination.***! The equivalent regions for the different thicknesses in semi-
logarithmic representation under dark are shown in Figure 6.13 (b). At low positive voltages
(corresponding to Region | in Figures 6.13 (a) and (b)) the J(V) curves are straight lines with

slopes determined by the 1/R, . If Ry, decreases, the slope of the J(V) curve increases. This

makes the J(V) curve around Js. become less parallel to the x-axis, thus reducing the squareness,
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hence the fill factor and efficiency of the device. At intermediate positive voltages corresponding
to Region II, the J(V) curves for the different thicknesses are exponential lines in which the J(V)

characteristics are limited (or determined) by the diodes whose practical representations are

J= J{exp[niv_rj—l} (6.5)

If the flow of currents in junctions is by diffusion only, then n = 1. If currents in the device are

described by the equation

dominated by recombination, then n = 2 and where diffusion current and recombination currents
both exist, n is in the range 1 — 2.1 At room temperature, there are only two variables in
equation (6.5), n and Jo. The ideality factor n is dominated by exciton dissociation and
recombination in the device and J is reported to be related to the difference between the donor
HOMO and the acceptor LUMO ( AE pa) of the materials.”®! At high voltages, which correspond
to Region Il1, the J(V) curve is a second straight line, with the slope controlled by 1/Rs (where
1/Rs is equal to dJ/dV).

6.2.3.3.2 Space charge limited conduction (SCLC) for different active layer thickness
devices

We studied the bulk transport mechanisms in ITO/PEDOT:PSS/P3HT:PCBM/AI photoactive
devices through analysis of the space charge limited conduction (SCLC) processes for charge
transport in the devices formed of the differently thickened nanoscale 1:1 P3HT:PCBM active
layers. To this effect, we plotted the dark J(V) characteristics in double logarithmic scale under
forward bias for the different active layer thicknesses and produced the family of curves shown
in Figure 6.14, which we then used to investigate the diode behaviour of the devices.

All the obtained curves subscribe to a power law dependence of the proportionality form JocV "™

(that is, J=cV™ = LogJ=mLogV +Logc), where m is the gradient that takes different
values over different applied voltage regions and c is a constant. We identified three peculiar
bulk transport (electrical) behaviour regions labelled I, Il and 11l in Figure 6.14. Region 1 is the
low voltage region, located between 0 and approximately 0.18 V for the devices formed of active

layer thicknesses 61.5 nm, 69.4 nm and 84.5 nm. The 77.1 nm active layer thickness (ALT)

184



device exhibits an extension of the region (that is, region 1) to approximately 0.24 V. This is the
region corresponding to i — e for the 77.1 nm ALT in Figure 6.14. We found m for each of the
thicknesses in this linear region to be about 1.3. This value can be approximated to m = 1, which
shows that charge transport in this region conforms to ohmic behaviour and can be represented
by the equationf*# 144

J =qgnuV/d (6.6)

where n is the hole concentration, p is the charge mobility and d is the active film thickness.
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Figure 6.14 Dark J(V) characteristics in double logarithmic (J-V) scale representation for
ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells with different 1:1 P3HT:PCBM active layer

thicknesses

The extension of the ohmic characteristic for the 77.1 nm ALT device suggests a relatively more
improved morphology to be associated with its active layer than others. Furthermore, the 77.1
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nm ALT device exhibits the highest current density in the region. All these electrical property
exhibitions in favour of the 77.1 nm thick active layer are supportive of the premise that this

thickness could be the optimum ALT under the given settings.

In region Il we identified two sub-regions, Ila and Ilb. Sub-region lIla lies between ~ 0.18 V and
~ 0.24 V for the 61.5, 69.4 and 84.5 nm active film thick devices and between ~ 0.24 V and ~
0.32 V for the 77.1 nm counterpart device. The generally higher gradients (steepness) of curves
in region Ila when compared with those of region I show the non-ohmic nature of region Ila. In
this region, the gradients on average take m values in the approximate range 2.1 + 0.2 and charge
transport is attributed to trap-controlled SCLC with traps located at a single energy level inside

the band gap.[* The equation describing this mechanism ist**’

2
J :9&80 ¢9,uV

8 d® ©.7

where ¢ is the dielectric constant of the polymer, which is obtained from capacitance-voltage

(C—V) measurements and has been found to be = 3.5 for P3HT:PCBM 141 g, IS the permittivity

of free space = 8.854 x 10 Fm™, 4 is the trap limiting factor, which refers to the ratio of free to

[46]
N v Et

where N, refers to the effective density of states in the valence band, N, is the trap

trapped charges and is given by

concentration at the energy level E,, k is the Boltzmann’s constant and T is the absolute

temperature.

Region I1b corresponds to the region between the voltages ~ 0.24 V and ~ 0.70 V for the 61.5,
69.4 and 84.5 nm active film thick devices and between ~ 0.32 V and ~ 0.70 V for the 77.1 nm
ALT device. In this region, the gradients for the differently thickened active layer devices
become so highly steep that the respective m values take to the tune of the order of 10 — 13. The
J(V) characteristics in this region are associated with the filling of traps (or trap filling limit).™
All the four ALTs show the presence of traps. Interestingly, from approximately 0.7 V applied

voltage through to 1.0 V, the curves start to exhibit bowing, in a way suggestive of quadratic
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increase with higher applied voltages. We assigned label 111 to this bowing region in Figure 6.14.
The bowing behaviour should be indicating that almost all the traps have been filled and
therefore marks the onset of trap-free space charge limited conductivity (TFSCLC). When in
trap-filled SCLC, the current density associated with each ALT increases quadratically with
increasing applied voltage™ ! (thus, in conformity with the exhibited bowing of Figure 6.14
J-V curves at higher applied voltages) because there will be no current shunting (a loss
mechanism) into traps. Minimal losses if still evident would then be due to other competing
mechanisms. The J-V dependence in the TFSCLC region (I11) is described by Child’s law** 7]

9 V2
J =g &kl T (6.9)

with m taking the value of 2 when strictly TFSCLC, otherwise m can take values in the range
2 — 3 for the rest of region III. Bulk transport conforms to Child’s law when the injected charge

carriers from the electrodes numerically surpass the thermally generated carriers and all traps are
filled.[* 14°]

In each of the identified regions, the dark current density, J (or Jqark), at a given voltage increases
for the different ALTs according to the following order:

Region | (Ohmic) — JaLTe1snm) < JALT69.4nm) < JALT 845 nm) < JALT 7.1 nm)
Region 11a — JaLT61.5nm) < J(ALT 69.4 nm) < J(ALT 845 nm) < J(ALT 77.1 nm)
Region 11b — JaLTe15nm) < JALT 69.4 nm) = JALT 7.0 nm) < J(ALT 845 nm)

Region FI11 (lower section) — JaLte1.5nm) < JALT 69.4 nm) < J(ALT 77.1 nm) < J(ALT 84.5 nm)

Region FIII (upper section) — JaLTe15nm) < JaLT69.4nm) < JALT 84.5nm) < JALT 77.1 nm)

These results show that there is no universal order of increase of current density with ALT. As
results show, different ALTs respond differently to different applied voltages. Charge carrier
mobilities (u values) are therefore dependent upon region. In determining the charge mobility p
in the active layer of a given device, it is necessary to first of all establish the region of location
of the charge whose mobility is being sought. This can be done through plotting log J vs log V
corresponding to the section under study and determining the slope (gradient) of the resultant
curve. If the gradient of the log J against log V curve is 1, it implies that the region is ohmic and
the characteristic ohmic equation has to be used to find the associated mobility. In this case, use
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is then made of the equation (6.6) by plotting J vs\di using data corresponding to the region,
(that is, ohmic region for now). The slope of the obtained curve is then equated to nqu . This is
done so, because according to equation (6.6), the plot of J vs\di in ohmic region should be a

slope
lowvoltage Ohmic region = nq

mobility p in other identified regions (for example, SCLC) can be done in a similar way. In

straight line of gradient ngu. As such, g, . Determination of the

Figure 6.15, we show plots of J vs\di in the ohmic region for our different active layer thickness

devices.
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Figure 6.15 J-V/d in low voltage ohmic region for the differently thickened active film devices

Based on the visual difference in the slopes and the exhibited corresponding current density
magnitudes, we surmise that the highest (ohmic region) mobility is associated with the 77.1 nm
active layer thick device and the lowest is ascribed to the 61.5 nm ALT, which is the thinnest. In

application of the outlined procedure for determining the mobility, we determined the dark
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charge mobilities for the different active layer thicknesses in the upper section of the TFSCLC
region (that is, region I11) of our experimental devices. To this effect, we re-plotted in the inset of
Figure 6.14, the log J vs log V dependence of the upper section of region Il whose parts of the

curves are included within the shown rectangle and are redrawn for clarity in Figure 6.16.
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Figure 6.16 Absolute current density J vs applied voltage V on double logarithmic scale for the trap free
space charge limited current/conduction (TFSCLC) region in the applied voltage range 0.84 — 1.00 V for
the different active layer thicknesses (ALTS)

We used the J(V) data in this region to estimate the charge carrier mobilities in the active layers

2
by plotting J vs\;—3 for each active layer thickness. In Figure 6.17, we show the obtained graphs

2
for the different ALTs. The slope of each of the J versus\c/jl—3 curves was obtained and used

simultaneously with Eq. (6.9) to determine the associated mobility p as follows:

2
Based on equation (6.9), the slope of the J versus\;—3 curve equalsgfzo,u . From this,

8 1
Hin the TFSCLC region) — 5 x 68_ x slope (6.10)
0
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where the relative permittivity € for P3HT:PCBM has been estimated to be ~ 3.5 [ and
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Figure 6.17 J versusd—3 curves for upper section in TFSCLC region (I11) for different ALTs

In Table 6.3 we present the obtained dark charge carrier mobilities in the different active layer

thicknesses corresponding to the upper section of region 111, the TFSCLC region.
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Table 6.3 Approximate values of charge carrier mobilities in the different active layer

thicknesses for the upper section of the trap free space charge limited current (TFSCLC) region

Active layer ~ (Dark) Charge carrier mobility p
thickness (ALT) / nm (cm?V?'s™) in TFSCLC region
+0.1 +0.005 x 10°°
61.5 1.263 x10®
69.4 1.481 x10°
771 2.463 x10°
84.5 2.317 x10°

Although the mobilities lie in the low 10° — 10 range, the Langevin recombination constant
(7 =(a/e)z) was not considered in the analysis, because we assumed Schottky contacts

existence, which eliminate dark recombination due to presence of large potential barriers.

While the results show that the dark charge carrier mobility is very low, they also predict similar
order and pattern of magnitude under illumination. In conformity with literature,** 18 the
charge carrier mobility in the P3HT:PCBM composite (as in organic thin films) is very low. This
is mainly attributed to the structural disorder in the films!*! and presence of trap states. The
charge carrier mobility was found to increase with increase in film thickness up to the 77.1 nm
ALT, at which the maximum p value is recorded. Thereafter, the mobility decreases with
increase in film thickness, as shown by the lower p value of the 84.5 nm ALT in comparison
with the one in the 77.1 nm ALT. The minimum mobility is shown to be in the 61.5 nm ALT.
This could be due to a significant drop in the active layer morphology, which increases the phase
separation in a way that adversely distorts the percolation pathways and therefore result in

decreased charge carrier mobility.

6.2.3.3.3 Effect of different active layer thicknesses on charge injection mechanisms at
electrical contacts in the dark in ITO/PEDOT:PSS/P3HT:PCBM/AI devices

Although it currently appears difficult to establish a universal optimum active layer thickness
(ALT) in excitonic devices, due to ‘variations in polymer structure (regioregularity, molecular

weight, poly-dispersity, etc.) and processing conditions’,*® optimization of the active film
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thickness for given settings still remains crucially important. In this regard, we studied the charge
injection processes at electrical contacts of the experimental ITO/PEDOT:PSS/P3HT:PCBM/AI
devices formed of nanoscale thin 1:1 P3HT:PCBM active layers of thicknesses 61.5 nm, 69.4
nm, 77.1 nm and 84.5 nm, with the objectives of optimizing the thickness of the active layer and
also determine the effect of film thickness on the electrical characteristics of the devices, in
particular the threshold open circuit voltage for onset of quantum tunneling regime. Furthermore,
determination of the modifications due to ALT on the charge carrier (electron or hole) injection
barriers is made. To gain insight into the modifications and charge injection mechanisms in the
mentioned devices, we analysed the J(V) data using the Fowler-Nordheim (FN) field emission
theory and the Richardson-Schottky (RS) thermionic emission theory, both of which have been

described in Chapters 4 and 5.
6.2.3.3.3.1 Fowler-Nordheim field emission analysis

FN theory asserts that if charge injection from the electrodes is overwhelmingly of quantum
mechanical tunneling through a triangular interface barrier, then a plot of Ln(J/VZ)against (],/V)
yields a straight line whose slope is directly proportional to ¢(3/2), where ¢ is the potential
barrier at the metal-polymer junction.*” In Chapter 5 we showed that for the FN case in which
the variable (V/d) is used in place of the applied electric field F, Ln(J/V2)vs(V) plot then
gives:

slope (or gradient) = —k d (6.11)

‘_ 87[(2 m *)(3/2)¢(3/2)
3hq

where

(6.12)

and d is the active layer thickness, q is the elementary charge =1.602x107*°C, h is Planck’s

constant = 6.626x107'°m’kg/s and m" is the effective charge carrier mass.

Substitution of k in Eq. (6.12) into Eq. (6.11) and rearrangement gives

87z(2m*)(]/2)¢(3/2)}d _ | =3hq(slope)

(2/3)
‘Lﬂd@m*)w}

Figure 6.18 shows our obtained FN tunneling curves for the devices under reverse bias (RB) and

(6.13)

slope = —
P { 3hq

forward bias (FB), which are clearly identifiable by use of the insert legend key.
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Figure 6.18 Dark reverse bias (RB) and forward bias (FB) Fowler—Nordheim (FN) plots for
ITO/PEDOT:PSS/P3HT:PCBM/AI devices with different active 1:1 P3HT:PCBM blend layer

thicknesses

In each of the devices, reverse bias corresponds to electron injection through the
ITO/PEDOT:PSS electrode and to hole injection through the Al electrode. Forward bias ascribes
to electron injection through the Al electrode and hole injection through the ITO/PEDOT:PSS
electrode.

Under forward bias, In(3/V2) vs (1/V) plots are linear with a negative slope at relatively high
voltages (= high electric fields) indicating that charge flow through the respective interfacial
barriers is by quantum mechanical tunneling of predominantly holes. In conformity with the

proposed sum of the two contributions to the current density (Chapter 5), through each of the
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metal-polymer junctions (a consideration which imposes a minimum in the FN plots at room
temperature) the nonlinear forward bias FN curves indicate no FN tunneling and should therefore
be ascribed to field independent thermionic emission contribution to the current density. The
slope of each of the linear fits in the tunneling regime is proportional to the corresponding barrier
height. The presence of more than one slope, for example, S1 and S2 in the tunneling regime of
the 61.5 nm ALT device indicates that more than one barrier exists in this region. The minimum
in each of the forward bias FN plots signifies transition from thermionic emission to field
emission conduction dominance. We note that under FB, the minima marking the conduction
transitions from thermionic to field emission at the electrical contacts of the experimental

devices do not coincide. This shows that different potential barriers exist in the different devices.

Since RS thermionic contribution predominates at high temperatures (and low applied electric
fields),™ but in our case the temperature remained within ambient confinements, which are of
low temperature range, we therefore consider the thermionic contribution to be quasi constant.
The FN tunneling process exhibits superiority at low temperatures and high electric fields (=
high applied voltages). Under FB in the field emission regime of Figure 6.18, the slopes of the
linear sections of the plots show increase as the active layer thicknesses decrease (which implies
negative correlation between slope and ALT). Support of this characteristic can easily be picked
from observing that the plot due to the thinnest ALT of 61.5 nm exhibits the greatest tunneling
slope. In a nutshell, the slopes show the magnitude relation:

|ALT 61.5nm slope| > |ALT 69.4nm slope|>|ALT 77.1nm slope | > |ALT 84.5nm slope |

This means that the tunneling regime potential barrier height ¢ increases as the thickness of the

active layer decreases, a behaviour characteristic, which is in conformity with Eq. (6.13).

Also of interest is the 77.1 nm ALT device which exhibits the highest magnitude of the
thermionic current density when compared with devices of other ALTSs. Infact, the order of
magnitude of the thermionic current density when incorporating other thicknesses is shown to
be: J7710mALT > J 845 nmALT > J 604 nm ALT > J 615 nm ALT

This adds onto other optimal characteristics already shown by the 77.1 nm ALT. Such behaviour

may indicate the presence of the least pinhole (trap) density in the active layer of the device
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when compared with other active layer thicknesses. It might also be that the associated traps (in

the 77.1 nm ALT) may have been the shallowest.

Another peculiar characteristic is that at very high fields (~ 0.6 V) under FB, the curves tend to
deviate from the FN straight lines. This behaviour is most likely caused by the very high increase
in injected charge carriers (both electrons and holes, since the devices are double charge carriers)
which outweigh what the bulk is able to transport and as a result builds up space charge that acts
against more charge injection or the behaviour might be due to Poole Frenkel emission. We
further note (in Figure 6.18) that at very high electric fields, the curves coincide. This means that
in this region, the current density is now independent of the different active layer thickness

attributes.

Under reverse bias (RB), it is only the 61.5 nm ALT device that shows onset of transition from
thermionic emission to field emission and this occurs at a much higher field (~ 0.98 V applied
voltage). Other thicknesses show neither onset of transition nor tunneling. This shows that RB
barrier heights are much greater than those of their FB counterparts. Many competitive factors
should be contributing to the resultant RB barrier heights.

6.2.3.3.3.2 Richardson-Schottky (RS) dark thermionic emission analysis

Figure 6.19 displays the dark J-V dependence of the studied devices having the differently
thickened 1:1 P3HT:PCBM active layers. Forward bias in Figure 6.19 corresponds to electron
injection into LUMO of PCBM from the negatively biased AL electrode and hole injection into
HOMO of P3HT through ITO/PEDOT:PSS electrode. Reverse bias corresponds to electron
injection into LUMO of P3HT and hole injection into HOMO of PCBM. The inset in Figure 6.19
(@), which is separately presented for clarity in Figure 6.19 (b) helps in illustrating the forward
and reverse biases. Straight lines in the RS plots indicate that charge flow through the interface is
by thermionic emission and the nonlinear sections show that the injection of charge is by FN

tunneling.
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Figure 6.19 (a) Dark RS thermionic emission plots for ITO/PEDOT:PSS/P3HT:PCBM/AI deivices with
different active 1:1 P3HT:PCBM blend layer thicknesses under reverse bias (RB) and forward bias (FB)
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Figure 6.19 (b) Dark RS thermionic emission plot {inset in Fig 6.19 (a) above} for the 77.1 nm 1:1
P3HT:PCBM blend ALT device under reverse and forward bias
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6.2.3.4 J(V) characteristics of different active layer thickness solar cells under solar
simulated white light illumination intensity of 100 mW/cm? in ambient

Figure 6.20 shows the J-V characteristics whose photovoltaic (PV) measurements were
conducted under AM 1.5 solar simulator source of 100 mWcm™ for the different 1:1

P3HT:PCBM based devices formed of the displayed active layer thicknesses.

0.015 T T T T T T T T T T T T T T T T T T
1 |—=— Active layer thickness = 84.5 nm
0.013 | = Active layer thickness = 77.1 nm 7
l Active layer thickness = 69.4 nm
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g |
< 0.005 - -
> 0.003 - -
o 0.000
© !
E, -0.002 -
(3 -0.005 - under sim 1.5AM white Ilght illum - -
-0.007 - -
-0.010 4 -
_0 013 1 1 1 1 " 1 " 1 " 1
-125 -100 -075 -050 -025 000 0.25 0.50 0.75 100 1.25

Voltage (V)

Figure 6.20 Linear scale J(V) characteristic curves of the differently thickened 1:1 P3HT:PCBM
composite films in ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells under solar simulated white light
illumination intensity of 100 mW/cm? in ambient

In Figure 6.20 we show the corresponding J(V) characteristic curves plotted in semi-logarithmic
scale. Analysis based on Figures 6.20 and 6.21 plots in conjunction with the obtained
performance vales shown in Table 6.2 lead to the overall finding of the optimum device

performance being associated with the 77.1 nm active layer thickness.
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Figure 6.21 The corresponding J(V) characteristic plots in semi-logarithmic scale for the differently
thickened 1:1 P3HT:PCBM composite films in ITO/PEDOT:PSS/P3HT:PCBM/AI solar cells under

solar simulated white light illumination intensity of 100 mW/cm? in ambient

Under 100 mW/cm illumination (Figure 6.20) the magnitudes of the open circuit voltages for the
different active layer thicknesses follow the order: Vo (61.5 nm) > Vo (77.1 nm) > V¢ (69.4
nm) > V. (84.5nm). The differences should mainly be due to changes in morphology, caused by
the different ALTs.’2%% The highest annealed power conversion efficiency (PC) of 1.44% was
found for the 77.1 nm ALT. This thickness was also comparatively found to provide the best
optical absorption, the highest maximum output power, highest fill factor of 0.4116 and current
density (Jsc) of 6.2250 mA/cm?. This, for example, is significantly higher than the Js. value of
4.7375 mA/cm? belonging to the 61.5 nm thick active layer. The J(V) behaviour of the 77.1 nm
thick active layer shows that in comparison with other ALTS, it should be having favourable

charge carrier pathways and does not lose much in terms of bulk recombination.
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6.2.34.1 Voc thresh eff decay VErsus Voc thresh onset of FN field emission in the different active Iayer

thicknesses

We investigated the effect of active layer thickness on the prediction of V, for onset of Fowler—
Nordheim (FN) quantum tunneling (field emission) by the observed threshold open circuit
voltage for onset of decrease in efficiency in organic solar cells. Use was made of differently
thickened 1:1 P3HT:PCBM composite thin film based organic solar cells of the structural
fabrication ITO/PEDOT:PSS/P3HT:PCBM/AI. Table 6.4 displays the obtained results.

Table 6.4 Threshold open circuit voltages (and corresponding electric fields F;) for onset of decrease in
efficiency versus FN voltage (and field F) minima for transition from TE to FE as well as threshold open

circuit voltages (and corresponding fields) for onset of field emission

Active Layer Thickness (ALT) (nm) 84.5 77.1 69.4 61.5
#0bserved Vo thresh eff decay /V 0.41 0.450 0.48 0.49
Voc EN min (Approx. Median-Transition-TE to Fe) /V 0.18 0.27 0.19 0.25
*Voc FN thresh onset of field emission /V 0.33 0.454 0.33 0.43
#Corresponding F thresh eff decay (N/C) 4.852 x 10° | 5.837 x 10° | 6.916 x 10° | 7.967 x 10°
F EN min (Approx. Median-Transition-T to re) (N/C) | 2.113 x 10° | 3.505 x 10° | 2.668 x 10° | 4.065 x 10°
*F EN thresh onset of field emission (N/C) 3.945 x 10° | 5.889 x 10° | 4.803 x 10° | 7.070 x 10°

We note that the correct prediction of the FN threshold voltage (or field) for onset field emission
regime holds only for the optimal 77.1 nm active layer thickness whose Voc thresh eff decay =~ 0.450

V and Voc FN thresh onset of field emission ~ 0.454 V.

6.3 Conclusions

The study has shown that the opto-electrical performance of organic solar cells whose active
nanoscale blend of conjugated polymers is of the bulk heterojunction make, strongly depends on
the active layer thickness. Whilst this study’s empirical results demonstrated optimal
performance at approximately 77.1 nm active layer thickness, the overall findings have been that

the existence of a static universal optimum active layer thickness is not practical. Such an
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optimum rather exhibits contextual dependence. Fabrication settings like thin filming techniques,

mixing ratio of donor and acceptor materials, solvent used, solvent evaporation technique and

nature of environment have a bearing on the associated maximum film thickness. Morphological

outcomes are also film thickness dependent. Device efficiency determinant parameters found to

be directly affected by the active layer thickness are charge carrier mobility (which is generally

low inside the photoactive film) and incomplete absorption of the incident light.
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Chapter 7

Influence of post-fabrication thermal annealing on the opto-electrical characteristics
of P3HT:PCBM based solar cells

7.1 Introduction

Although polymer photovoltaic solar cells offer many amenities such as mechanical flexibility
and durability, large area devices, lightweight cells, material diversity and low-cost fabrication,
(8] their performance is still low. Empirical observations reveal that P3HT:PCBM based solar
cell performance greatly depends upon thermal annealing processes employed. Of significant
peculiarity are the annealing temperatures and durations, since these are inherent to the annealing
process (whether pre or post-annealing). The parameters greatly determine the energetics and
kinetics of the blending process or morphology. Disappointingly, the associated physics is still

barely understood, despite numerous endeavours.> !

It is against this background that we undertook the study we here report on. The study focuses on
clarifying the thermal annealing mechanisms in organic semiconductor material-based devices
and the influence of post-fabrication thermal annealing temperature on the optical and electrical
performances of bulk heterojunction ITO/PEDOT:PSS/P3HT:PCBM/AI photoactive devices.
Included in the study is an insight into the morphological changes within the P3HT:PCBM
blends due to the annealing and how the resultant changes impacted on the opto-electrical
characteristics of the devices.**® The annealing treatment was confined to the 65 — 180 °C
temperature range. Charge transport in the bulk is estimated using the space charge limited
current (SCLC) conduction model. Furthermore, use is made of the Richardson-Schottky (RS)
thermionic emission and Fowler—Nordheim (FN) quantum mechanical tunneling models to
investigate barrier potential modifications at the metal-active layer interfaces of the devices due

to heat treatment at different temperatures.

7.2 Methodologies

The experimental methodologies were conducted as described in Chapter 4, Section 4.2.3. In all

the experimental devices, the active layer thickness was kept constant at the optimized value of
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77.1 nm found in the optimum thickness search of Chapter 6 investigations. Upon completion of
the fabrication, the devices were left to cool down for 30 minutes, after which the non-control
devices were annealed at different temperatures in the range 50 'C to 180 C before being

subjected to opto-electrical characterisation techniques described in Section 4.2.3.

7.3 Results and Discussion
7.3.1 Optical absorption spectra characteristics of annealed P3HT:PCBM photoactive cells

Figure 7.1 shows the optical absorption spectra of the one nano layer constant thickness of 1:1
P3HT:PCBM blend in each of the fabricated devices, comprising the control (as-cast) and others
thermally annealed at the different temperatures indicated. All spectra of the P3HT:PCBM active
layers show typical absorption spectra that are divided into two main regions. The major region,
spanning from 650 — 400 nm is due to optical absorption by the principal conjugated polymer
(P3HT), while the minor region (below 400 nm) is due to absorption by the fullerene (PCBM)

molecules.
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Figure 7.1 Ultraviolet-visible (UV-Vis) absorption spectra due to thin films of 1:1 P3HT:PCBM before

and after annealing at different temperatures in the low temperature range (65 — 90 °C)
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The peak absorption wavelength Amax for the untreated film is ~ 510 nm, with shoulders at ~ 545
nm and ~ 595 nm. We note that the absorbance of the active film increased with increase in the
thermal annealing temperature and that this effect is apparent (clearly seen) even if the films are
subjected to such low treatment temperatures as 65 °C or a few degrees Celsius above room
temperature (= 30 °C). All the annealing processes were administered for 10 minutes. For the
temperature range 65 °C to 90 °C shown in Figure 7.1, the highest increase in absorbance was
found to be at the annealing temperature of 90 °C. An increase in the absorption band after
annealing generally indicates increased packing of the P3HT domains.!*! Three different bands,
D, L and M are exhibited by the P3HT spectral region. The main absorption peak band (region
M) around 510 nm) generally indicates the n—n* electronic transition within the P3HT backbone
polymer.[® 2% As Figure 7.1 shows, a 65 °C annealing treatment resulted in the principal (main)
peak wavelength red-shifting to ~ 515 nm, but the two shoulder peaks at ~ 553 and 602 nm
showed no change in position. Curves of the other active films annealed at 75 °C and 90 °C (as
well as 100 °C, 130 °C and 140 °C not shown) also exhibited similar behaviour. Then main peak
and shoulder peaks collectively form the set of vibronic peaks. When the annealing temperature
was in turn increased to 150 °C, 160 °C and 180 °C (which correspond to high temperature
annealing), the result (not shown) was a blue-shift of the main peak wavelength (Amax). This
behaviour could be due to the interruption of the structure and orientation for the P3HT chain
ordering as a result of too much heat treatment.!”>?? As Figure 7.1 shows, the peaks at ~ 333 nm,
which correspond to PCBM (region Z) showed no spectral shift at any of the treatment
temperatures. Infact the PCBM nano-scale thin films showed no significant change in the optical
behaviour when the annealing temperature was varied. This shows that although the absorption
spectra of the blend layers are contributions of the two spectra, one from P3HT and the other
from PCBM, the optical changes in the P3HT:PCBM films are attributed to changes in the P3HT
polymer. The observed red-peaking of the main peak absorption wavelength Amax during low
temperature annealing may be attributed to an increased interchain interaction among P3HT
chains, which results in more delocalized conjugated n electrons and the lowering of the band

gap between m and ©* that leads to increase of the alluded optical n—m* transition.”

Thermal annealing has an important impact on the crystallinity of P3HT. The annealing enhances
the crystallinity of P3HT instigated by the diffusion of PCBM molecules into aggregates causing

the P3HT molecules to be crystallized in the free region of PCBM that leads to more n—n*
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absorption.”! The increased absorption after annealing is likely to be due to the ordering P3HT
domains induced by heat treatment, which causes the development of bigger aggregates or more
condensed moieties that are composed of multiple inter-chain species of P3HT, packing of the
P3HT domains and reduced torsion of the P3HT.!®! The movement of the main absorption peak
towards longer wavelength with increasing temperature may be due to the characteristic
behaviour of polymers with shorter conjugation length which absorb higher energy photons.!*%!
The clearly distinguishable and sharper vibronic peaks with increasing annealing temperature up
to 140 °C, point towards increased P3HT crystallinity. The highest optical absorbance was found
at the annealing temperature of ~ 140 °C (not shown in Figure 7.1 for simplicity and clarity of
presentation sequence in the shown low annealing temperature range of 65 — 90 °C). The finding
is supported by literature.[*s 1 [23] |t js most likely that when the active composite is treated at
the optimal 140 °C annealing temperature, the conjugated P3HT chain becomes fully self-
assembled to orderly structure, with conjugated bond length and thermal diffusion of PCBM
molecules into larger PCBM aggregates increased.”””! This motion (promoted by the raised
annealing temperature) creates regions with low PCBM concentration. It is in these PCBM free
regions that the P3HT aggregates can become converted into P3HT crystallites.l*¥) Further
increase of the annealing temperature beyond 140 °C leads to a decrease of the P3HT
crystallinity, which causes the P3HT crystallites to become unstable due to over-enhanced
thermal motion of the P3HT molecules at too high temperatures. Such excessive heat treatment
temperatures result in a melting down (that is, destruction) of P3HT crystallites, hence a
reduction of the P3HT crystallinity.””! Band D in Figure 7.1 is attributed to the absorption of the
inter-chain stacking of P3HT, which suggests an improvement in the chain ordering, while band

L is attributed to the extended conjugated polymer.1? [

7.3.2 Morphological analysis

We studied the AFM images of the P3HT:PCBM active blend layer in order to understand the
morphological changes that take place in the blend layer as a result of thermal annealing . Figure
7.2 shows the obtained AFM images for the samples comprised of the control (as-cast film with
no thermal treatment) and those heat treated at different temperatures. For the as-cast film, the
surface is very smooth, with root mean square (rms) surface roughness of 0.325 + 0.003 nm. No

distinct phase segregation is observed.
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Figure 7.2 AFM images of the surface of the 1:1 P3HT:PCBM active films (a) before annealing and
after annealing at (b) 65 °C, (c) 75 °C and (d) 90 °C. The annealing duration for the films was 10 mins.

The other experimental devices (b), (c) and (d) were subjected to different thermal annealing
temperatures of magnitudes 65 °C, 75 °C and 90 °C respectively for 10 minutes each. This
resulted in the surface roughness becoming 0.537 nm for (b), 0.694 nm for (c) and 0.721 nm for
(d). Figure 7.2 shows the changes in the texture of the active layers due to annealing at different
temperatures. We note the vast difference in surface roughness between the as-cast film and the
annealed layers. Within the shown temperature range, (65 — 90 °C) the degree of roughness
increases with annealing temperature. Also within the same experimental temperatures of 65 —
90 °C, the comparatively outstanding device performance with high power conversion efficiency
was obtained with the active layer thermally annealed at 90 °C. This shows that for annealing in
the temperature range 65 °C to 90 °C, a positive correlation exists between device performance
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and surface roughness of the film. The more the roughness of the film, the higher is the
efficiency of the device. The increased surface roughness is believed to be advantageous in
increasing the contact area between the active layer and the top metal contact, which should
therefore enhance charge collection at the electrode as well as the short circuit current.?®

Increase in the thermal annealing temperature generates clear phase segregation corresponding to
rougher surface of P3HT:PCBM in which the brighter regions are likely to represent PCBM rich
domains®”! and the brown hill-like elongations (see Figures 7.3 (b), (c) and (d)) most likely
represent P3HT rich domains. The black invasions may be associated with impurities due to
fabrication in air. Etxebarria et al’®® demonstrated that in general, three different nano-
morphological domains could be formed in polymer:fullerene blends and these are: small,
intermediate and large nano-morphology domains. Results obtained in this study suggest that
intermediate domains are revealed when films are heat-treated at temperatures up to 140 °C. This
temperature range has been found to enhance the interface area, which improves charge

generation (implying larger current density Js) and transport (larger fill factor FF).[2?

Studies have shown that the diffusion length of excitons (and also of charge carriers) in organic
materials is often only a few nanometers (4 to 10 nm for exciton in P3HT:PCBM).!! Therefore
only those excitons generated near enough to the polymer-fullerene interfaces will have greater
likelihood of successful charge carrier dissociation and transfer. Also, only those charge carriers
generated near the electrodes will mainly be collected and contribute to photocurrent. As such,
the increased contact area brought about by the favourable thermal annealing enhances charge
carrier transfer and efficiency of charge collection at the metal polymer interface. The increased
surface roughness might also enhance total internal reflection and improve light collection.

Ibid™ integrated the surface area of their roughest film and found that the surface area was only
0.1 % more than that of a completely flat surface. This shows that such mechanisms only play a
minor role in device efficiency enhancement. Instead, the annealing enhances ordered
(crystalline) structure formation, which is indicated by the appearance of vibronic peaks in the
absorption spectra.l”! Crystallinity leads to increase in absorption and charge carrier mobility. It
is these two processes which most likely account for the significant increase in the power
conversion efficiency of annealed P3HT:PCBM based solar cells. Actually, it is mainly the
crystallinity of P3HT facilitated by the alluded diffusion of PCBM molecules in aggregates,
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which is enhanced by the administration of the tolerable heat treatment. The P3HT molecules are
promoted to crystallize in the free region of PCBM that leads to more n—r* absorption.!®!

It has been demonstrated elsewhere®! that the crystallization-induced structure formation is
beneficial for photovoltaic device operation in that the lamellar crystal has an intrinsic size at the
10-nm length scale, which is within the size optimal for exciton dissociation. Whilst PCBM
aggregation and crystallization could facilitate electron transport, it is still not clear where
exactly the PCBM aggregation takes place. Dang, et al.!*! suggested that it may occur in the
inter-lamellar amorphous layer or at the inter-spherulitic grain boundaries and went on to
propose that a hierarchical PCBM structure is formed in the blend connecting the 10 nm lamellae
to the inter-spherulitic network. In addition, Ibid® poses that in combination to the edge-on
orientation of P3HT crystals, such self-assembly morphology closely approximates the optimal
BJH.

Many studiest? ) 2223 haye shown that when the thermal annealing treatment is conducted at
temperatures above 140 °C, the devices degrade worse and worse with temperature increase,
because the too high annealing temperature generates too large domain sizes with lower interface
area between the donor and acceptor.”? The exaggerated phase segregation between P3HT and
PCBM is likely to be the main cause of the deterioration of P3HT:PCBM-based solar cell
performance*3! at high treatment temperatures like 150 °C and above. Table 7.1 results also
help in confirming the deterioration in the performance of such devices at high annealing
temperatures through the shown outcome performance of the investigated 160 °C treatment
temperature. Charge carrier recombination has also been found to increase at excessive annealing
temperatures, because the too high annealing temperature reduces the connected domains and
proliferates isolated spherical-like nanoscale PCBM aggregates,’*? which in the main are neither
linked to electrodes nor located within the diffusion length of the exciton from its creation site in
P3HT. The composite morphology therefore manifests the physical interaction of the donor and
acceptor components of BHJ solar cells, which can be optimized by administering thermal
annealing at the optimum temperature for optimal duration. This will result in the establishment
of the optimized BHJ solar cell that is defined by a deeply quenched bicontinuous composite
network of donor and acceptor with maximum interfacial area commensurate with the exciton
diffusion length (~ 4 — 10 nm in P3HT:PCBM composite).®? The poor performance of as-cast

nanoscale films is generally attributed to a poorly grown morphology that consists of an
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intimately mixed composite of donor and acceptor instead of the bicontinuous network with
well-developed and ordered pathways for efficient transport of charge.®? Good thermal
annealing (characterised by optimum temperature and duration) initiates phase-segregation of the
two active components (P3HT:PCBM) on a suitable length scale, which allows for maximum
ordering (crystallinity) within each phase.®® This ensures effective charge transport in

continuous pathways to the electrodes and minimises recombination of free charges.*?

7.3.3 Dark and illuminated J(V) characteristics of ITO/PEDOT:PSS/P3HT:PCBM/AI

devices due to thermal annealing at different temperatures
7.3.3.1 Dark J(V) output behaviour due to annealing

Figure 7.3 shows the current density versus voltage (J-V) curves in semi-logarithmic
representation due ITO/PEDOT:PSS/P3HT:PCBM/AI devices in which, one was the as-cast
(control — without post-fabrication thermal treatment) while others were heat treated (thermally
annealed) at different temperatures for the same duration after fabrication. All the curves are
asymmetric and exhibit diode characteristics, with rectification factors of ~ 7.5 x 10% at 1.0 V.
Since the results are due to the same cluster devices, which underwent the same fabrication
treatments, using the same active blend, we assume equality of their as-cast states before others
were subjected to different heat treatments. From the curves, we note that the response of a
given device to thermal annealing over the same duration depends on the treatment temperature.
We identify three possible current behaviours attributed to annealing temperature: an increase,
decrease or no change in conductivity. Under reverse bias in the low voltage range (0 to ~ — 0.30
V) and the ohmic (linear) as well as the lower section of the exponential region (up to point I)
under forward bias, higher values of current density than those of the corresponding as-cast
device are displayed by all the annealed devices. The behaviour is according to expectation,
because thermal annealing is likely to induce more cemented interchain interactions, which can
be conducive to film reordering that result in crystallization of the polymers (P3HT and PCBM)
and increased mobility of charge carriers. Film ordering is generally weak in as-cast films. One
of the main reasons for this is that the relatively high spin-coating and centrifugal based
evaporation speed tends to leave the polymer chains lying in the plain of the film.** Therefore

in most such cases, negligible polymer chains bridge the as-cast electrodes.*® The 75 °C
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annealing temperature manifested high conductivity through production of the highest current
density for the entire reverse bias as well as the ohmic and exponential regions under forward
bias, a behaviour suggestive of dependence of optimal heat treatment temperature on region of

the active nanoscale film.
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Figure 7.3 Dark semi-logarithmic scale J-V characteristic curves of ITO/PEDOT:PSS/P3HT:PCBM/AI

devices before and after thermally annealing the devices at different temperatures

In region C between 0.30 V and 0.38 V under reverse bias, the J-V curves for the devices
annealed at 65 °C and 90 °C merge with that due to the as-cast, because of the drop in the rate of
increase of their plot values. The coincidence of the curves in the identified region shows that the
magnitudes of the current densities due to the two annealed devices become equal to their as-cast
counterpart in the interval. The explanation for the displayed behaviour in the region by the 65
°C annealed device may be that; although thermal annealing frees the polymers (especially
P3HT) of impurities like remnant solvent, water and oxygen, the annealing temperature for the
given duration must be below some threshold keep up value of supplied energy,*®! which also
depends on the applied (bias) voltage, hence the polymer chains may resort to their as-cast

configuration. It also means that the reduction of free volume!*® and consequent increase in
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interchain interaction, which usually accompanies low temperature annealing over short periods,

should be negligible for the 65 °C annealed device during alignment of its curve with the as-cast.

As for the 90 °C annealed device under reverse bias, the observed decrease in the rate of increase
of the current density or conductivity (starting from about middle of the low voltage region (0 to
~—0.30 V)) and subsequent alignment with the as-cast in region C may be attributed to greater
increase in the potential barrier height at the metal polymer interfaces (due to the relatively
higher 90 °C annealing temperature), which limit charge flow and suppress current increase.
Furthermore, we also assume that the surface of the blend is made up of P3HT as well as PCBM
domains as illustrated in Kadem, et al.[?? Therefore the nature of metal-polymer (Al/P3HT) or
metal-fullerene (AlI/PCBM) interface varies so as to have a varying energy level alignment
across the surface® which brings in the existence of potential barriers of different types and

magnitudes across the AI/P3HT and Al/PCBM junctions spread.

In the voltage range — 0.38 to ~ — 1.00 V under reverse bias, as well as regions defined by the
exponential stretch above point I and the space charge limited current (SCLC) division (IT — III)
under forward bias, the J-V curves due to devices annealed at 65 °C and 90 °C appear lower than
those for their respective as-cast counterparts. Similar behaviour is also witnessed for the 75 °C
annealed device from the SCLC division to the entire trap free space charge limited current
(TFSCLC) domain in which the 65 °C annealed’s curve also stretches below that due to the
corresponding as-cast. The curves portray values of current density which magnitude-wise
became surprisingly lower than those for the as-cast in the identified regions, because of
annealing. This reduction in current density after the annealing exercise may be emanating from
dedoping the polymer blend of impurities such as oxygen, remnant solvent and water. The
dedoping is likely to have been more rigorous on the 65 °C annealed device under reverse bias in
the voltage range — 0.38 to ~ — 1.00 V, since it exhibits the lowest current density values in the
region. An impurity like oxygen is likely to have been absorbed from the environment during
fabrication in atmospheric air (since the annealing was not conducted under inert surroundings)
and also during conduction of the electrical characterisation measurements. As such, a significant
amount of oxygen (O;) molecules is likely to be embedded in the nanoscale thin P3HT:PCBM
active blend films. The oxygen dopant has been found to enhance the conductivity of P3HT

through the production of localised states within the © — 7* gap.[lgl‘ (361 |_ow temperature (< 100
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°C) annealing over short durations (< 5 minutes) frees the polymer of trapped impurities (ZC),
like the alluded remnant solvent, water and oxygen. Oxygen dedoping has been found to lead to
a decrease in conductivity.*] A number of studies have shown that oxygen is one of the
substances given off when P3HT based thin film devices are heated®®**"! and also that the density
of charge carriers induced by the structural defects and moisture or oxygen may decrease upon
heat treatment and lead to drop in conductivity.[** B8 Distinguished scholars!*®!' B8 explain
that due to many traps, especially in n-channel semiconductor devices (like P3HT:PCBM
devices), when annealing is conducted, oxygen (enough to act as an electron trap) is easily
reduced if the treatment is in air. As a result, oxygen captures the electrons and retains them,
thereby making available a higher number of holes in the HOMO of P3HT to contribute to
current. 1bid™*® conclude that the observed reduction in conductivity (upon low temperature
annealing) may therefore be interpreted as the reduction in electron trapping centres (for
example, reduction of oxygen electro-negativity) and hence reduction of trap induced hole

density.

Optimum crystallinity in the active layer of the 90 °C annealed device is evident in the TFSCLC
division (of Figure 7.3) under forward bias, where it picks up and maintains optimum
conductivity (shown by maximum current density display) in comparison to the others. The
optimal conductivity exhibited by the 90 °C annealing temperature in the TFSCLC region under
forward bias further confirms the dependence of optimum annealing temperature on the region of
the active film under consideration. As such, the establishment of a universal optimal annealing
temperature that holds for all regions of an organic semiconductor or blend still remains a
challenge. The decrease in the rate of increase (slope) of current density in each of the active
layers in the TFSCLC region (evidenced by the bowing tendency of each curve) shows that the
maximum forward bias current density has not yet been reached (see Figures 7.3 above point 11
and 7.5 in same TFSCLC region). Such behaviour is likely to be indicating that polymer ordering
temperatures may not have been reached by administering low temperature annealing (for
example, 65 — 90 °C) on P3HT:PCBM based solar cells. Based on the annealing analysis

advanced in this section, we confirm the finding!*®!

that annealing is a two stage process resulting
in a decrease and/or increase in conductivity. In our case, the findings have been based on
analysis of experimental results for post-deposition annealing at different temperatures, whereas

ibid*®! was based on results from annealing the same device several times. We contribute that
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processes which lead to current density either increasing and surpassing the as-cast counterpart
value (note intersection I11) or decreasing and falling below the as-cast value (note intersections
1, 1 and C) strengthen the premise!®! that both impurity dedoping and film ordering effects may
take place simultaneously all the time, with one effect being more effective than the other. We
also remind that excessively high temperatures may either degrade/lower the device
performance, due to conformational changes™" B% within the active blend materials or may

permanently destroy it.

We also investigated annealing mechanisms associated with heat treatment of P3HT:PCBM-
based solar cells at different intermediately high temperatures, in the range 100 to 140 °C.
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Figure 7.4 Comparative dark and 100 mW/cm? illuminated J-V curves of the as-cast and heat-treated

(120 °C and 140 °C) P3HTPCBM-based solar cells in semi-logarithmic representation. The key for the

abbreviations is: DC1—under Dark Control curve 1 (implying curve is from the control (that is, as-cast

or reference) cell 1)). Likewise, DC2—Dark Control curve 2, DAI—Dark Annealed curve I,

DA2—Dark Annealed curve 2, ICI—Illuminated Control curve 1, IA1—I1lluminated Annealed plot 1, etc.
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The resultant behaviour of the annealed devices and their as-cast counterparts are summarised by
the J(V) characteristics which emanated from devices annealed at 120 and 140 °C and are here

exhibited in semi-logarithmic representation by Figure 7.4.

The curves DC1, DC2, DAl and DA2 show the dark J-V characteristics before and after
annealing the solar cells. Abbreviations have been explained in the Figure’s foot-note. We note
that the dark current density for the 140 °C annealed device DA2 decreased significantly to
values lower than those due to the as-cast counterpart DC2 for the entire reverse bias connection
and up to about half-way up the exponential domain under forward bias. From then on (about
midway up the exponential territory at intersection W) under forward bias, the DA2 current
density surpasses that due to its corresponding as-cast and becomes much higher. This behaviour
substantiates the assertion put forward earlier in this section that annealing of polymers is a two-
step process which first causes a decrease in conductivity, followed by its increase. As explained
under the 65 — 90 °C annealing, the process is also here confirmed by this under dark J(V)
analysis of the 140 °C annealing. The decrease in the current density to below the as-cast
counterpart is mainly due to impurity dedoping and the subsequent increase in conductivity
should be due to reordering of polymer chains and crystallization which assume at higher applied
voltages corresponding to the exponential region and above.

Upon illumination, higher Js. (which is now photogenerated short circuit current density
corresponding to curve A2 in Figure 7.4) is witnessed in the device which had been annealed at
a higher temperature (140 °C).This suggests that more reordering and crystallization must have
taken place during annealing. Both Js and V.. increase with increase in post-fabrication

annealing temperature and also exhibit higher magnitudes than their as-cast counterparts.

7.3.3.1.1 Conduction manifestations in ITO/PEDOT:PSS/P3HT:PCBM/AIl devices due to

annealing

In this sub-section we undertake an exploratory interpretation of the dark forward bias (FB) J-V
characteristic curves of as-cast and annealed ITO/PEDOT:PSS/P3HT:PCBM/AI devices in double-
logarithmic representation in order to gain insight into the conduction behaviour of the active layers

heat-treated at different temperatures. In Figure 7.4 we show the obtained J-V curves due to the
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devices comprised of the as-cast and those thermally annealed at different temperatures, in

double logarithmic scale under forward bias.

100 4 —————— ——————ry

—=— Dark FB-As Cast

—e— Dark FB-Annealed 65 °C, 10 mins

—— Dark FB-Annealed 75 °C, 10 mins
Dark FB-Annealed 90 °C, 10 mins
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Figure 7.5 Dark forward bias (FB) J-V characteristic curves of ITO/PEDOT:PSS/P3HT:PCBM/AI

devices in double-logarithmic scale before and after being thermally annealed at different temperatures

The conduction behaviour in each of the devices is sourced from the slope of the curve. At low
voltages (region L) the slopes of the J-V curves are approximately equal to 1 for both as-cast and
all the annealed devices, which indicate compliance with Ohm’s law. J therefore linearly
depends on voltage V in this region. The slope associated with each of the curves in region T is
about 2, and it indicates trap-free space charge limited current (TFSCLC) conduction. The
steepest slopes (> 2) characteristic of the exponential (E) and space charge limited current
(SCLC) conduction (S) regions indicate charge flow impregnated with the filling of traps
distributed exponentially or Gaussianly within the 7—7* gap.***"! On a related side note, ifa J—
V curve in double-logarithmic scale is parallel to the J axis, it indicates that the traps are
distributed in a discrete energy level within the n—n* gap.!**]

The slopes of the family of curves in Figure 7.4 are seen to increase from about 1 in the ohmic
region to values greater than 2 in region E as well as S and finally fall back to about 2 in region

T. The transition from a gentle slope in linear (ohmic) region L to a steep slope in regions E and
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S takes place slowly for the as-cast device. This gradual increase of slope behaviour by the as-
cast device means that traps of continuous distribution in energy (which are in the as-cast active
thin film) are now being filled. Furthermore, we note that this trap filling regime (accompanying
the transition process and continuing in regions E and S) commences at much lower voltages
(see Figure 7.4) for the as-cast device than for the annealed sample. Since the traps seem easier
to fill (assuming such to be the well based interpretation of the observed leading start) it becomes

most likely that they are shallow traps, which dominate the as-cast device.

For the annealed devices, the start of trap filling in each device occurs at a comparatively higher
starting voltage, which is commensurate with the annealing temperature. The lagged trap filling
start in the annealed devices (interpreted from the delayed transition (Figure 7.4) from gentle to
steep slopes for the annealed devices) suggests that most of the shallow traps have vanished in
the annealed devices as a result of the annealing. This confirms the claim that the density of
shallow traps dwindles with thermal annealing temperature. Though delayed, the sudden
transition from gentle slope in ohmic region to sharp steepness in exponential and SCLC regions,
(which is characteristic of annealed devices) is suggestive of the filling of traps located in

discrete energy levels.

7.3.3.1.1.1 Space charge limited current (SCLC) model for charge carrier mobility (p)

The J(V) characteristics (shown in Figure 7.4) which we plotted for each sample device in
double-logarithmic representation under forward bias, is based on the SCLC model for charge
transport. We used these established characteristics to estimate the charge carrier mobility | in
the TFSCLC region of the (P3HT:PCBM) active layer of each experimental device. For ease of
understanding, we remind that the J-VV measurements were carried out in the dark in order to
focus the investigation on the diode behaviour of the solar cells under study. In the TFSCLC

region, the space charge limited current conduction theory is described by Child’s law™?

9 V2
J :gggo,uF

where, d is the active layer thickness, which we assumed constant at 77.1 nm.

(7.1)

Using data in this region, the charge carrier mobility ascribed to the active layer of each device in

this region was estimated by plotting J vs V?/d*®. The obtained variation of charge carrier
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mobility p with thermal annealing temperature is included in Table 7.1. The charge carrier
mobilities are very low. This is likely to be due to structural disorder and (the under dark
detected) impurity dedoping in the active layer, which immobilizes electrons. The results also
substantiate the findings that charge carrier mobility increases with post-fabrication annealing
temperature. Literature® has found that above 140 °C charge mobility decreases, as results for
the 160 °C annealed device show in Table 7.1. We attribute this to the exaggerated increase in
the phase separation describing the downwardly changed film morphology, caused by the
intolerably high heat treatment temperature, which degrades or even destroys the percolation

pathways.

7.3.3.1.1.2 Richardson-Schottky (RS) thermionic emission model and barrier potential (¢B)

The Richardson—Schottky (RS) thermionic emission model was invoked for use in determining
the barrier potential (¢B) dependence on the annealing temperature in the studied polymer-
fullerene solar cells. These are the potential barriers which build up at the metal-polymer
interfaces of the metal electrodes and the active organic materials forming the device (for
example, AI/PCBM, Al/P3HT, ITO/PEDOT:PSS/P3HT interfaces in our case). The physics of
the formation of such barriers was presented in chapters 1 to 3 of this thesis. J-V characteristics

can be described by the equation.!?

V
J=J,00 (nqﬁj (7.2)

where J, is the reverse saturation current density, n is the ideality factor, T is the

thermodynamic temperature, k is Boltzmann constant and q is the elementary charge. Above the
ohmic region, the current voltage characteristics may be fitted to the Richardson—Schottky model

1
* - v
J= AT exm| % B I S 73

EXp( kT }eXp (47rgogrd] (7:3)

where A’is the effective Richardson constant, ¢, is the permittivity of free space = 8.854 x 107

Fm™ and ¢, is the relative permittivity ~ 3.5 for 1:1 P3HT:PCBM.* Assuming no image force
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lowering effect, the reverse saturation current density J, can be described by the RS thermionic

emission model, from which equations (7.2) and (7.3) give

J = AT2ep| 22| 7.4
- aTiop[ ) v
From equation (7.4), the potential barrier height ¢, is then given by
KT AT?
=—1In 7.5
b= T AT 75
To find J,, use is made of equation (7.2), from which
qV
nNJ=Ind,+| —— 7.6
0 (nkTJ (7.6)
Therefore the graph of InJ versus V should be a straight line of slope = ddlil/J = % from
which ne 4 [ v (7.7)
kT\{dInJ
and  In Jo = intercept of graph on In J axis, which gives: J, = e (7.8)

Use of equations (7.5), (7.6) and (7.8) was then made to determine the variation of the potential
barrier height ¢, with thermal annealing temperature for each experimental device. The findings
are summarised in Table 7.1.

The results show that the potential barrier height increases with increase in post-fabrication
annealing temperature for low temperature annealing, but decreases at overly high temperatures
exemplified by the included 160 °C result. It has been shown elsewhere!”?! that the ¢, increase

with heat treatment temperature relationship holds for up to approximately 140 °C. The variation
in the barrier height with post-fabrication thermal annealing at different temperatures could be
attributed to recombination®" I since the ideality factor n, was found to decrease with heat
treatment (see Table 7.1) up to about 135 °C (not shown in Table 7.1). The ideality factor is a
figure of merit for charge carrier recombination mechanism in a semiconductor diode, like our
experimental organic solar cell. Charge carrier recombination may take place at the metal-
polymer interface as charge attempts to cross the depletion region adjacent to the junction or it

may occur in the bulk. The ideality factor is more on happenings at the metal-polymer junction
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where the potential barrier is encountered by the charge. A diode ideality factor of 1 means direct
recombination of electrons and holes across the bandgap (bimolecular recombination). We spin
coated a layer of PEDOT:PSS to form the ITO/PEDOT:PSS electrode, partly in order to block
the flow of electrons to the ITO electrode. An ideality factor of 2 is interpreted as recombination

through defect states, that is, recombination centres.! !

Increase of potential barrier height with treatment temperature is also evidenced by the obtained
Fowler-Nordheim (FN) plots of Figure 7.6, which show increasing steepness of the straight
sections of the plots at high voltages as the annealing temperature increases. In conformity with
expectation, the steepest plot at relatively high applied voltages of about 0.5 V (which implies
highest potential barrier of the sample) is that due to the device annealed at 90 °C.

-3 T T T T T T T T
—=— Dark - FB - As Cast
-4 —e— Dark - FB - Annealed 65 °C, 10 mins| |
—a— Dark - FB - Annealed 75 °C, 10 mins
N'g -5 Dark - FB - Annealed 90 °C, 10 mins|
O
< 6
E FN-Field emission
5
—_ -7 4
N I
P 3
2 4
S -8 v
- \‘ RS-Thermionic emission
9 B 4
Transition
-10 T T T T T T T T T
(] 5 10 15 20 25

1/ABS(V) (V)

Figure 7.6 Fowler-Nordheim plots for charge carrier injection into potential barriers at metal-polymer
interfaces of ITO/PEDOT:PSS/P3HT:PCBM/AI devices, composed of one as-cast and others heat-treated

at different temperatures

The FN plots show that at high forward bias voltages, the curves due to as-cast and annealed
devices coincide, a behaviour which is likely to be expressing that at such high voltages, space
charge in the annealed devices limits the current in the same way as in the as-cast devices,
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although most of the shallow traps must have vanished in the annealed. Both impurity dedoping
and thermally induced chain reordering may be taking place at the same time in the active layers

of the devices annealed at such temperatures.

7.3.3.2 J(V) output characteristics of illuminated P3HT:PCBM based solar cells subjected

to different annealing temperatures

J-V measurements of the sample P3HT:PCBM based photoactive devices were conducted under
AML.5 solar simulator source of varying illumination intensity from 0.1 to 100 mW/cm? for the
control device and each of the experimental devices heat treated at different temperatures after
fabrication. Table 7.1 presents a comparative summary of the quantitatively exhibited
photovoltaic performance, under 100 mW/cm? illumination, of the alluded experimental devices

comprising the control (untreated) and the heat treated batch.

Table 7.1 Typical output values of parameters of merit summarising the electrical characteristics of the
(double carrier) ITO/PEDOT:PSS/P3HT:PCBM/Al devices at 100 mW/cm? incident white light

illumination before and after thermal annealing at different temperatures, for the same time duration of

10 minutes
Device N Ve Fill Mobility p | Ideality | Barrier Efficiency n% Series Shunt
Descript. (mAJcm?) (V) Factor x 10° factor Pot. 1 (%) increase/ Res. Res.
FF (cm?Vv7s?) n By (eV) decrease | Rs(Q) | Rin (L)
As-cast 3.9625 0.48 0.3584 1.83 2.73 0.64 0.68 — 70.7 228.57
Anpealed at
55_ C)(for 10 5.1625 0.53 0.3596 191 2.45 0.73 0.98 +44.12 55.3 177.78
mins
Anpealed at
75_ C)(for 10 5.4250 0.58 0.3768 1.94 2.43 0.77 1.19 + 75.00 41.1 228.57
mins
Anpealed at
90_ C)(for 10 7.7750 0.62 0.4108 2.16 2.33 0.81 1.64 +141.18 29.2 264.08
mins
Anngaled at
160 C (for 0.8137 0.44 0.3041 1.37 2.81 0.74 0.11 —83.82 383.0 | 765.55
10 mins) decrease
% change:
As-cast vs +96.21 +29.17 | +14.62 +18.03 —14.65 + 26.56 +141.18 -58.70 | +15.54
Annealed increase increase | increase increase decrease | increase increase decrease | increase
90°C

The performance is described by the organic solar cell parameters of merit as a function of

different heat-treatment temperatures. Of the shown treatment temperatures, the best
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photovoltaic performance was demonstrated by the device heat treated at 90 °C, which produced
power conversion efficiency PCE () = 1.64 %, Vo = 0.62 V, Jc = 7.78 mA cm~? and FF =
0.4108, whereas the as-cast device had PCE = 0.68 %, V. = 0.48 V, Jsc = 3.96 mA cm? and FF
= 0.3584. The increase in power conversion efficiency is over 2.4 times the value of the as cast.

The value of the short circuit current density almost doubled upon annealing. This improvement
can be attributed to increased charge mobility!*®*" in the active layer, because of the improved
crystallinity of the active composite and the reduced charge carrier recombinations for the
annealed device, shown by the decreased ideality factor n. Increases in the open circuit voltage
and fill factor can be attributed to the burning of shunts. Upon thermal treatment at 160 °C, the
values of the figures of merit fell to PCE = 0.11 %, Vo = 0.44 V, Jic = 8137 mA cm~? and FF =
0.3041. This substantiates the degradation of polymer-fullerene solar cells upon heat treatment at
intolerably high temperatures. Series resistance (R, ) is seen (in Table 7.1) to have decreased
with increase in annealing temperature, with the 90 °C annealed device exhibiting a 58.70 %
decrease in series resistance when compared with its as-cast counterpart. This welcome decrease

in R, contributes to improvement in the performance of the favourably annealed device.

10
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Figure 7.7 Semi-logarithmic scale representation of the output J(V) characteristic curves of
ITO/PEDOT:PSS/P3HT:PCBM/AI devices at 100 mW/cm? incident white light illumination before and

after thermal annealing at different temperatures
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In Figure 7.6 we present comparative semi-logarithmic representation of the as-cast (control) and
the post-treatment output J(V) curves of the sample devices under 100 mW/cm? white light
illumination. The magnitudes of both the short circuit current density Js. and the open circuit

voltage Vo show increase with thermal annealing temperature.

7.4 Conclusions

This investigation revolved around attempts to empirically broaden and deepen the presently
scarce understanding of the fundamental mechanisms defining thermal annealing process in
conjugated polymers. To achieve this, we studied the opto-electrical effects of post-fabrication
thermal annealing of bulk heterojunction ITO/PEDOT:PSS/P3HT:PCBM/AL solar cells at
different heat treatment temperatures in the range 65 — 160 °C. The photoactive P3HT:PCBM
layer was cast in air. The effect of air exposure has been found to chemically dope the polymer,
creating conducive pathways within the blend. Furthermore, this doping has been found to be
responsible for the comparatively superior photovoltaic performances of as-cast devices when
compared to their annealed counterparts in certain regions of the active films. As for the
annealed devices, dedoping brought in by thermal annealing has been demonstrated to be
responsible for the aggravated drop of efficiency. The given summary findings lead to the
generalisation that annealing of polymers is a two-step process, which first causes a decrease in

conductivity, followed by its increase.

Although impurity dedoping decreases ‘under dark’ current density in certain regions of the
active P3HT:PCBM composite layer during annealing, it has beneficial aftermaths, some of
which surface upon illumination of the P3HT:PCBM-based solar cell. When illuminated,
photogenerated current density in the illuminated device immediately increases. This happens so,
because of less electron capture and immobilization during illumination of the annealed device,
since such mechanisms were minimised upon impurity dedoping during annealing. Therefore
more electrons and holes take part in photocurrent generation. The photo-induced electron
transfer at the P3HT:PCBM interface should be almost 100 % efficient after annealing
(especially if the annealing is executed at optimum temperature and duration) because the

annealing must have closed the traps which had been created by air-borne impurity doping.
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Morphologically, thermal annealing has been found to enhance the formation of the deeply
quenched bicontinuous network at the nanoscale between P3HT and PCBM, leading to high
efficiency devices. We propose that the beneficial structure formation in P3HT:PCBM blends
which is initiated by the crystallization of P3HT as it segregates PCBM, possibly to the
amorphous P3HT phase (as the solvent rapidly evaporates during active layer casting by spin
coating, followed by the slow shelf drying) is more promoted by post-fabrication thermal

annealing.

It has been demonstrated elsewhere®! that the crystallization-induced structure formation is
beneficial for photovoltaic device operation in that the lamellar crystal has an intrinsic size at the
10-nm length scale, which is within the size optimal for exciton dissociation. Whilst PCBM
aggregation and crystallization could facilitate electron transport, it is still not clear where
exactly the PCBM aggregation takes place. Dang, et al.,!*®! suggested that it may occur in the
inter-lamellar amorphous layer or at the inter-spherulitic grain boundaries and went on to
propose that a hierarchical PCBM structure is formed in the blend connecting the 10 nm lamellae
to the inter-spherulitic network. In addition, ibid® poses that in combination to the edge-on
orientation of P3HT crystals, such self-assembly morphology closely approximates the optimal
BJH.

Thermal annealing renders significant enhancement in Js., Voc and FF of the annealed device.
The optical absorbance was found to increase with increase in annealing temperature and the
thermal annealing temperature of ~ 140 °C seems to be indicative of the required optimal
annealing temperature for optimum power conversion efficiency of the bulk heterojunction 1:1
P3HT:PCBM based solar cells.
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Chapter 8

Conclusions and recommendations
8.1 Conclusions

To broaden and deepen our understanding of opto-electrical characteristics of bulk
heterojunction polymer-fullerene solar cells (for cell performance improvement), we studied the
structure formation and opto-electronic behaviour manifestations of 1:1 regioregular poly (3-
hexylthiophene 2,5 diyl) (P3HT):[6,6] phenyl-C61 butyric acid methyl ester (PCBM) blend
based devices and arrived at the following conclusions:

e The observed threshold open circuit voltage at which efficiency (that is, external quantum
efficiency (EQE)) starts to decrease (Voc threshold efficiency decrease) 1N COnjugated polymer-
fullerene based solar cells, indicates the value of Vo threshold tunneling onset, Which is the
threshold internal open circuit voltage within the organic solar cell device, corresponding
to the onset of field emission (FN quantum mechanical tunneling) injection of charge

through the potential barrier at the metal-polymer interface.

e Under good device architecture, Vo threshold efficiency decrease =~ Voc threshold tunneling onset ~ 0.46 V.

o Transition from thermionic to field emission is not an instantaneous event, but is rather a

gradual process, although the time it takes is still very small.

e The minimum of the FN curve indicates the end of thermionic emission dominance as

well as the start of the superiority of quantum mechanical tunneling (field emission).
e The FN internal voltage suppressing thermionic emission is actually the open circuit

voltage built within the device. In the case of our ITO/PEDOT:PSS/P3HT:PCBM/AI
device, this is the electromotive force between the PCBM LUMO and the P3HT HOMO.
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The total current in an electrode/organic semiconductor/metal photoactive device is the

superposition of the thermionic emission and the quantum tunneling currents.

Based on our findings, we have explained the electrical behaviour of decrease in
efficiency as incident light intensity increases by generalising that as the incident white
light intensity increases, it also increases the photogenerated open circuit voltage, which
increasingly biases the device with voltages that are sufficient to greatly increase the dark
current. Since dark current counteracts the photogenerated current (or current density), it
now progressively reduces the net photogenerated current as it (the dark current)
increases. As a result, the efficiency (that is, the external quantum efficiency) of the solar
cell decreases with increase in incident light intensity, because efficiency is current

dependent.

Our study has concluded that no universal optimum active layer thickness exists for
nanoscale bulk heterojunction polymer-fullerene based solar cells, but propose that such
optimal ALT is rather contextual to the fabrication settings like thin filming techniques,
mixing ratio of donor and acceptor materials, type of solvent used, evaporation/drying
techniques, nature of environment, as well as the generated film morphology and
outcome competing processes. For our 1:1 ITO/PEDOT:PSS/P3HT:PCBM/AI devices

the optimum performance active blend layer thickness was found to be 77.1 nm.

Post fabrication thermal annealing of our ‘air borne’ ITO/PEDOT:PSS/P3HT:PCBM/AI
devices was generally found to take place via two mechanisms in some of the regions of
the device: The first process is that of decrease in the conductivity of the device as a
result of heat driven dedoping (removal) of impurities like water vapour, oxygen and
remnant solvent, which had gained occupancy in device imperfections dating back to the
fabrication era. In the second stage, conductivity increases due to reordering and
densification of the polymer chains.

For optimisation purposes, it is important to establish control of the morphology of the
organic photoactive nanoscale layers. Crystallization-induced phase separation, for
example, by thermal annealing, has been found to direct the formation of a nanostructure
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in the blends. Morphology studies elsewhere have shown that P3HT crystallization expels
PCBM into the spherulitic interlamellar amorphous layers, where it encroaches to its
miscibility limit. Above the solubility limit, PCBM aggregates start to form. The studies
suggest that the crystallization of P3HT and encroachment of PCBM in interlamellar give
rise to inter-connected donor and acceptor phases close to optimal bulk heterojunction
structure. This suggests that the nanostructure formation in P3HT:PCBM blends is
determined by the crystallization of P3HT. The fundamental mechanisms amounting to
the origin of the morphology in P3HT:PCBM blends involve crystallization induced

phase separation followed by the aggregation/crystallization of the second component.
8.2 Recommendations

e There is a need to find ways of lengthening the lifetimes of the excitons under conditions
of study.

e C -V measurements could be taken to identify the role of traps and density of carrier.

e There is a need for interdisciplinary teamwork by both research scientists and
architectural engineers in order to come up with new multifunctional active materials
with higher photo-response and wider absorption band.

e Due to the need to gain deeper understanding of effects of barrier potentials and ideality
factor on the performance of organic solar cells, we recommend investigations into the
impact of processes such as annealing and active layer thickness variation on potential
barrier and ideality factor in BHJ organic solar cells. This could include actual
determination of the HOMO and LUMO of Donor/Acceptor (D/A) after annealing
treatment at various temperatures.

e 3D determination of the D/A domains in the interconnected network

e Pump probe measurements could be taken to measure electron mobility (L) and hole
mobility (i) for use in determining the type and nature of recombination mechanisms.

e Determination of the crystallization and diffusion processes during bicontinuous network
formation

e Scanning tunneling microscopy measurements to map the 2D distribution of P3HT and
PCBM domains on the aluminium (Al) and PEDOT:PSS interfaces to find out if it is the

same or different and determine the different interfacial energies.
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Effects of imperfections, impurities and traps, for example, on charge injection at metal-
polymer junctions of organic solar cell devices are suggested as further research
candidates.

We recommend the use of work from this study to establish a thorough understanding of
the physics and operation of organic solar cells. The gained knowledge is recommended
for use in ongoing research and in improving the architecture and performance (for

example, power conversion efficiency) of the device.
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9 Appendices
9.1 Appendix |

Excimer: In the main text, it has been given that excimers can form in polymer materials used in
the making of solar cells and these are unwanted. An excimer is a short-lived dimeric or
heterodimeric molecule formed from two monomers, at least one of which has the valence shell
completely filled by electrons and the other is in an excited state. Excimers are often diatomic
and are composed of two atoms or molecules that would not bond if both were in the ground
state. The excited state may have been triggered by the dimer molecule absorbing light whose
energy is equal to its HOMO-LUMO gap, which causes an electron in its HOMO to be excited to
the LUMO. It is during this momentary excited state configuration that the dimer is referred to as
an excimer. When the excimer returns to the ground state, its components dissociate and often
repel each other. Since excimer formation is promoted by high bimolecular interaction, it is

encouraged to source for use polymer material that is less prone to excimer formation.

9.2 Appendix 11
Ultrasonic cleaning mechanism

Ultrasonic cleaning mechanism involves the rapid and complete removal of contaminants from
objects immersed in a liquid impregnated with high frequency sound waves (ultrasound waves -
which in effect are mechanical waves). These non-audible sound waves mimic a scrubbing brush
action within the liquid (particularly at the interface between the liquid and a solid object) as a
result of the conversion of their high frequency electrical energy by an implanted transducer, into
ultrasonic energy (that is, high frequency sound energy) which enables the cleaning process since
it is mechanical energy. Therefore, the piezoelectric effect is the basis of operation of the USB
since this effect involves the conversion of either electrical or magnetic energy to mechanical
energy (or vice versa) by a transducer. The cleaning power depends on the performance of the
transducer. The ultrasonic energy spreads within the liquid and stirs up the rapid build-up and
collapse of minute bubbles, the phenomenon of which is called cavitation. These bubbles rapidly
increase in size until they implode against the surface of the immersed solid item awaiting

surface cleaning. The implosion releases an enormous amount of energy, which scrubs and lifts
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the contamination off the surface of the solid item like a substrate. As the bubbles implode and
cavitation takes place, the cleaning solution rushes into the gap left by the bubble. Due to its
effectiveness in cleaning even the innermost recesses of intricately shaped parts like hinges and
box joints, ultrasonic cleaning method is employed in the cleaning of many precision and
surgical instruments in industry and medicine. However, the USB process cannot be applied in

the cleaning of soft solids like rubber.

9.3 Appendix 111

V- Als Cast
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In the figure we show results for low temperature thermal annealing of the P3HT:PCBM based

solar cells, at the same temperature, but at different time durations and note that absorbance

increases with annealing times.
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Publication Papers under Review

Chiguvare Z, Jnamba L and Wamwangi D, Charge injection at metal-polymer interfaces:
an experimental investigation into why the efficiency of organic solar cells is low at high
incident light intensities

Jhamba L and Wamwangi D. Opto-electrical mechanisms linking the threshold open
circuit voltage at which the efficiency of polymer-fullerene solar cells starts to decrease

with voltage regimes at metal-active layer junctions of P3HT:PCBM devices

Conference attendance and presentations

1

Oral presentation of paper entitled “Influence of light intensity on the efficiency of
organic solar cells.” Paper presented at the November 3-8, 2013 in Taiwan, Haulien city
under the Engineering Conferences International, New York, USA Program. The

conference theme was: Carbon-Based Nano-Materials and Devices

Attended the 2012 annual South African Institute of Physics at the University of Pretoria
from 9™ July to 13™ July 2012 and made an oral presentation of the paper entitled

“Charge injection at metal-polymer interfaces.”

Papers for Publication Submissions

1

Influence of active layer thickness on optical characteristics of spin-coated polymer-
fullerene based BHJ solar cells of ITO/PEDOT:PSS/P3HT:PCBM/AI configuration

An analysis of transformations in the surface morphology of P3HT:PCBM film blend for
differing film thicknesses (2D — treatment)

Effect of different active layer thicknesses on charge injection mechanisms at electrical
contacts in the dark in ITO/PEDOT:PSS/P3HT:PCBM/AI devices

Influence of post-fabrication thermal annealing at different temperatures on the opto-

electrical characteristics of P3HT:PCBM based solar cells

Dark and illuminated J(V) characteristics of ITO/PEDOT:PSS/P3HT:PCBM/AI devices

due to thermal annealing at different temperatures
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