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Abstract 

Organic photovoltaic (OPV) devices are attracting significant attention as an 

alternative renewable energy source.    Recent advancements have led to an increase 

in device efficiency and stability; however a greater focus on reducing material and 

processing costs is needed.  This thesis sets out to consider these issues.   

Indium-tin oxide (ITO) is widely believed to be a major contributor towards the 

material cost of the device.  Highly conductive poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was investigated as 

an alternative and inexpensive transparent conducting electrode (TCE).  The intrinsic 

conductivity of the PEDOT:PSS films was improved by dimethyl sulfoxide (DMSO) 

treatments.  Ultra-violet absorption spectroscopy (UV-Vis), X-ray photoelectron 

spectroscopy (XPS) and conductive atomic force microscopy (CAFM) were used to 

gain understanding as to how the different treatments improved the film conductivity 

and how this influenced OPV device performance.  This study highlighted the 

possibility of using PEDOT:PSS as an alternative electrode and emphasised the 

importance of optimising and tailoring the electrode to the specific photoactive layer. 

Careful control over processing conditions has widely contributed to the 

development of OPV devices.  However, although inert atmospheres and casting 

from halogenated solvents results in high efficiencies, they also further add to the 

processing costs.  A method to process the poly(3-hexylthiophene):phenyl-C61-

butyric acid methyl ester (P3HT:PCBM) photoactive layer under ambient conditions 

was developed, which was found to be applicable on both ITO and PEDOT:PSS 

electrodes.  This methodology was then used to process inverted P3HT:PCBM 

devices spin cast out of non-halogenated solvents which gave comparable overall 

device performance to those cast out of dichlorobenzene (DCB).  This indicates the 

potential of producing low-cost OPV devices processed using more environmentally 

friendly solvents and under an ambient environment which can be more easily 

incorporated in a roll-to-roll process.     
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Chapter 1. Introduction 

This chapter presents an overview of the increased global energy demand and the 

need for alternative energies to fossil fuels.  The benefits of photovoltaic (PV) 

devices are described before a brief review of the history of organic photovoltaics 

(OPV) devices is given.  A significant part of this thesis focuses on processing bulk 

heterojuction (BHJ) devices and so particular emphasis is given to the development 

of these devices and the factors that affect the device performance.  Next follows a 

section on semiconductor theory, followed by the principles of device operation and 

then the materials used in this work are discussed.  Since major part of this thesis 

concentrates on using poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) as an alternative electrode to indium tin-oxide (ITO), a review on the 

development of the polymer is included.  This section concludes with an outline of 

the other chapters in this thesis. 
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1.1 Overview 

1.1.1 The need for renewable energy 

Global energy consumption is forecast to rise by 41 % between 2012 and 2035 due 

to the predicted expansion in global population and increased demand from 

emerging economies, particularly China, India and the Middle East.  Currently fossil 

fuels are almost entirely responsible for meeting the global energy demand as shown 

in Figure 1.1.1  There are, however, several issues with using fossil fuels.  They are a 

finite resource with uneven distribution across the globe is unbalanced which leads 

to concerns over energy security.  The impact fossil fuels have on the environment is 

also a major concern. Burning fossil fuels is accompanied by the release of carbon 

dioxide (CO2) and other greenhouse gases which are thought to contribute towards 

global warming.  Despite numerous climate change mitigation policies, annual 

greenhouse gas emissions increased by 2.2 % per year from 2000 – 2010 compared 

to 1.3 % from 1970 – 2000.2  The global mean surface temperature is expected to 

keep increasing unless significant further efforts are made to reduce greenhouse gas 

emissions.  It is now becoming increasing unlikely that efforts to keep the 

temperature rise to below 2 oC relative to pre-industrial levels will be effective.  
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Figure 1.1 – World primary energy consumption of million tonnes of oil equivalent per year.  Data 

taken from BP statistical review of World Energy 2013.3  

 

 

There is a need to find cleaner energy sources that can be implemented on both a 

local and global scale so that the predicted demand for more energy is met while also 

taking the environmental concerns into consideration.  Renewable energy 

technologies have great potential, but like all major energy sources they also have 

various drawbacks.  Many renewable energy sources such as wind and solar are 

variable and intermittent and therefore are difficult to integrate into an electrical grid 

at any reasonable scale.  There are also financial concerns as to whether renewable 

energy sources will continue to be viable once subsidies become restricted.4  Despite 

these concerns renewable energies are expected to contribute to nearly half the 

increase in global power generation up to 2035 with wind and solar photovoltaics 

(PV) are expected to contributing 45 % to this expansion.5  Solar is a particularly 

attractive energy source; more energy from the sun reaches the earth in one hour than 
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the energy consumed on the entire planet in 2001.6  PV devices have the ability to be 

used in off grid areas, and to be incorporated into new and exsisting buildings.    

However, PV technology still has some way to go before becoming recognised as a 

sustainable power source.  Currently in the US, PV devices only contribute to 0.3 % 

of the total energy generated.7  The situation is slightly better in Germany where PV 

devices contribute to over  5 % of the gross electric consumption in Germany.8  The 

main challenge facing PV technology is considerably reducing the cost per watt to 

compete with fossil fuel alternatives.  Solar energy is diffuse, so in order to make 

this technology economically viable material costs must be extremely low.   

 

1.1.2 History of photovoltaic devices 

Despite Becquerel discovering the photovoltaic effect in 1839,9 it was not until much 

later in the 1940s that the modern PV device was first developed by Ohl.10  The 

progress of PV devices were further advanced due to extensive work by the Bell labs 

in the 1950s and it was not long before p-n doped highly crystalline devices were 

used in satellites.11, 12
  Today, monocrystalline silicon PV devices have reached 

efficiencies of over 25 %.  However, they are not ideal for general commercial 

applications due to the high energy demands and the large fabrication costs involved 

in producing defect free crystals.13  Polycrystalline and amorphous silicon PV 

devices are less expensive but also have lower efficiencies of around 10 %.13   

Other inorganic PV devices are based on thin films consisting of a combination of 

group III and V elements.  GaAs and CdTe devices have reached efficiencies of over 

28 % and 19 % respectively.13  Careful control over growth conditions enables 
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tailoring to different parts of the solar spectrum.  A multijunction PV can be tuned to 

the wavelength of light it collects which results in efficiencies that are higher than 

single junction devices.14  The highest efficiencies for multijunction devices are now 

above 37 %.13  There are several drawbacks to this type of PV device including the 

low abundance and concerns over toxicity over some of the elements used.15  

Organic semiconductors (OSCs) are attracting increased interest as a result of their 

synthetic variability, cheaper production, and the potential to producing light weight, 

flexible and easily manufactured PV devices.  There are several categories of these 

devices including dye-sensitised solar cells (DSSC), hybrid organic-inorganic, small 

molecule and polymer PV devices.  The efficiencies of these types of devices are 

lower than for a conventional silicon device but their low temperature processing and 

hence low manufacturing costs are hoped to counteract this.  The rest of this section 

will focus solely on small molecule and polymer PV devices and these will be 

referred to as OPV devices.  Figure 1.2 shows a summary of the different PV device 

types mentioned and their accredited efficiencies since 1976. 
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Figure 1.2 – Development of different types of PV devices from 1976 to 2014.16  

 

   

1.1.3 History of organic photovoltaic devices 

The first OPV devices were made in 1959 and comprised of a single photoactive 

layer of anthracene.17  For the next few decades OPV devices consisted of a single 

organic layer sandwich between two electrodes of different work functions.  Exciton 

dissociation mainly occurred in the depletion region close to electrode or at trap sites 

within the organic layer.  This poor dissociation, alongside high recombination rates 

of holes and electrons, resulted in low efficiencies of ~ 0.1 %.18 

It was not until 1986 that there was a significant breakthrough, when Tang developed 

a donor/acceptor (D/A) bilayer OPV device.19  The novel device comprised two 

thermally evaporated semiconductors - copper phthalocyanine (CuPc) as the electron 

donating material and 3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI) 
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as the electron acceptor material – which achieved a power conversion efficiency 

(PCE) of ~ 1 %.  The interface offset between the donor and acceptor materials 

allowed for more effective exciton dissociation, improved charge transport and 

therefore decreased recombination.  This concept of donor/acceptor devices has been 

widely exploited ever since. 

A notable improvement for bilayer devices came with the use of C60, discovered in 

1985,20 as an electron acceptor.  The longer diffusion length of C60 was attributed to 

devices achieving a PCE of 3.6 %.21  While C60 is mainly used as the electron 

accepting material (although efforts are being made to replace it),22  many different 

materials have been used as the electron donating material including other 

phthalocyanines and oligoacenes.23-25  

The bilayer OPV device structure is still widely employed but this architecture has 

some disadvantages.  Exciton dissociation is most effective at the D/A interface.  

The exciton, therefore, should ideally be formed within an exciton diffusion length 

(LD) of the interface.  Generally, for OSC the LD is in the 10 nm range.  However, in 

order to absorb enough light the film thickness for most OSC needs to be over 100 

nm, therefore only a small amount of excitons generated are able to reach the 

interface and dissociate.  Several device architectures have been introduced to 

improve exciton dissociation and absorption.   

Tandem devices were first introduced in 1990 by Hiramoto.26  In this device 

structure two or more devices, separated by a thin recombination layer, are stacked 

on top of each other.  The tandem device is usually designed so that the individual 

devices absorb in different parts of the solar spectrum and the thickness of the OSC 
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is matched to the LD of the material.  This allows for higher efficiencies due to the 

greater absorption.  Additionally, the device open circuit voltage (Voc) is a 

summation of the individual devices which further improves the PCE.  In 2013 

Heliatek announced a tandem device with a certified efficiency of ~ 12 %.27  

Another way to enhance exciton dissociation and maintain a thick enough film for 

high absorption is to codeposit (thermally evaporated small molecules) or blend 

(solution processed polymers) donor and acceptor materials to produce an intermixed 

D/A film.  This intermixing results in a larger donor and acceptor material interface 

so that the exciton is more likely to be with in a LD of the heterojunction. Initial work 

on small molecule codeposited device structures was carried out in the early 1990s 

by Hiramoto.28, 29  Soon after, in 1995, the first solution processed polymer:fullerene 

bulk heterojunction (BHJ) devices were reported.30, 31  The device was comprised of 

a poly(2-methoxy-5-(2’-ethyl-hexyloxy)-(1,4-phenylene vinylene (MEH-PPV) donor 

and a soluble C60 derivative phenyl-C61-butyric acid methyl ester (PCBM) or cyano-

polyphenylene vinylene (CN-PPV) acceptor.  The donor and acceptor were blended 

together and spin coated on to an indium-tin oxide (ITO) electrode.  The rest of this 

section will focus on polymer:fullerene BHJ devices.  Figure 1.3 shows the structures 

for bilayer, tandem and BHJ devices. 
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Figure 1.3 – Schematics of a) a bilayer, b) tandem and c) BHJ device. 

 

    

Significant developments in the understanding of BHJ have led to a huge 

improvement in the PCE, some of which now have now exceeded 11 %.32, 33  The 

performance of BHJ devices is heavily reliant on the morphology of the polymer 

donor:acceptor photoactive layer.  Ideally, the morphology should be a bi-continuous 

interpenetrating network of polymer and acceptor components.  The interfacial area 

should be maximised so that domains of each component are within an LD to allow 

maximum excitions to dissociate efficiently.  Additionally, there needs to be 

continuous polymer and acceptor pathways to the respective electrodes to ensure 

efficient charge transport of holes and electrons.  A non-optimised microstructure, as 

shown in Figure 1.4, has a severe negative impact the device performance. 
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Figure 1.4 – Schematic of the microstructure of a BHJ device illustrating how non-optimum 

microstructure can affect the device performance.  Adapted from [34].  

 

 

Preferably, the polymer:acceptor composite film should spontaneously self-assemble  

into the most favourable morphology during deposition, but this is often not the case.  

The morphology of the BHJ photoactive layer depends on a wide number of intrinsic 

and extrinsic factors.  Intrinsic factors are inherent to the photoactive materials used 

and their interaction with each other; they include physical properties of the 

individual materials such as hydrophobicity, molecular weight, surface energy, 

regioregularity and relative miscibility etc.  Extrinsic factors include external factors 

such as solvent choice, substrate surface energy, D/A ratio, deposition technique and 

post-deposition annealing etc.  A brief review of some of the notable steps in BHJ 

development is now given touching on some of the extrinsic factors mentioned.  A 

more thorough review of the factors that influence BHJ device morphology can be 

found in references [34-36].  

The first morphological study was carried out on MEH-PPV:C60 composite films 

using 1,2-dichlorobenzene (DCB) as the solvent.37  Crystallites of C60 (~ 10 nm in 

diameter) were found embedded in amorphous MEH-PPV as a result of phase 

segregation.  A fine bicontinuous network was observed when a 1:1 (by weight) 
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blend composition was used.  Additionally, the low solubility of C60 in organic 

solvents prevented its use in high concentrations because it has a tendency to 

crystallise.  Exchanging C60 for PCBM, a soluble derivative, circumvented this 

limitation.30, 38   

Work by Shaheen et. al. on poly(2-methoxy-5-(3’,7’-dimethyoctloxy)-p-phenylene 

vinylene) (MDMO-PPV), one of the early successful polymers, and PCBM 

(MDMO-PPV:PCBM) showed the important role played by the organic solvent.39  

Changing the solvent from toluene to chlorobenzene (CB) resulted in an increase in 

device PCE from 0.9 % to 2.5 %.  The improvement in device performance was 

mainly due to an increase in short current density (Jsc).  This improvement was 

explained by an increase in charge carrier mobility, attributed to the better solubility 

of PCBM in CB.  From then on, CB and DCB became the most popular solvents to 

use in BHJ device development.   

The importance of morphology on device performance was seen even more keenly 

when using regioregular poly (3-alkylthiophene), particularly poly(3-

hexylthiophene) (P3HT).  Compared to the earlier PPV polymers, P3AT polymers 

had a high regioregularity which allowed for an increased crystallinity.  Due to the 

increased absorption and higher mobility, devices incorporating P3HT were expected 

to produce high efficiencies, but to begin with this did not happen.  Pandinger et.al. 

demonstrated that annealing P3HT:PCBM devices increased the PCE from 0.4 % to 

2.5 %.40  Ma et. al. further demonstrated how vital thermal annealing is, achieving 

device efficiencies of 5 %.41  When PCBM was blended with P3HT, the fullerene 

component was found to disrupt the intermolecular packing of the P3HT chains.42  
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Thermal annealing is thought to redistribute the P3HT and PCBM within the film 

which enables the ordering of P3HT to partially recover.  This allows for higher 

mobilities and improved absorption.43, 44 

Li et.al. reported that the degree of self-organisation could be varied by controlling 

the film growth rate.45  Solvent annealing causes the wet film to dry slower.  This 

allows the P3HT to reorganise and possess a higher degree of ordering, resulting in 

improved absorption and more balanced charge transport.  The use of additives has 

also been shown to influence the solvent evaporation rate and therefore device 

performance.  Additives have a higher boiling point than the primary solvent and so 

reduce the evaporation rate during deposition.  They also selectively alter the relative 

solubility of a blend components.  This approach is particularly effective for devices 

fabricated from low-bandgap polymers where thermal annealing does not often 

increase device efficiency.46-48  Peet et. al. found incorporating a small amount of 

alkanedithiols into the poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-

b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT):PCBM solution 

doubled the PCE as a result of changes in morphology.46          

Since Tang’s pioneering device in 1986 there has been significant progress in the 

understanding of OPV device physics, but there is still some way to go before OPV 

devices are developed into a mature technology.  Device efficiencies are now above 

10 % as a result of new photoactive materials and careful device design, however 

these record breaking devices are typically made in a lab on small areas using 

expensive materials and rigid substrates.  In order for the full potential of OPV 

devices as a viable energy source to be achieved, development towards scalable 

processing on large areas with economical materials and flexible substrates need to 
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be seriously considered.  In principle, BHJ devices do offer the opportunity to be 

volume produced by roll-to-roll compatible techniques, most likely through spray 

deposition or printing, and steps are being taken to find alternative and less costly 

materials.     
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1.2 Semiconductor theory 

Atomic nuclei and electrons are the most basic building blocks of matter.  In an atom 

(N = 1), electrons orbit around the nucleus which is made up of protons and 

neutrons.  The number of electrons depends on the element.  For the simplest case – 

hydrogen – one electron orbits around one proton.  Each electron can be ascribed to 

an individual orbit known as the atomic orbital (AO) which has a discrete energy 

level.  When an AO from one atom overlaps with the AO from another atom (N = 2) 

two molecular orbitals (MOs) are formed and the electrons are delocalised over both 

atoms.  One of the MOs is bonding and this has a lower energy than that of the 

original AO.  The other MO is anti-bonding and has an energy that is higher than the 

initial AO.  Figure 1.5 shows the energy level diagram for a H2 molecule.  The 

formation of a H2 molecule involves the overlap of two single 1s orbitals, one from 

each atom.  The Pauli exclusion principle limits the number or electrons that can 

occupy a MO to two and requires that the two electrons must be paired.  For H2 both 

electrons, one from each H, occupy the bonding (σ) orbital.  
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Figure 1.5 – The MO energy level diagram for a H2 molecule.  σ denotes the bonding and σ* the anti-

bonding MO.  

 

 

For three atoms there are three orbitals; one bonding and one antibonding with a 

nonbonding orbital in between.  As more atoms are added, each one contributes one 

more AO and hence one more MO is formed.  For N atoms in a line there are N 

MOs.  The orbital with the highest energy is the most antibonding and the orbital 

with the lowest energy in the most bonding.  The remainder of the orbitals are spread 

between the two extremes.  The total width of the band remains finite as N 

approaches infinity and so there can only be a finite spread of orbital energies, 

regardless of N.  As N approaches infinity the separation between neighbouring 

orbitals approaches zero.  The discrete energy levels of the orbitals merge to form a 

band of near continuum energy levels for conductors.  Figure 1.6 shows the build-up 

of MO for a metal.49 
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Figure 1.6 – The MO energy levels for N atoms for a metal.  Adapted from [49].    

 

 

For conductors the bonding and antibonding orbitals are not separated by an energy 

gap, as shown in Figure 1.6. In the case of non-metals such as insulators and 

semiconductors two bands are formed, the valence band (VB) and the conduction 

band (CB).  The VB and CB are separated by an energy gap known as the band gap 

(Eg).  This is due to the conjugated system undergoing geometrical distortion from a 

structure with equal band length to one with alternating long and short bonds.  The 

geometrical distortion leads to the opening up of a band gap.  This is known as 

Peirels Distortion. 

The VB is normally fully occupied and the CB is generally unoccupied at 0 K.  A 

schematic depicting the difference between metals (conductors), semiconductors and 

insulators is shown in Figure 1.7.  Insulators have a large Eg, typically > 4 eV.  At 

room temperature the electrons do not have enough energy to move from the VB to 
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the CB.  On the other extreme, the electrons in conductors can be excited at room 

temperature are essentially free because there is no Eg.  Semiconductors fall between 

the two.  They have an Eg of ~ 1 – 4 eV; at sufficiently low temperatures the CB is 

completely empty and the VB is fully occupied.  However, the Eg is sufficiently 

small that the electrons have the potential to reach the CB upon the appropriate input 

of energy. 

 

 

Figure 1.7 – The energy level diagrams of a) an insulator, b) semiconductor and c) conductor.  

 

 

The Fermi-Dirac distribution (Equation 1.1) defines the probability of an electron 

existing at a particular energy level,   

𝑓(𝐸) =  
1

𝑒

𝐸−𝐸𝑓
𝐾𝑇

+1

     Equation 1.1 

where K is Boltzmann’s constant, Ef is the Fermi level energy and T is the 

temperature.  Ef is defined as the theoretical energy level where the population 

probability of an electron is ½.  The work function (Φ) is the energy required to 
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remove an electron from the Fermi level to the vacuum level (EVac).  The ionisation 

potential (EIP) is the amount of energy required to remove an electron from the edge 

of the VB to the EVac and the electron affinity (EEA) is the energy from the CB to the 

EVac.  These are indicated in Figure 1.8. 

The conductivity of semiconductors can be altered by doping.  Doping is where a 

few atoms (< 0.1 %) of the original element are replaced by atoms having either 

more or less electrons.  An n-type semiconductor is where the added (donor) atoms 

have more electrons in the valence shell than the host atom.  If the donor atoms are 

spread out from each other, their electrons will be localised and a thin donor band 

will form.  The donor atoms energy levels lie at a higher energy than the valence 

electrons of the host lattice, usually just below the empty CB of the lattice.  Some of 

the electrons from the donor band can be promoted to the CB which are then able to 

move throughout the lattice.  If the added atoms have fewer electrons than the host, 

positive holes are added and the semiconductor is said to be p-type.  The dopant 

atoms form a thin, empty acceptor band that lies just above the full VB of the host 

lattice.  Small amounts of energy can promote electrons from the VB to the acceptor 

band generating holes in the host VB which allows the remaining electrons to 

become mobile. 

The number of electrons that can be promoted depends on the temperature and the 

energy gap between the bands.  The Fermi level in an intrinsic semiconductor is 

likely to be near the middle of the band gap.  For n-type semiconductors the Fermi 

levels rise to an energy level near the middle of the new donor band and the CB band 

of the host.  The Fermi level drops to a point near the middle of new acceptor band 
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and valence band of the host for p-type semiconductors.  Figure 1.8 shows the band 

structure of intrinsic, n- and p-type semiconductors.    

 

 
 

Figure 1.8 – Energy level diagram for a) an intrinsic, b) n-type and c) p-type semiconductors with the 

Φ, EIP and EEA labelled. 

 

 

The terms CB and VB are typically used for inorganic materials.  Organic 

semiconductors are made up of molecules rather than atoms and it is the MO that 

defines the energy structure.  So instead of referring to the VB and CB, highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) are used instead.  Generally, the π-bonding orbitals combine to form the 

HOMO and the π-antibonding orbitals form the LUMO with the energy gap between 

the two defining the Eg.   
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1.3 Principles of device operation 

An OPV device typically consists of photoactive material(s) and interfacial layers 

sandwiched between two electrodes, with a total device thickness of only a few 

hundred nanometers.  This section discusses the principles of OPV device operation, 

using a regular bilayer device as an example.  The processes can also be applied to 

BHJ devices. 

Four major processes are involved in the conversion of solar energy to electrical 

energy.  Firstly, light is absorbed and an exciton is formed within the photoactive 

layer (ηA).  The exciton then randomly diffuses through the layer to a D/A interface 

(ηED), here the exciton can dissociate into free carriers (ηCT).  The free carriers are 

transported to their respective electrodes and collected (ηCC).  These are shown for 

the donor material in Figure 1.9, the reverse situation with absorption in by the 

acceptor occurs by an analogous mechanism.     
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Figure 1.9 – The principles of OPV device operation under open circuit conditions: a) light 

absorption and exciton formation (ηA), b) exciton diffusion (ηED), c) exciton dissociation (ηCT) and d) 

free carrier transport and collection (ηCC). 

 

 

The overall external quantum efficiency (EQE) is defined as the number of charges 

extracted per incident photon and can be expressed as the product of the quantum 

efficiencies for the four processes (Figure 1.2)  

𝐸𝑄𝐸 = η𝐴η𝐸𝐷η𝐶𝑇η𝑐𝑐    Equation 1.2 

   

1.3.1 Absorption and exciton formation 

When a photon of light that has an energy equal to or larger than the band gap of the 

OSC and is an allowed transition, it is absorbed by the photoactive layer.  An 

electron is promoted from the HOMO to the LUMO of the material.  A positive 

vacancy known as a hole is left behind.  This excited state relaxes to form a 

coulombically bound electron-hole pair known as an exciton.  The binding strength 
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between the hole and electron depends on the properties of the material.  Organic 

materials have weaker intermolecular forces and low dielectric constants (ε ~ 3) and 

so strongly bound Frenkel excitons are formed.  These excitons have a binding 

energy in the order of a few hundred meV which results in localised excitons 

forming on a single molecule.  In contrast, the dielectric constant of inorganic 

semiconductors have large dielectric constants (ε > 10) and so weakly bound Mott-

Wannier excitons are formed where the charge carriers are delocalised.  Mott-

Wannier excitons can be split into the separate charge carriers at room temperature 

(~ 26 meV).  Unlike inorganic materials, the excitons generated upon light 

absorption in OPV devices require an additional step to separate them in to free 

charge carriers.  The third type of exciton that can also form is known as a charge-

transfer exciton.  Here, the hole and electron are localised on neighbouring 

molecules but are still coulombically bound.  The three different types of excitons 

are shown in Figure 1.10. 

 

 

 

Figure 1.10 – Schematic of the three different types of exciton a) Wannier-Mott, b) charge-transfer 

and c) Frenkel exciton. 
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1.3.2 Exciton diffusion 

Excitons are neutrally charged species and so their movement is not influenced by 

electric fields.  Instead they diffuse by a random hopping motion between molecules 

or domains until they decay back to the ground state or reach a D/A interface and 

separate into free charges.  The exction diffusion length (Equation 1.3) represents 

the average distance an exciton can travel before it decays and is material specific, 

𝐿𝐷 = √𝐷𝜏    Equation 1 3 

where D is the diffusion coefficient and τ is the exciton lifetime usually in the order 

of nanoseconds.  The LD for OSC is typically in the order of a few to tens of 

nanometres.50-52  The diffusion process is limited by grain boundaries and trap sites 

which cause recombination and competes with charge carrier recombination. 

Due to the small exciton diffusion length the effective active region of a bilayer 

device is restricted to a narrow region near to the D/A interface.  This limits the use 

of thick layers to improve light absorption.  To avoid this problem the donor and 

acceptor are often mixed to create a BHJ device.  With careful control of the 

morphology, excitons can be created within a LD of a D/A interface.  BHJ devices, 

however, suffer from decreased charge mobility due to a lack of continuous transport 

pathways to the electrodes which results in an increase in generation.  

  

1.3.3 Exciton dissociation 

Once at the D/A interface the exciton can dissociate into free carriers.  In order to do 

so, the binding energy of the exciton must be overcome.  The large stabilisation 
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energy of Frenkel excitons means that they cannot be split by thermal excitation.  

Instead, the binding energy can be overcome by the favourable energy offsets at the 

D/A interface.  In the case where the exciton is formed in the donor material, the 

energy offset between the LUMO of the donor and LUMO of the acceptor must be 

larger than the exciton binding energy for effective dissociation to occur.  The 

electron is then transferred to the LUMO of the acceptor and the hole remains in the 

HOMO of the donor.  Likewise, the energy offsets between the HOMO of the 

acceptor and HOMO of the donor must also be large enough.  The separation of an 

exciton at the interface into a hole and electron is known as the charge transfer (CT) 

state.  Mobile free holes and electrons are formed from this state. 

The energy offsets between the donor and acceptor energy levels directly impacts the 

Voc of the device.  The maximum obtainable Voc is determined by the interface gap 

which is defined as the energy difference between the donor HOMO and acceptor 

LUMO.  Ideally, the energy offsets need to be just large enough to allow efficient 

exciton dissociation, but small enough so that the Voc is maximised.  If the energy 

offsets are too small the exciton can recombine which limits charge separation.  This 

type of recombination is known as geminate pair recombination (Figure 1.11).  The 

electron-hole pair recombine at the D/A interface by transfer of the electron back 

from the LUMO of the acceptor to the HOMO of the donor.  In BHJ devices this is a 

particular problem when the microstructure consists of large domains.  
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1.3.4 Free carrier transport and collection 

After exciton dissociation, the separated charges drift and diffuse from the D/A 

interface to their respective electrode to produce the photocurrent.  Charge carrier 

movement occurs through intermolecular hopping, the efficiency of which is 

dependent on the mobility of the organic material and is sensitive to the 

microstructure of the device.  For bilayer devices, charges are generated at a single 

D/A interface and so there are large carrier concentration gradients present between 

the interface and electrodes.  This results in strong diffusion currents in addition to 

drift currents.53  Recombination is less likely because charges move through either 

pure donor or acceptor layer.  For BHJ devices, however, there are multiple D/A 

interfaces.  Charge generation is therefore distributed throughout the layer and the 

drift current dominates.  BHJ devices often contain dead-ends and an intricate 

pathway of each component to the relevant electrode that hinder charge transport.  In 

this case, bimolecular recombination (Figure 1.11) is more likely than for bilayer 

devices and competes with the charge separation and collection process.  In 

bimolecular recombination the dissociated free charge carriers recombine before 

reaching the appropriate electrodes.  Careful optimisation is needed for BHJ devices 

to maximise direct transport pathways to the electrodes.     
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Figure 1.11 – Schematic of a) geminate pair and b) bimolecular recombination in a BHJ device.   

 

 

Once at the electrode the charges need to be extracted with minimal losses.  Ideally, 

the electrode work function should align with the HOMO (LUMO) of the organic 

material for efficient anode (cathode) injection.  Poor alignment of the energy levels 

can result in injection barriers which are formed by band bending when the Fermi 

levels of the semiconductor and electrode align.  It is possible to modify the 

electrode work function to improve the semiconductor/electrode contact.  Materials 

such as self-assembled monolayers (SAMs), transition metal oxides and conductive 

polymers have been used to great effect.54-56 
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1.4 Material properties 

Throughout this thesis several different photoactive layer combinations, interface 

layers and electrodes are used.  This section outlines the general properties for each 

material used.  A significant part of this thesis is concerned with using PEDOT:PSS 

as an electrode material.  In this materials section, PEDOT:PSS is discussed with 

regards to its role as an interfacial layer.  Section 1.5 goes into more detail about the 

development of PEDOT:PSS and deals more fully the with the use of PEDOT:PSS 

as an electrode.  

 

1.4.1 Poly(3-hexylthiophene)  

Conjugated polymeric semiconductors are composed of aromatic repeat units that are 

directly coupled together with delocalised π electron conjugation along the 

backbone.  Attaching aliphatic side chains to the polymer backbone results in the 

polymer becoming soluble so it can be more easily processed.  Thiophene based 

polymers have been comprehensively studied in relation to OPV devices due to their 

spectral sensitivity in the long wavelength part of the solar spectrum and good 

charge carrier mobilities.  Regioregular P3HT is the most studied polythiophene as it 

can be easily made on a multi-gram scale and can be simply processed from solution. 

P3HT is non-symmetrical and so there are three possible orientations when the two 

thiophene rings are coupled in the 2- and 5-postions.  These are 2,5’ or head-to-tail 

coupling (HT), 5,-5’ or tail-to-tail coupling (TT) and 2,2’ or head-to-head coupling.  

This results in a mixture of four chemically distinct regioisomers when 3-substituted 
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thiophene monomers are present (Figure 1.12, for the general poly(3-alkythiophene 

(P3AT) case).35, 57  The degree of regioregularity refers to the percentage of HT 

couplings along the polymer backbone.  There are several synthetic polymerisation 

processes which produce P3HT with high regioregularities.58  A high RR percentage 

of P3HT allows the polymer backbone to obtain a near planar conformation 

facilitating intermolecular π stacking.  Highly ordered π-stacked lamella type 

structures are formed in the solid state resulting in a red shift in thin film absorption, 

an increase in the solid-state absorption coefficient and increased charge carrier 

mobility (~ 10-1 cm2 V-1 s-1).59-62  

 

 

Figure 1.12 – Regioisomers of 2,4’ linked P3AT a) HT-HT, b) HT-HH, c) TT-HT and d) TT-HT.  R 

represents the alkyl group.  Adapted from [35, 57]. 

 

 

P3HT shows high miscibility with PCBM (see Section 1.4.5) which allows a high 

ratio (1:1) of the polymer to be used in composite (P3HT:PCBM) films which 

increases light absorption and charge transport.41  Earlier polymer:fullerene blends 
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required a much higher concentration of fullerene for optimum device 

performance.39, 63  The HOMO and LUMO of P3HT are 4.6 – 5.0 eV and 2.7 – 3.0 

eV respectively which when blended with PCBM allows for a favourable energy 

offset for efficient exciton dissociation.64, 65  The structure of P3HT is shown in 

Figure 1 13. 

 

 

Figure 1 13 – Chemical structure of P3HT.  

 

   

1.4.2 Copper phthalocyanine 

Phthalocyanines (Pcs) were first discovered by chemists working at Scottish Dyes 

Ltd in 1928 and their structure was later elucidated in 1934.66  Pcs are planar 18 π-

electron macroheterocycles where four isoindole subunits are linked together by 

nitrogen atoms.  Their extensively conjugated system generates an intense absorption 

spectrum which has resulted in Pcs being used in dyes and pigments as well as in 

organic electronics.67  The two hydrogen atoms in the central metal cavity can be 

replaced by up to 70 individual different metal atoms which allows the physical and 

optical properties to be tailored.  The thermal and environmental stability of Pcs 

make them popular materials for organic electronic applications. 

S
n
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CuPc was used as a donor material in the first bilayer OPV device.19  It is planar and 

adopts a herringbone structure.  The crystal arrangement and morphology depends 

on several factors including thermal treatment and type of substrate.68, 69  Thermally 

evaporated CuPc thin films have a HOMO between 5.0 – 5.2 eV, a LUMO of 3.5 - 

3.5 eV and a hole mobility of ~ 10-4 cm2 V-1 s-1.70-72  Figure 1.14.a shows the 

chemical structure of CuPc.  

 

1.4.3 Boron subphthalocyanine chloride 

Subphthalocyanines (SubPcs) were first made in 1972 by Meller et. al. when trying 

to synthesize boronphthalocyanine.73  SubPcs are a 14 π-electron aromatic non 

planar system.  They consist of three diiminoisoindole rings surrounding a boron 

core.74  The smaller size of this macrocyle means that only boron can be used as the 

cation in this system.  The cone-shape of SuPcs leads to amorphous films with a hole 

mobility of ~ 10-5 cm2 V-1 s-1.53  SubPc has a HOMO and LUMO of 5.6 eV and 3.6 

eV respectively.70  One of the advantages of using SubPc as a donor material instead 

of CuPc is its lower lying HOMO level.  This results in a larger effective band gap 

and therefore larger Voc when combined with C60 in bilayer devices.70  The chemical 

structure of SubPc is shown in Figure 1.14.b.   
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Figure 1.14 – Chemical structures of a) CuPc and b) SubPc 

 

 

1.4.4 C60 

Fullerene based materials have been widely investigated as electroactive materials 

since their discovery in 1985.20  C60 consists of 60 sp2 hybridised carbon atoms that 

form 12 pentagons and 20 hexagons in a spherical structure.  Due to the ring strain, 

the sp2 carbons have a more tetragonal structure similar to sp3 hybridisation rather 

than the preferred trigonal planar structure.  This makes C60 susceptible to reactions 

with oxygen which leads to a decrease in conductivity.75   

The extended conjugated π system enables C60 to accept between 6 and 12 electrons, 

which combined with a high electron mobility of ~ 10-2 cm2 V-1 s-1,  has resulted in 

the extensive use of C60 in OPV devices as the electron acceptor.72  C60 has a strong 

absorption below 500 nm, a HOMO energy level of 6.2 eV and a LUMO of 4.5 eV 

which makes it a suitable acceptor material for many electron donor materials.76  The 

structure of C60 is displayed in Figure 1.15.a.   
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1.4.5 PCBM 

C60 displays very low solubility in most common organic solvents which has led to 

the synthesis of a variety of functionalised derivatives with the aim of improving the 

solubility and further tuning the electronic properties.38  PCBM has since become 

one of the most successful soluble fullerene derivatives that is used as an electron 

acceptor in OPV devices.  Like C60, PCBM crystallises into well-defined structures 

which depend on the processing solvent.77  When compared to C60, the absorption 

profile of PCBM is enhanced with increased absorption at longer wavelengths. 

PCBM has a HOMO and LUMO of 6.1 eV and 4.3 eV respectively, which allows 

for efficient exciton dissociation when blended with P3HT.78  Figure 1.15.b shows 

the chemical structure of PCBM.      

 

 

Figure 1.15 – Chemical structures of a) C60 and b) PCBM 

 

  

1.4.6 Electrode materials 

OPV devices typically use indium tin oxide (ITO) as the transparent conducting 

electrode (TCE).  ITO is generally used as the TCE due to its low sheet resistance 

(Rsheet) and high optical transparency; these favourable properties make it the choice 

O
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electrode for many different optoelectronic devices.  ITO is made up of indium oxide 

and tin in a typical 9:1 ratio.  The limited availability and high demand for indium, 

alongside the energy intensive vacuum sputtering process required to produce ITO 

results in the ITO electrode contributing 38 – 51 % to the total cost of an OPV 

device.79  This high cost along with limited energetic compatibility with frequently 

used OSCs, poor flexibility and tendency to crack and/or delaminate, has resulted in 

a strong interest to find an alternative material for use as the TCE.  Several different 

materials have been investigated including graphene,80 carbon nanotubes,81 thin 

metal films,82 metal grids,83 nanowires,84 and conducting polymers.85  Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is an intrinsically 

conducting polymer that has attracted increasing interest for this role.  The use of 

PEDOT:PSS as an alternative electrode is discussed in Section 1.5. 

Aluminium (Al) was used as the back electrode for all the OPV devices in this 

thesis.  Al has a relatively low work function of ~ 4.2 eV.  It is inexpensive, 

abundant and can be easily thermally evaporated into thin films.      

 

1.4.7 Interfacial materials 

Not only is the work function of ITO not compatible with several commonly used 

organic photoactive layers, but it is also sensitive to the state of the surface.  A 

number of different factors, such as the composition, cleaning procedure and 

exposure to oxygen can modify the conductivity and work function of the ITO 

electrode.86, 87   
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The use of different interfacial layers such as conductive polymers, transition metal 

oxides and self-assembling monolayers (SAMs) can be used to tune the work 

function of the ITO electrode and smooth out conductive inhomogeneities.  The 

conductive polymer PEDOT:PSS is the most commonly used solution processable 

hole transporting layer which is used to modify the ITO anode.  PEDOT:PSS has a 

higher work function (5.0 – 5.2 eV) than ITO (typically 4.5 – 4.8 eV)  resulting in a 

better energetic alignment with many commonly used photoactive donor materials.56  

A more detailed discussion of PEDOT:PSS is  given in Section 1.5. 

Transition metal oxides such as molybdenum oxide (MoOx) have also been 

successfully used as hole extracting layer.  MoOx has a high optical transparency, 

reasonable conductivity and has favourable energetic alignment for hole extraction.  

The work function of MoOx has been shown to vary from 5.3 eV (after exposure to 

oxygen) to 6.9 eV (freshly evaporated) depending on the environment the layer is 

processed in.  MoOx can also be deposited by solution processing on top of the ITO 

anode.  Other advantages of using MoOx is that it is easy to thermally evaporate 

before or after the photoactive layer so can be used in both regular and inverted 

device architectures and it has been shown to improve device stability.55   

Bathocuproine (BCP) was used as an exciton blocking layer in regular device 

structures.  BCP has a large band gap of ~ 3.5 eV and so prevents excitons reaching 

and therefore quenching at the Al electrode.21  BCP also acts as a sacrificial layer, 

protecting the photoactive layer from damage due to electrode deposition.88  The 

structure of BCP is displayed in Figure 1. 16.   
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Figure 1. 16 – Chemical structure of BCP. 

 

 

Thin layers of n-type transition metal oxide such as zinc oxide (ZnO) can be used to 

reverse the polarity of the OPV device.  A sol-gel processed ZnO electron extracting 

layer can be used to modify the ITO electrode to selectively collect electrons.  The 

ZnO layer is highly transparent and has a work function of 3.8 eV.  In inverted 

structures MoOX was used as the hole extracting layer between the photoactive layer 

and the Al top electrode.   
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1.5 The application of PEDOT:PSS in OPV devices 

After the discovery that doped polyacetylene could achieve high conductivities in 

1977, interest in intrinsic conductive polymers (ICPs) rose significantly.89  Despite 

the high conductivity, the severe degradation in air and poor processability of 

polyacetylene prevented it from commercialisation.  Many attempts were made to 

produce ICPs with the desired properties to make them commercially successful.  

The required properties included high conductivity, processability and long term 

stability while under application conditions.  Some of the candidates considered were 

polyanilines, polypyrroles and polythiophenes.  Unfortunately, polyanilines produce 

toxic products upon degradation, and polypyrroles and polythiophenes are insoluble 

in most solvents.90  A breakthrough came in the late 1980s when scientists at Bayer 

AG research laboratories in Germany developed a new polythiophene derivative, 

poly(3,4-ethylenedioxythiophene) (PEDOT).91 

 

1.5.1 Chemical and structural properties 

Although PEDOT is insoluble and unstable in its neutral state, it exhibited several 

interesting properties.  It had a high conductivity (~ 300 S cm-1), thin oxidised films 

were nearly transparent and it showed very high stability in the oxidised state.92-94  

The solubility issue was resolved by using a water soluble electrolyte, poly(styrene 

sulfonic acid) (PSS).  The PSS performs two important roles: it acts as a charge 

balancing counter ion during polymerisation to yield PEDOT:PSS and it allows the 

PEDOT segments to disperse in water.95  The short PEDOT oligomers tightly attach 

to the higher molecular weight PSS chain.  The chains then tangle together to form a 
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loosely crosslinked polymer gel network were the gel particles consist of ~ 95 % 

water (Figure 1.17)  

 

 

Figure 1.17 - Schematic of the a) chemical structure of PEDOT:PSS, b) the oligomeric PEDOT 

attached to the PSS and c) the gel particle,  Adapted from [85].   

 

         

The resulting PEDOT:PSS complex is not truly water soluble but it is still able to 

form a stable, dark blue microdispersion which is easily processed into amorphous 

thin films (Figure 1.18).  The PEDOT:PSS films possess a high conductivity (~ 10 S 

cm-1), high transparency in the visible region and good stability.  
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Figure 1.18 – Images of a) the dark blue dispersion and b) the resulting transparent thin film. 

 

 

The processing and thin film properties of PEDOT:PSS can be altered by modifying 

the formulation.  This has allowed PEDOT:PSS to be used in a wide range of 

organic electronic applications.  It first found use as an antistatic coating in 

photographic film,89 followed by widespread use as a transparent conductive layer in 

electroluminescent devices, capacitors, and transistors, and as a hole injection layer 

in organic light emitting diodes (OLEDS).85  In OPV devices, PEDOT:PSS has been 

extensively used as a hole transport layer because it has a higher work function (~ 

5.0 – 5.2 eV) than ITO (typically ~ 4.5 – 4.8 eV) which produces favourable energy 

level matching between the ITO electrode and organic layers.  The lower work 

function of ITO often results in the formation of a charge injection barrier which 

hinders the performance of the OPV device. With PEDOT:PSS as an interfacial layer 

between the ITO electrode and organic donor, an ohmic contact forms resulting in 

improved hole collection.  

It is widely agreed that spin coated PEDOT:PSS films consist of phase segregated 

PEDOT:PSS grains surrounded by a shell of excess PSS where the thickness of the 
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grain boundary is reported to be ~ 3 – 4 nm.90, 91 The PEDOT-rich core of the 

PEDOT:PSS grains has a higher conductivity than the PEDOT-depleted grain 

boundary due to the insulating nature of the PSS.  This means that charge is easily 

transported within the PEDOT:PSS-rich grain and the more insulating grain 

boundary is the main obstacle for charge transport and therefore limits the overall 

conductivity of the thin film.92   Nardes et. al. observed ‘pancake-shaped’ PEDOT-

rich grains separated by lamellas of PSS using cross-sectional AFM and scanning 

tunnelling microscopy (STM).93  The typical diameter (d) of the PEDOT-rich grains 

was found to be ~ 20 – 25 nm and the height (h) was ~ 5 – 6 nm.   Figure 1.19 

shows the schematic for the proposed morphological model for PEDOT:PSS thin 

films. This was used to explain why the vertical conductivity to is so much lower 

than the lateral conductivity of PEDOT:PSS films. 

 

 

Figure 1.19 – Schematic of the morphological model for PEDOT:PSS derived from the STM and 

AFM measurements.  Adapted from [93].  

 

      

In addition to the insulating PSS, there are some other concerns with using 

PEDOT:PSS in organic electronic devices.  The acidic nature of the PEDOT:PSS 

films causes indium to diffuse into the photoactive layer and the excess PSS makes 

the films hygroscopic leading to significant water uptake.94, 95  Despite these 

concerns, the highly transparent, low cost, easily processable films with flexible 
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applications has led to PEDOT:PSS being investigated as a potential alternative to 

ITO in OPV devices. 

 

1.5.2 Conductivity enhancement: pre-deposition  

Even with the development of highly conductive PEDOT:PSS formulations, the 

conductivity of PEDOT:PSS thin films are still much lower than that of ITO.  Many 

different methods to improve the conductivity of these films by 2 to 3 orders of 

magnitude have been reported.  These include the addition of a small volume 

percentage (vol-%) of surfactants, ionic liquids, polyols and polar organic solvents to 

the PEDOT:PSS dispersion.  How the conductivity is improved is still not clear and 

possible mechanisms continue to be widely discussed in literature. It is believed to 

depend on the chemicals and treatment process used.   

Kim et.al. reported that the high dielectric constant of organic solvents like dimethyl 

sulfoxide (DMSO) and N,N-dimethyl formamide (DMF) resulted in screening effects 

between the PEDOT and PSS chains.96  This thereby reduced the columbic charge 

between the components and improved the conductivity of the PEDOT:PSS film.  

Ouyang et. al. observed that polar solvents induced a change in the conformation of 

PEDOT chains in the film.97  Treated films were said to have a less coiled and more 

linear structure resulting in increased conductivity due to better inter and intrachain 

carrier movement. Morphological changes to the film were shown upon addition of 

diethylene glycol (DEG) to the PEDOT:PSS dispersion.98  The change in 

morphology was attributed to a change in the distribution of excess PSS within the 

film.  Upon addition of DEG, the PSS became partially segregated leading to thinner 
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insulating barriers.  This allowed for better conducting pathways and formation of a 

three-dimensional network of conducting PEDOT:PSS.  Addition of DMSO was also 

shown to change the morphology of PEDOT:PSS films.  Films were reported to have 

enlarged PEDOT-rich grains which were more uniformly distributed and thinner 

PSS barriers between conductive grains.99  This led to better charge transport 

pathways in both vertical and lateral directions.  Cruz-Cruz et. al. also reported that 

the thickness of the insulating PSS barrier is decreased and PEDOT-rich grains 

increase on addition of DMSO.100  Adding a flurosurfactant along with DMSO to the 

PEDOT:PSS dispersion not only resulted in an improvement in conductivity but also 

made the films reversibly stretchable indicating PEDOT:PSS has a potential 

application in flexible OPV devices.101, 102 

Sorbitol has also been used to improve the conductivity of PEDOT:PSS films with 

great effect.  Pettersson et.al. determined that sorbitol acts as a plasticiser, which 

assisted with the reorientation of PEDOT:PSS chains when the films were heated.103  

The reorientation led to improved connections between the conducting PEDOT 

chains.  The idea that sorbitol acted as a plasticiser was further supported by Nardes 

et.al., who proposed that the evaporation of water and sorbitol led to an increase in 

the free energy of the film.104  The remaining mixture was then able to rearrange into 

a more relaxed and compacted morphology.  A change in the morphology of the 

films was also reported by Jönsson et. al.105  The improvement in conductivity was 

deemed to be due to better interconnecting pathways between the conducting 

PEDOT:PSS after excess PSS has been removed from the surface during film 

formation.  Other reports also suggested that sorbitol leads to an increase in the size 

of PEDOT-rich grains,106 and a decrease in the thickness of the insulating PSS 
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barrier between PEDOT-rich grains.107  Ionic liquids, amphiphilic fluoro compounds 

and germinal diols have also been reported to improve the conductivity in a similar 

manner.108-110 

 

1.5.3 Conductivity enhancement: post-deposition  

Post-treating pre-formed PEDOT:PSS films can also enhance the thin film 

conductivity.  Xia et.al. reported that dropping a cosolvent of water and common 

organic solvent such as methanol, ethanol and isopropanol (IPA) on to untreated 

PEDOT:PSS films improved the conductivity.111  The conductivity enhancement 

was attributed to the preferential solvation of the PEDOT and PSS chains by the 

organic solvent and water respectively.  This was said to induce phase segregation 

and a more linear PEDOT:PSS conformation.  Methanol, used by itself, dropped on 

to the PEDOT:PSS film was also shown to improve the film conductivity.112  When 

the methanol treated film was subsequently immersed in methanol a further 

improvement in conductivity was observed.  The authors proposed that the initial 

methanol drop brought about a screening effect between the PEDOT and PSS chains 

which facilitated phase segregation and reorientation of the PEDOT:PSS chains into 

a more linear conformation.  The following methanol immersion then removed any 

excess PSS from the film surface.  Several other reports have also shown an increase 

in film conductivity through combination of pre and post-deposition treatment.  Kim 

et. al. added EG to the PEDOT:PSS dispersion before deposition and then immersed 

the resulting films in EG.113, 114  DMSO has also been added to the PEDOT:PSS 

dispersion and the film was then immersed in EG.115 The improvement in 
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conductivity observed was attributed to the removal of excess PSS from the 

PEDOT:PSS film upon immersion in the solvent.  The removal of PSS was thought 

to increase the intergrain coupling between PEDOT-rich grains.115  Some of the 

highest PEDOT:PSS film conductivities have been reported using sulphuric acid 

(H2SO4).
116, 117  Xia et. al. dropped a small amount of the acid onto the pre-formed 

film and Kim et. al. immersed films in H2SO4.  In both cases the removal of excess 

PSS and conformational change in the PEDOT:PSS chains were cited as reasons 

from the improved conductivity.             
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1.6 Thesis outline 

Chapter 1 has introduced the requirement for renewable energy sources and focused 

on how solar energy is a viable energy source.  A history of some of the notable 

achievements in OPV device progression was given with emphasis on BHJ devices 

followed by an overview of device operation.  The materials used in this thesis were 

then introduced and particular emphasis was given to the development of 

PEDOT:PSS. The work presented in this thesis first focuses on using highly 

conductive PEDOT:PSS as an electrode material, to replace ITO, and then goes on to 

look at P3HT:PCBM BHJ device fabrication processes. 

Chapter 2 covers the experimental and analysis techniques used to form and 

characterise thin films and OPV devices. 

Chapter 3 is concerned with the characterisation and use of PEDOT:PSS thin films 

as electrodes in OPV devices.  This chapter is spilt in to three sections.  The first 

section directly compares two different treatments to enhance the conductivity of 

PEDOT:PSS thin films deposited by spin coating.  5 vol-% of DMSO was added to 

the PEDOT:PSS dispersion (PEDOT:PSSADD) or untreated films were immersed in 

DMSO for 30 minutes (PEDOT:PSSIMM).  The DMSO treated PEDOT:PSS 

electrodes are then directly compared to each other and untreated PEDOT:PSS 

(PEDOT:PSSUT) as electrodes in P3HT:PCBM BHJ devices.  The middle section 

compares PEDOT:PSSADD thin films deposited by two different deposition methods 

– spin coating and spray deposition – in CuPc/C60 bilayer devices.  The third section 

considers the effect of increasing the active area size on the device performance 

when using PEDOT:PSSADD electrodes in SubPc/C60 bilayer devices.          
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Chapter 4 looks at the fabrication process for P3HT:PCBM BHJ devices and is split 

in to three sections.  For optimum performance these devices are usually fabricated 

under inert atmospheres.  The first section looks at how to achieve comparable 

device performance when the photoactive layer is deposited under an ambient 

atmosphere.  The rest of the chapter looks at replacing DCB as the solvent for 

P3HT:PCBM photoactive layers with a non-halogenated solvent to make for a more 

environmentally friendly solution.  The middle section discusses why toluene is a 

‘bad’ solvent when used in regular device structures While the final section studies 

P3HT:PCBM dissolved in a tolunene:1-methylnahpthtalene mixture.  The 

importance of selection the appropriate interfacial layer is addressed and both regular 

and inverted architectures are studied.   

Chapter 5 makes some concluding remarks about the work carried out in this thesis. 

Chapter 6 discusses some possible future directions to progress this work further. 
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Chapter 2. Experimental methods and 

analysis 

This chapter firstly outlines the thin film and device preparation and fabrication 

process.  The techniques that are used to characterise the thin films are then 

discussed.  The section concludes with how devices were analysed. 
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2.1 Thin film and device fabrication 

This section starts by describing the material, substrate and solution preparation 

involved in thin film and OPV device fabrication.  The thin film fabrication 

techniques that were used are then introduced.  They consist of two solution 

processing techniques, spin coating and spray deposition.  In addition vacuum 

deposition is described.   

 

2.1.1 Material purification 

P3HT, PCBM and SubPc were used as received and not subjected to any further 

purification procedures.  CuPc and C60 were further purified by thermal gradient 

sublimation.  The suppliers and purities of the photoactive materials used are shown 

in Table 2.1.  

 

Table 2.1- The suppliers and purities of the photoactive materials used. 

 

Compound Supplier Purity (%) Sublimed 

P3HT Rieke Metals n/k No 

CuPc Sigma-Aldrich 97 Yes 

SubPc Lumtec 99 No 

PCBM Solenne BV 99.5 No 

C60 Nano-C inc 99.5 Yes 
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Further purification is thought to reduce the batch-to-batch variation seen in OPV 

device performance.  A schematic of the thermal gradient sublimation system is 

shown in Figure 2.1.  It consisted of placing the unpurified material at the end of a 

disposable quartz tube.  A small amount of glass wool was put in the open end of the 

tube to stop any organic material getting drawn into the vacuum pump.  The tube 

was then placed inside a larger quartz tube.  The tube was then placed into the 

furnace and connected to a turbo molecular pump.  Purification was carried out at ~ 

10-5 mbar.  Once under vacuum the temperature was ramped at a rate of 0.1 – 1 oC 

min-1 until the sublimation temperature was reached (material dependent).  The 

temperature was then kept constant for 10 – 15 hours.  A temperature gradient was 

created from the end of the tube, located at the centre of the furnace, to the end 

which was outside.  The unpurified material sublimed and condensed at a lower 

temperature further down the tube, separating the low temperature impurities from 

the pure material.  The system was cooled back down to room temperature, the inner 

tube was removed and cut open.  The band of pure material was the collected and 

stored under a nitrogen (N2) atmosphere. 

 

 

 

Figure 2.1 - Schematic of the thermal gradient sublimation system. 
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The compounds used for the interfacial layers and metal electrode were used as 

received.  

 

2.1.2 Substrate preparation 

All thin films were deposited on to ITO (Thin Film Devices, Rsheet < 15 Ω sq-1), 

quartz or glass substrates.  The ITO and quartz substrates were obtained pre-cut to 12 

x 12 mm.  The ITO coated glass substrates were pre-patterned with an 8 mm ITO 

strip down the centre leaving 2 nm uncoated on either side.  The glass substrates 

were cut to size from a glass slide using a diamond scribe.  Glass substrates were cut 

to 12 x 12 mm for devices with 0.06 cm-2 and 0.16 cm-2 active areas.  For larger 

active areas of 0.30 cm-2 and 1.04 cm-2 glass substrates were cut to 18 x 18 mm and 

26 x 30 mm.  

The following cleaning procedure was used for all substrate types: 

 Rinse with acetone 

 Sonicate in acetone for 15 minutes 

 Rinse with water 

 Sonciate in water:decon mix (70:30) for 15 minutes 

 Rinse with water 

 Sonicate in water for 15 minutes 

 Rinse with IPA 

 Sonicate in IPA for 15 minutes 
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Substrates were then removed from the IPA and dried with a N2 jet.  The substrates 

then underwent UV/ozone treatment for 30 minutes to remove any residue organic 

contaminants from the surface.118 

 

2.1.3 Preparation of the PEDOT:PSS thin films 

All PEDOT:PSS dispersions were obtained from Heraeus Holding GmbH.  A few ml 

of each stock dispersion was decanted into a glass vial before any modifications 

were made.  The stock and modified dispersions were kept in a fridge when not 

being used.  Before use, the relevant solution was removed from the fridge 30 

minutes before use.  

The Clevios PH1000 dispersion was used for all the three different PEDOT:PSS 

electrodes.  The PEDOT:PSSADD solution was prepared by adding DMSO (5 vol-%) 

to the as-bought PEDOT:PSS dispersion. Untreated PEDOT:PSS (PEDOT:PSSUT) 

and PEDOT:PSSIMM electrodes were formed using as-bought PEDOT:PSS. Each 

solution was filtered (0.45 µm, PVDF) at room temperature before deposition by 

either spin coating or spray deposition.  The electrodes were then annealed on a hot 

plate at 110 oC for 20 minutes in an ambient atmosphere.  The PEDOT:PSSIMM 

electrodes were then cooled to room temperature and immersed in DMSO for 30 

minutes.  The films were then placed on a hot plate at 110 oC until dry.  All films 

were allowed to cool to room temperature before further procedures were carried 

out.   

A less conductive PEDOT:PSS dispersion (Clevios P VP 4083) was used as a hole 

transporting layer (PEDOT:PSSHTL) in combination with an ITO electrode.  It was 
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used as-brought.  The dispersion was filtered (0.45 μm, PVDF) and spin coated on 

top of the pre-cleaned ITO electrode and annealed as above. 

Clevios HTL Solar was used as the hole transporting layer in inverted devices.  This 

dispersion was used as-brought.  The dispersion was filtered (0.45 μm, PVDF) and 

spin coated on top of the P3HT:PCBM photoactive layer and annealed as above.  

Table 2.2 displays the differences between the different PEDOT:PSS formulations 

as given by the manufacture.119 

 

Table 2.2 – The manufacturer given physical characteristics of the different PEDOT:PSS 

formulations used as taken from Ref [119]. 

 

Formulation Solid Content 

(%) 

Conductivity 

(Scm-1) 

Viscosity 

(MPas) 

PEDOT:PSS ratio 

(by weight) 

PH1000 1.0 – 1.3 850* 15 -50 1:2.5 

P VP 4083 1.3 – 1.7 0.002 - 0002 5 - 12 1:6 

HTL Solar 1.0 – 1.2 0.1 – 1.0 8 -30 N/K 

*After the addition of 5% DMSO.  Measured on the dry coating. 

 

 

All PEDOT:PSS film preparation steps were carried out in air.   

 

2.1.4 Preparation of the P3HT:PCBM photoactive layer 

The P3HT:PCBM photoactive layer was prepared by stirring 20 mg ml-1 of P3HT 

and PCBM in 1,2-dichlorobenzene (DCB) at 40 oC for 24 hours.  The P3HT:PCBM 

solution was then filtered (0.2 μm, PTFE) and spin coated onto the relevant 
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electrode.  The solutions were kept under N2 unless otherwise stated.  After 

P3HT:PCBM deposition the substrates were covered with a petri dish lid and 

allowed to dry.  This was followed by an annealing step at 120 oC for 20 minutes 

under N2 unless otherwise stated.   

For the non-halogenated photoactive layers 13 mg ml-1 of P3HT:PCBM was stirred 

in toluene and a toluene:1-methylnaphthalene mix for 24 hours under a N2 

atmosphere.  The relevant amounts (see text in Section 4.3 and 4.4) of 1-

methylnaphthalene were added to the toluene solution in air and left to stir for a few 

hours.  15 mg ml-1 of both components were stirred in 1-methylnaphthalene for 24 

hours. 

 

2.1.5 Preparation of the ZnO sol-gel electron extracting layer 

The ZnO sol-gel was prepared by dissolving zinc acetate (Aldrich. 99.99 %) in 

ethanol (0.25 M), which was stirred at 80 oC for 2 hours.  The 2-amino-ethanol 

stabiliser (Aldrich, 99.5 %, 5 vol-%) was then added and the solution was left to stir 

at 60 oC overnight.  The solution was allowed to cool to room temperature and 

filtered (0.22 μm, PVDF) before deposition.  After deposition the films were allowed 

to stand at room temperature for 3 minutes before annealing at 150 oC for 1 hour.  

The ZnO layer preparation steps were carried out in air. 
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2.1.6 Solution processed thin films: spin coating 

Spin coating is the most commonly used technique used for fabricating lab-scale 

solution processed OPV devices.  This technique allows for the formation of highly 

reproducible and homogeneous films.  The following spin coating procedure was 

used in this work: the required solution was dispensed onto the static pre-cleaned 

substrate.  The substrate was then rapidly accelerated to a high angular velocity (spin 

speed).  The centrifugal forces acting on the rotating liquid caused the solution to 

spread to and over the substrate edges.  This combined with subsequent evaporation 

of the solvent results in the formation of a thin film (Figure 2.2).120  The final film 

thickness, microstructure and surface topography are highly dependent of the spin 

speed and the solvent properties such as viscosity, concentration and volatility.121  

There are some drawbacks with spin coating.  It is quite wasteful and substrates are 

usually treated individually, therefore it is not immediately applicable to scaling up 

device manufacture.   

 

 
Figure 2.2 – Schematic of the spin coating process: a) solution dispensed onto the static substrate, b) 

substrate accelerated to a high angular velocity and c) spreading and evaporation of the solution to 

produce thin films. 

 

   



  Chapter 2. Experimental methods and analysis 

 

54 

 

All spin coated layers were fabricated using Laurell Technologies spin coaters under 

ambient and inert (N2) conditions.  Table 2.3 lists the material, atmosphere and spin 

speed used to form each spin coated layer.  All deposition times were for 60 seconds. 

 

Table 2.3 – Details of the spin coated layers in this thesis.  HTL stands for hole transport layer and 

EEL for electron extracting layer. 

 

Material Role Atmosphere Spin speed 

(RPM) 

Film thickness 

(RPM) 

PEDOT:PSSUT Electrode Air 2000 90 

PEDOT:PSSADD Layer Air 2000 86 

PEDOT:PSSADD Electrode Air 3000 68 

PEDOT:PSSIMM Electrode Air 2000 58 

PEDOT:PSSHTL HTL Air 3000 37 

PEDOT:PSSSolar HTL Air 3000 n/k 

ZnO EEL Air 3000 35 

P3HT:PCBM Active layer N2 800* † 

P3HT:PCBM Active layer Air 800* † 

* Unless otherwise state in text. 

† P3HT:PCBM photoactive layer spin cast from DCB under N2 gave a film thickness of ~ 130 nm.  

The film thickness was not measured for films cast in air for this spin speed, but films cast under both 

N2 and air gave a similar thickness when spin coated at a faster spin speed. The film thickness was not 

measured for photoactive layer spin cast out of non-halogenated solvents.    

 

 

2.1.7 Solution processed thin films: spray deposition 

Spray deposition is a well-established industrial technique that has attracted interest 

for OPV device fabrication due to its low cost, minimal material wastage, and 

diverse substrate compatibility.122-125  Spray deposition, therefore, has the potential to 

meet the demands required for a commercially viable deposition technique, as 

evidenced by its present use in other industries.126  The spray deposited electrodes 

were formed using a commercially available airbrush (Iwata Custom Micron CM-C 

Plus) as shown in Figure 2.3127. 
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Figure 2.3 – Image of the Iwata Custom Micron CM-C Plus used to spray deposit PEDOT:PSS taken 

from Ref [127]. 

 

 

The airbrush has a 0.23 mm nozzle and a dual action trigger.  The PEDOT:PSSADD 

solution was transported from a 9 ml gravity-feed cup along the needle to the nozzle 

and then onto the substrate by a carrier gas (house N2 was used) where a micro-line 

to a 25 mm round spray pattern can be created127.   

Two different spray deposition techniques were employed in this work.  In the first 

method, multiple heated (60 oC) glass substrates were consecutively passed once 

through the PEDOT:PSS flux at a controlled speed (Figure 2.4.a).  The airbrush was 

kept at a constant height of 8 cm above the substrates.  This technique was used in 

Section 3.2.  The second method was used in Section 3.3.  Here the heated (30 oC) 

glass substrates were held stationary under the PEDOT:PSSADD flux for a set time 

period at a set height of 20 cm (Figure 2.4.b). 

 

 

 



  Chapter 2. Experimental methods and analysis 

 

56 

 

 

 

 

Figure 2.4 - Schematic of the different spray deposition methods a) a single pass of the substrates 

under the flux and b) substrates were held stationary under the flux for a set time period. 

 

 

2.1.8 Vacuum deposited thin films 

Organic molecular beam deposition (OMBD) is a deposition technique that is 

suitable for sublimable small molecule OSCs with low solubility.  OMBD enables 

accurate control over the thin film thickness and deposition rates.  The film growth 

was carried out under a high vacuum environment (~ 10-7 mbar), this assures a clean 

environment and reproducible conditions for thin film fabrication.   

The organic material was placed in a boron nitride crucible which in turn is placed in 

a Knudsen cell (K-cell) (Figure 2.5) inside the chamber.  The material in the 

crucible was heated (50 – 500 oC) with a resistive coil which was monitored by a 

thermocouple.  Under growth conditions the crucible was heated to the sublimation 

point of the material.  The resulting vapour pressure escaped through the K-cell 

opening as a molecular beam and the molecules are adsorbed onto the pre-cleaned 

substrate surface forming a layer of material. 
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Figure 2.5 – Schematic of a K-cell.  

 

 

The required pressure was obtained by a scroll pump (~ 10-1 mbar) followed by a 

cryogenic pump (< 10-7 mbar).  The growth chamber contained three pairs of organic 

and three metal sources which were monitored by a total of four quartz crystal 

microbalances (QCMs).  The temperature of each pair of K-cells was controlled 

using a Eurotherm 2408 with user input via a computer.  The substrates sat in a 

substrate holder which was placed within a cassette stack.  Any shadow masks 

required for the growth were also placed in the stack.  In between layer growths the 

masks were manually moved using a transfer arm inside the sealed chamber.  This 

allowed multiple device designs to be grown, including electrode deposition, without 

the need to break vacuum.  The cassette stack was rotated during growth which 

allowed for homogeneous material deposition.  A simplified schematic of the Kurt J. 

Lesker Spectros vacuum chamber is shown in Figure 2.6.  After device or layer 

deposition the substrates were transferred directly into the attached nitrogen filled 

glove box.  The oxygen and water levels were kept < 1 ppm. 
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Figure 2.6 – Simplified schematic of the Kurt J. Lesker Spectros vacuum chamber. 

 

 

The deposition rate was controlled by the source evaporation temperature and the 

film thickness was controlled by a shutter which turned the molecular beam on and 

off.  The film thicknesses were monitored through a combination of the QCMs and 

ex-situ atomic force microscopy (AFM) (see Section 2.2.4) step edge measurements.  

Several different film thicknesses were grown and monitored by the QCMs.  The 

samples were then taken out of the chamber and scratched multiple times with the tip 

of a needle through to the underlying substrate.  Tapping mode AFM images were 

then obtained over both the substrate and organic layer as shown in Figure 2.7.  

Multiple measurements were taken at several different points on several samples for 

each film thickness.  This was then related back to the original QCM measurement 

so film thickness could be monitored during film growth.       
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Figure 2.7 – a) AFM step edge image of a C60 film used to determine the actual layer thickness 

compared to the QCM measured thickness, b) cross-section height profile and c) histogram plot 

distribution of the entire image. 

 

 

The metal oxide and metal electrode were deposited from high temperature metal 

sources.  These sources consist of a heat shielded tantalum crucible heater which was 

resistively heated by passing high currents at low voltages.  The first few nanometers 

of the metal layer were deposited at a slow rate to avoid the hot metal atoms 

damaging the underlying organic layer, the rate was then increased. 

A Kurt J. Lesker Spectros vacuum chamber was used to grow all vacuum deposited 

layers in this work. 

   

2.1.9 Device configuration 

Four different device configurations were used in this thesis as shown in (Figure 

2.8).  The Al electrode was thermally evaporated through a custom designed shadow 

masks which, combined with the substrate size and the TCE pattern, determined the 
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active area.  Silver paint was used to contact the individual pixels and TCE to a 

custom build J-V testing holder. 

 

 
Figure 2.8 – Schematic of the different device active areas a) 0.06 cm-2, b) 0.16 cm-2, c) 0.30 cm-2 and 

d) 1.04 cm-2 used in this work. 
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2.2 Thin film analysis 

This section briefly describes the techniques used to characterise the thin films.  

Details as to how specific measurements were carried out for this work are also 

given. 

 

2.2.1 Sheet resistance 

The sheet resistance (Rsheet) of the PEDOT:PSS electrodes was measured using the 4-

point probe Van der Pauw method.  The PEDOT:PSS solution was deposited on to 

12 x 12 mm substrates and silver paint was dotted onto the four corners to provide an 

ohmic contact.  If the contacts are labelled 1 to 4 in a clock-wise direction, as shown 

in Figure 2.9, a set current of 1 mA was applied between contacts 1 and 2 and the 

voltage was measured between 3 and 4.  This was repeated so that the current was 

applied between 2 and 3 and the voltage measure across 4 and 1. 

 

 

 

Figure 2.9 – Schematic showing the sheet resistance measurements 

 

  

The Rsheet was calculated as shown in Equation 2.1: 
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𝑅𝑠ℎ𝑒𝑒𝑡 =  
𝜋𝑅

𝑙𝑛2
     Equation 2.1 

where R is the resistance determined using Ohm’s law.  A Keithley 2400 

sourcemeter was used as the current source and a Fluke 179 True RMS multimeter 

was used to record the voltage.   

 

2.2.2 Ultra-violet visible absorption spectroscopy 

Ultra-violet visible absorption spectroscopy (UV-Vis) measures the absorption 

intensity of photons through a sample at a specific wavelength forming a spectra by 

measuring across a range of wavelengths.  Different OSCs absorb in different parts 

of the UV-Vis spectrum, this technique allows the absorption to be determined.  This 

then enables donor and acceptor materials with complementary absorption profiles to 

be chosen.  UV-Vis technique also allows the transmittance of electrodes and 

interfacial layers to be determined.   

The Beer-Lambert law allows the absorbance (A) of a material to be calculated by 

measuring the incident light intensity (I0) and the reduced transmitted light intensity 

(I) (Equation 2.2):  

𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
=  𝜀𝑙𝑐    Equation 2.2 

where ε is the molar extinction coefficient of the solution, l is the path length and c is 

the concentration in solution.  For solids the concentration is related to the molecular 

mass and density.  A modified Beer-lambert Law can be used to measure the 

absorption profile for thin films, as shown in Equation 2.3:     
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𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
=  𝛼𝑙   Equation 2.3 

where α is the absorption coefficient of the material which defines the molecular 

extinction coefficient and concentration and l is the film thickness. 

All UV-Vis absorption and transmittance measurements were carried out using a 

Perkin-Elmer Lambda 25 Spectrometer. Whether ITO, glass or quartz were used as 

substrates is noted in the text for each particular section. 

 

2.2.3 X-ray photoelectron spectroscopy 

X-ray photoemission spectroscopy (XPS) is used to determine the elemental 

composition, the empirical formula and the chemical or electronic states of the 

elements making up the solid surface.  XPS involves irradiating a sample with an X-

ray photon of energy hv.  If the energy is sufficient, it will result in the emission of 

an electron from a core level.  The kinetic energy (KE) of the emitted electron can be 

measured (Equation 2.4) and a spectrum of intensity (expressed as counts) versus 

kinetic energy is obtaine, 

𝐾𝐸 = ℎ𝑣 − 𝐵𝐸 − φ𝑠   Equation 2 4 

where BE is the binding energy of the atomic orbital from which the electron 

originates and φs is the spectrometer work function.  The KE, hv and φs are known or 

are measured, therefore the BE can be calculated.  The BE can be regarded as the 

difference in energy between the initial and final states of the electron once it has left 

the atom.  Each element has its own unique set of binding energies which 
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specifically identifies the electron, both in terms of its parent element and its atomic 

energy level.  A schematic of the process is shown in Figure 2.10 for a model atom. 

 

 
 

Figure 2.10 – Schematic of the XPS emission process for a model atom.   

 

 

The possible relaxation processes after photoemission are Auger electron emission 

and fluorescent x-ray photoemission, as shown in Figure 2.11.  In the Auger 

process, an outer electron relaxes into the inner vacancy leading to the emission of a 

secondary electron carrying off the excess energy.  Fluorescent decay is the minor 

process, the excess energy is emitted in the form of x-ray photon. 

 

 
 

Figure 2.11 – Schematic illustration a) Auger emission and b) x-ray fluorescence. 
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The irradiating photons have a penetrating depth of < 10 μm which is larger than the 

electron escape depth (typically ~ 10 nm).  Only electrons that originate within this 

escape depth can leave the surface without suffering any energy loss.  These are the 

electrons that are most useful for XPS analysis.  Deeper lying electrons undergo 

inelastic collisions and make up the background of the scan. 

XPS was used to determine the surface composition of PEDOT:PSS thin films that 

were subjected to different DMSO treatments.  All XPS measurements were taken 

by Dr. M. Walker using a monochromated x-ray Al Kα source (Omicron XM 1000, 

hυ = 1486.6 eV) and the photoelectrons were detected with an Omicron Sphera 

electron analyser in an ultra-high vacuum system with a base pressure of ~ 2 ×10-11 

mbar.  All XPS spectra were referenced to the C-(C,H) peak observed in the C 1s 

region at 284.6 eV, and fitted in CasaXPS using a Shirley background and mixed 

Gaussian-Lorentizan lineshapes for oxygen and sulphur.  Asymmetric lineshapes 

were required for the PEDOT components in the S 2p region,90 which were achieved 

via the use of Gaussian-Lorentzian lineshapes modified by an exponential blend on 

the high binding energy tail.   

 

2.2.4 Atomic force microscopy 

Atomic force microscopy (AFM) is a versatile technique that is used to probe a wide 

range of surface properties of many different sample types on the nanometer scale.  

The technique involves the interaction of intermolecular forces as the tip is brought 

into close proximity with the sample surface.  Tips can be specially modified 

depending on the specific interaction of interest.   
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The AFM tip is attached to a cantilever which acts as a spring.  When close to the 

sample surface the probing tip can experience attractive and repulsive forces 

depending on the tip-sample distance.  As the tip is brought towards the surface long 

range attractive forces such as van der Waals interactions and electrostatic forces 

dominate.  These forces result in the tip snapping towards the surface, bending the 

cantilever towards the sample.  Once closer to the surface, short range repulsive 

forces such as hard sphere and electrostatic repulsion are dominant.  These forces 

bend the cantilever away from the sample surface.  A laser beam is reflected off the 

back of the cantilever and detected by a photo-detector.  The amount the cantilever is 

deflected affects the position of the beam on the detector.  A feedback loop adjusts z-

piezo, which controls the position of the cantilever, to maintain a constant deflection 

during the scan.  This is known as contact mode.  Piezos also move the sample in the 

x and y dimensions which builds a three dimensional topographical image of the 

sample surface.  Figure 2.12 shows a schematic of this technique. 

 

 

 

Figure 2.12 – Schematic of the AFM technique. 
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The second main mode of AFM operation is known as alternating contact (AC) or 

tapping mode.  The major advantage of AC mode is that the tip only spends a small 

amount of time on the sample surface.  This reduces the amount of damage done to 

the surface and is well suited to the soft polymers used in OPV devices.  The tip does 

not apply the same frictional forces to the surface as it does in contact mode which 

damages the surface.  In AC mode, the cantilever is oscillated close to its resonant 

frequency which gives a free air amplitude oscillation.  As the tip is scanned over the 

sample, the interactions between the tip and the surface lead to a damping of the 

oscillation.  A feedback loop controlling the z-piezo maintains the oscillation 

amplitude to a constant set point.  

AC mode was used to take surface topography images of the PEDOT:PSS 

electrodes, P3HT:PCBM photoactive layer and the MoOx and ZnO interfacial layers.  

It was also used in the step edge measurements used to determine the film 

thicknesses.  All images were obtained using an Asylum Research MFP-3D (Santa 

Barbara, USA).  Olympus AC240-TS Si cantilevers with a resonant frequency of 70 

kHz and a tip radius of 9 nm were used.  Asylum Research software was used for 

data acquisition and analysis. 

Contact mode was used for all conductive AFM (CAFM) imaging.  Since contact 

mode can be quite destructive, especially when imaging soft sample, all CAFM of 

the PEDOT:PSS electrodes were performed using a flexible cantilever in attractive 

contact mode.128  This helped to minimise damage to the surface and keep the tip in 

contact with the surface.  The MFP-3D was fitted with an ORCA integrated tip-

holder and current preamplifier (20 nA) for CAFM measurements.  For CAFM 

measurements, a sample bias was applied to a silver contact which was painted on 
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the corner of the PEDOT:PSS film via a wire from the ORCA holder.  The Au/Cr 

coated cantilever (Olympus TR400PB, tip radius < 40 nm, spring constant 0.02 N m-

1 acted as a nanoelectrode and formed the top contact.  A 500 MΩ resistor was used 

to limit the current to under 20 nA.  The tip was then either kept at a specific point 

on the surface and the current as a function of the applied bias was recorded or 

scanned at a set bias (given in the text) to give both topography and current 

distribution images.  Since the PEDOT:PSS is spin coated onto an insulating 

substrate the flow of charge carriers is within the plane of the film and not vertical.  

This means that the lateral conductive pathways near to the surface of the film are 

probed.  The same software package was used for data capture and analysis.           

 

2.2.5 Kelvin probe 

Kelvin probe is a non-contact and non-destructive technique that is used to measure 

the work function of a surface.  This technique consists of a vibrating metal probe 

with a known Fermi level in close proximity to the sample.  When two materials of 

different work functions (i.e. the sample and the metal tip) are brought together, the 

electrons flow from the lower φ material to the higher φ material.  This creates equal 

and opposite surface charges within the capacitor and the Fermi levels of the two 

materials align.  The voltage developed is known as the contact potential (VCPD) and 

can be measured by applying an external backing potential (Eb) to one electrode with 

respect to the other until the charges disappear.  At this point Vb equalsVCPD.  Figure 

2.13 shows a schematic of the technique. 
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Figure 2.13 – Schematic of the Kelvin probe technique where a) two materials of different work 

functions are not electrically connected, b) when the materials are in electrical connection and c) 

when the backing potential is applied to equal the contact potential.  

 

 

Oscillating one of the metal plates with respect to the other allows continuous 

measurements to be taken.  Oscillating the probe above the sample causes the 

capacitance to vary and an AC current to flow through the circuit.  The Vb can be 

adjusted so that there is no current flowing between the probe and the sample.  This 

occurs when Vb is equal to the VCPD, so the voltage across the capacitor equals zero 

and the electric field between the plates disappears.  The work function difference 

between the sample and the probe are equal and opposite to the dc-potential required 

to nullify the voltage across the capacitor.  This allows the work function to be 

calculated once calibrated to a known reference.  

Surface work function measurements were obtained using a Kelvin probe under a N2 

atmosphere and the signal was monitored on an oscilloscope.  This is a relative 

technique and was calibrated against a freshly cleaved highly ordered pyrolytic 

graphite reference, which has a known φ of 4.48 eV. 
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2.2.6 Contact angle 

The wettability of a film surface can influence how the subsequently deposited 

organic layer assembles.  Wetting is the capability of a liquid to maintain contact 

with a solid surface as a result of the intermolecular interactions when the two are 

brought into contact.129  Wettability studies involve the measurement of contact 

angles as the primary data.  The contact angle is defined as the angle (θ) which forms 

between the liquid-vapour, solid-vapour and liquid-solid interfaces at a three phase 

contact line Figure 2.14) and is expressed in Equation 2.5, 

 𝛾𝑠𝑣 =  𝛾𝑠𝑙 +  𝛾𝑙𝑣 cos (𝜃)  Equation 2.5 

where γsv is the solid-vapour interfacial free energy, γsl is the solid-liquid interfacial 

free energy, and γlv is the liquid-vapour interfacial tension which is often referred to 

as the surface tension. 

 

 

 

Figure 2.14 – Schematic of a sessile drop of liquid on a solid sample indicating the three-phase 

boundary.  

 

 

Unlike the surface tension of liquids, the surface energy of solids cannot be directly 

measured and many semi-empirical analytical models have been developed to relate 

contact angle data to the solid surface free energy.130-132  Contact angle 

measurements were therefore used to give an indication of any surface energy 
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differences between the PEDOT:PSS thin film surfaces.  A Krüss drop shape 

analyser system DSA100 with tilting table was used to carry out contact angle 

measurements under an ambient atmosphere.  The measurements consisted of 

dropping ~ 10 μl of water from a computer controlled syringe on to the film surface 

and a camera captured an image of the drop.  The resulting angle between the 

tangent to the drop surface at the point of contact with the solid and the horizontal 

sample surface was measured to give the static contact angle (Figure 2.14).  The 

angles were measured using software that was integrated with the contact angle 

system.  Several samples of each PEDOT:PSS dispersion were spin coated and 

multiple measurements were carried out on each sample.    
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2.3 Device analysis 

This section describes how the OPV devices were characterised through analysis of 

the current density - voltage (J-V) characteristics under dark conditions and while 

under simulated solar illumination.  External quantum efficiency (EQE) 

measurements were used to measure the wavelength dependent photocurrent 

generation which allowed further insight into current generation. 

 

2.3.1 The solar spectrum 

A standardised light source is needed to reliably compare the performance of OPV 

devices fabricated both within and between research groups.  It is impractical to use 

direct sunlight due to continually varying changes in the weather conditions and light 

intensity.  Instead, solar simulators are used within the laboratory which allows for 

consentient OPV device testing at all times.         

Blackbody radiation (Equation 2.6) is the best way to describe the energy radiating 

from the sun.  A blackbody is an ideal radiation absorber and at high temperatures it 

emits radiation with a spectral shape that is dependent on temperature, 

 𝐸 (λ, T) =  
2𝜋ℎ𝑐2

λ5(exp(
ℎ𝑐

𝑘λT
)−1)

   Equation 2 6 

where E (λ,T) is the irradiance, λ is the wavelength, h is Planck’s constant, k is 

Boltzman’s constant, c is the speed of light and T is the blackbody temperature.  The 

solar spectrum can be best modelled by a blackbody at 6000 K (Figure 2.15).  The 
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spectral features originate from the absorption and scattering of photons as they pass 

through the Earth’s atmosphere.   

 

 
 

Figure 2.15 – Comparison of blackbody emission at 6000 K and the spectral profile of AM 0 and AM 

1.5G solar spectrum with the main atmospheric absorption regions labelled. 

 

 

The path length of the solar radiation through the atmosphere is defined as an air 

mass (AM) and is expressed in Equation 2.7: 

𝐴𝑀 =  
1

𝑐𝑜𝑠𝜑
    Equation 2.7 

where φ is the incident angle.  The extra-terrestrial spectra is defined as AM 0.  AM 

0 has a light intensity of 135 mW cm-2 and because the radiation does not pass 

through the atmosphere there are no spectral features.  The shortest path length 

through the atmosphere is at AM 1, when the sun is directly overheard and φ = 0 o.  

AM 1.5 and AM 2 have incident angles of 48.2 o and 60.1 o respectively and have 

paths that are 1.5 and 2 times the length of AM 1, as shown in Figure 2.16.  AM 

1.5G has a light intensity of 100 mW cm-2 and is the accepted PV device testing 
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standard.  ‘G’ represents the global spectra which is a combination of diffuse and 

direct radiation which includes scattering from atmospheric molecules. 

 

 
 

Figure 2.16 – Schematic of the AM dependence on the angle of the sun to a single point of the 

Earth’s surface.  

 

 

All OPV devices in this thesis were measured using the AM 1.5G spectra which was 

simulated using a Newport Oriel solar simulator with a xenon lamp light source with 

an AM 1.5G filter.  The output was calibrated to 1 sun intensity (100 mW cm-2) 

using a calibrated Fraunhofer calibrated PVM 482 photodiode with KG-5 filter.     

 

2.3.2 J-V characteristics 

OPV devices were characterised by measuring the J-V behaviour in the dark and 

under simulated solar illumination.  The measurements involved sweeping an 

applied bias across the operational range and measuring the current density 

produced.  Under dark conditions an ideal device should show diode-like behaviour, 

where no current is produced under negative bias followed by an exponential 
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increase under positive bias.  When the device is illuminated, the resulting curve is a 

combination of the dark curve and an offset from the photocurrent generated in the 

device.  Typical J-V dark (dashed lines) and light (solid lines) curves for a regular 

OPV device are shown in Figure 2.17.a.  The key device parameters, open circuit 

voltage (Voc), short circuit current density (Jsc) and fill factor (FF), are found in the 

fourth quadrant of the J-V plot.  These are shown in Figure 2.17.b.  The voltage (Vm) 

and current density (Jm) measured at the maximum power point (Pm) are also 

labelled.  These parameters are found in the second quadrant for inverted devices.     

 

 
 

Figure 2.17 – a) Typical J-V plots in the dark (dashed lines) and light (solid lines) for a regular OPV 

device and b) the fourth quadrant showing the key device parameters and the device power density.  

 

 

The equivalent electric circuit diagram of a device is shown in Figure 2.18.  The 

device is represented by a current source (IL) in parallel with an ideal diode (D) and 

the parasitic resistances the series and shunt resistances are represented by Rs and Rsh 

respectively.  The load resistance is denoted as Rl.  
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Figure 2.18 – The equivalent circuit diagram for an OPV device. 

 

 

As shown in Figure 2.17, many parameters can be extracted from the J-V plots 

which allow device comparison.  The Jsc is the photocurrent density at zero applied 

bias (V = 0) and is the equivalent of when Rl = 0 Ω.  It is a measure of the 

photocurrent collected at the electrodes and so is dependent on the absorption, 

excition dissociation, charge transport and collection in the device.  The Voc is the 

voltage generated across the device when the load resistance is infinitely high, Rl = 

∞.  It occurs at the bias when the photocurrent is equal to the current flow in the 

opposing direction which results in no net current flow.  The Voc is thought to be 

dependent on the energy level difference between the HOMO of the donor and the 

LUMO of the acceptor when there are ohmic contacts with the electrodes. 

The Pm is the maximum power output and is the maximum product of the current 

density (Jm) and voltage (Vm) of the device.  These parameters are used to define the 

FF which is the ideality factor for the shape of J-V curve.  The FF is determined by 

the ratio between the operational maximum power output and the theoretical 

maximum power output which is obtained by the product of the Voc and Jsc. This is 

shown in Equation 2.8 and graphically as the ratio between the boxes in Figure 
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2.17.b.  The FF affects the shape of the J-V curve, the higher the FF the more 

‘square’ the curves are.   

𝐹𝐹 =  
𝐽𝑚𝑉𝑚

𝐽𝑠𝑐𝑉𝑜𝑐
     Equation 2 8 

The PCE is the overall efficiency of light conversion into energy.  It is defined as the 

ratio of the maximum power output to the incident radiation power intensity (Pimc) as 

shown in Equation 2.9: 

𝑃𝐶𝐸 =  
𝑃𝑚

𝑃𝑖𝑛𝑐
=

𝑉𝑚𝐽𝑚

𝑃𝑖𝑛𝑐
=  

𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝑖𝑛𝑐
   Equation 2.9 

The Rs and Rsh are parasitic resistances which decrease the FF and therefore decrease 

the overall PCE.  The Rs can be considered as a resistance in series between the 

current source and the load.  It is composite of the photoactive layer, interfacial 

layer, the electrode, and any contact and interconnecting resistances.133  Ideally the 

Rs = 0 Ω and any increase in resistance leads to a decrease in the slope under positive 

bias and therefore a loss in FF (Figure 2.19.a) The Rsh can be considered as a 

resistance parallel to the load.  It represents device leakages such as pinholes which 

allow parasitic current to move directly from one electrode to the other and 

recombination of charges.134  In an ideal device Rsh = ∞ Ω and any decrease leads to 

an increase in the slope under negative bias and a loss in FF (Figure 2.19.b).  
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Figure 2.19 – The effect of a) increasing Rs and b) decreasing Rsh on the J-V curve.  The arrows 

indicate the reduction on FF.  

 

     

All J-V measurements were performed using a computer controlled Keithley 2400 

sourcemeter running a custom LabView program written by Dr. P. Sullivan.  The 

devices with 0.06 cm-2 and 0.16 cm-2 were loaded into a custom built device test 

holder which was placed in the centre of the calibrated simulated light beam.  The 

larger area devices were connected using crocodile clips.      

 

2.3.3 External quantum efficiency 

External quantum efficiency (EQE) measurements are used to gain further 

understanding of how the individual photoactive components contribute to the 

photocurrent.  It indicates how much each material contributes to the Jsc obtained for 

the device.  The EQE is the ratio of the charge generated by the device for each 

incoming photon at a specific wavelength (λ) as shown by Equation 2.10:  
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𝐸𝑄𝐸 (λ) =  
𝐽𝑠𝑐 (λ)

𝑞𝑁(λ)
   Equation 2.10 

where q is the elementary charge and N(λ) is the monochromatic incident photon 

flux density.  Experimentally, the device EQE (EQEOPV) is calculated by comparing 

the Jsc of the device (Jsc(λ)OPV) with a silicon diode that has a known EQE response 

(EQEOPV) using Equation 2.11: 

𝐸𝑄𝐸𝑂𝑃𝑉 =  
𝐸𝑄𝐸𝑟𝑒𝑓 × 𝐽𝑠𝑐(λ)𝑂𝑃𝑉

𝐽𝑠𝑐(λ)𝑟𝑒𝑓
    Equation 2.11 

Where (Jsc(λ)ref)  is the current generated by the reference diode. 

In this work, a Sciencetech solar simulator with a xenon arc lamp with a PTI 

monochromator was used as the white light source.  The monochromatic light was 

chopped at 510 Hz and calibrated using a Newport 818-UV Si photodiode.  The 

current was measured using a current-voltage amplifier (Femto DHPCA-100) and a 

lock-in amplifier (Stanford Research SR 830 DSP) connected to a computer.  Data 

collection was controlled by a LabView program written by Dr. P. Sullivan.   
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Chapter 3. PEDOT:PSS as an alternative 

electrode to ITO 

OPV devices are attracting increasing interest as a promising renewable energy 

source.  The ability to solution process the photoactive layers is a major advantage, 

providing the potential for high-throughput, low-cost processing on large-area and 

flexible substrates.  Spin coating, the most common solution processing technique 

used to fabricate OPV devices, is not well-suited to the commercial scale up of 

devices.  Spray deposition, however, is drawing attention as a low cost method of 

OPV fabrication and is already a well established industrial technique.126 

In addition to reducing the energy requirements needed for production, the cost of 

materials used in OPV devices also needs to be considered.  A recent study by 

Azzopardi et. al. attributed 38 – 51 % of the total cost of a flexible OPV device to 

the TCE, ITO.79  This high cost, combined with the limited energetic compatibility 

with frequently used organic materials, poor flexibility and tendency to crack and/or 

delaminate, has resulted in a strong interest to find an alternative material for use as 

the TCE. 

This chapter starts by considering the use of highly conductive Clevios PH1000 

PEDOT:PSS as a possible alternative to ITO as the TCE.  Two different DMSO 

treatments to improve the conductivity of spin coated PEDOT:PSS thin films were 

characterised.  The DMSO was either added to the PEDOT:PSS solution 

(PEDOT:PSSADD) or the pre-formed PEDOT:PSS film was immersed in DMSO for 

a predetermined time (PEDOT:PSSIMM).  The DMSO treated PEDOT:PSS electrodes 
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were directly compared when used in P3HT:PCBM OPV devices.  PEDOT:PSSADD 

electrodes were then used to compare spin coating to spray deposition, a technique 

that more readily lends itself to roll-to-roll processing.  Both techniques were utilised 

in a CuPc/C60 small molecule OPV device in order to investigate whether spray 

deposition is a viable technique to fabricate PEDOT:PSSADD electrodes.  Finally, 

larger area spray deposited PEDOT:PSS electrodes were used in the small molecule 

SubPc/C60 OPV device structure.     
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3.1 Comparison of spin coated DMSO treated 

PEDOT:PSS electrodes 

Despite being considered conductive, the conductivity of PH1000 PEDOT:PSS is 

much lower than that of ITO and many different methods to improve it have been 

reported in literature.  The use of high boiling point organic solvents such as DMSO 

have been shown to reliably increase the conductivity of PEDOT:PSS thin films.96, 

99, 100, 113, 115  These solvents can be used in a number of different ways.  This section 

focuses on directly comparing two of these preparation methods - (i) DMSO (5 vol-

%) was added directly to the PEDOT:PSS solution (PEDOT:PSSADD) or (ii) a pre-

formed PEDOT:PSS film was immersed in DMSO for 30 minutes 

(PEDOT:PSSIMM).  Both DMSO treated PEDOT:PSS thin films were characterised 

and compared to untreated PEDOT:PSS (PEDOT:PSSUT) films.  A P3HT:PCBM 

photoactive system with an active area of 0.06 cm2 was then used to study the effect 

both treatments had on the resulting OPV device performance.  The DMSO treated 

PEDOT:PSS electrodes were also compared to the more commonly used 

ITO/PEDOT:PSSHTL electrode.         

 

3.1.1 Transmittance and sheet resistance 

The PEDOT:PSSUT, PEDOT:PSSADD and PEDOT:PSSIMM solutions were spin 

coated onto glass substrates at 2000 RPM.  The Rsheet value for the PEDOT:PSSUT 

electrodes was high at over 200,000 Ω sq-1.  Using DMSO, the Rsheet decreased to 

208 Ω sq-1 (standard deviation (σ) = 24 Ω sq-1) and 214 Ω sq-1 (σ = 39 Ω sq-1) for 

PEDOT:PSSADD and PEDOT:PSSIMM respectively.  These values are just one order 
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of magnitude greater than that of ITO (15 Ω sq-1).  Both PEDOT:PSSUT and 

PEDOT:PSSADD
 electrodes produced films with a similar film thickness of 90 nm 

and 86 nm respectively.  However, a 36 % decrease in film thickness was seen for 

PEDOT:PSSIMM electrodes (58 nm) which was consistent with the 30 % decrease 

seen by Kim et. al. and the 27 – 39 % decrease seen by Kim et. al. after immersing 

PEDOT:PSS films in EG.114, 115   

Neither DMSO treatment resulted in a significant change in transmittance across the 

visible region, indicating very little PEDOT was removed, as shown in Figure 3.1.a.  

ITO with a PEDOT:PSS hole transport layer (PEDOT:PSSHTL) is also included for a 

comparison.  The PEDOT:PSSHTL has a film thickness of 37 nm.  Figure 3.1.b 

shows the absorption peak at 225 nm attributed to the absorption from the phenyl 

rings in the PSS.103  A similar absorption peak is seen for both PEDOT:PSSUT and 

PEDOT:PSSADD electrodes, but a large decrease is seen for PEDOT:PSSIMM 

electrodes.  This coupled with the film thickness measurements indicate that 

immersing a PEDOT:PSS film in DMSO removes a large amount of PSS.  
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Figure 3.1 – a) Transmission spectra of ITO/PEDOT:PSSHTL, PEDOT:PSSUT, PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes and b) absorbance of the PEDOT:PSS electrodes between 200 – 300 nm.  

The PEDOT:PSS films were spin coated onto quartz substrates. 

 

 

3.1.2 XPS 

XPS was used to investigate the near surface PSS content in relation to PEDOT for 

each PEDOT:PSS electrode.  The S 2p and O 1s regions for the PEDOT:PSSUT 

electrodes are shown in Figure 3.2.a and b respectively.  The peaks were 

deconvolved following previous work by Greczynski et. al.90, 135  The S 2p spectra 

for PEDOT:PSSUT films shows three main chemical species, two that were assigned 

to the PSS component (Figure 3.2.d and e) and one to PEDOT (Figure 3.2.f), 

allowing the near surface PEDOT-to-PSS ratio to be determined.  The lower binding 

energy peaks at 164.0 eV and 165.1 eV correspond to the spin-orbit contributions 

from the S 2p3/2 and S 2p1/2 from the PEDOT.  Asymmetric tails are seen on the 

higher binding energy side of the two PEDOT components due to the cationic charge 

of the PEDOT:PSS+ being delocalised over several adjacent thiophene rings.  The 

broad higher binding energy peak near 168 eV was assigned to the PSS sulphur 
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atoms and can be split into PSSH and PSS--Na+ components.  The higher energy spin 

orbit component (yellow lines) is assigned to the PSSH components with the S 2p3/2 

peak at 169.0 eV and the S 2p1/2 peak at 170.2 eV.  The lower binding energy 

component corresponds to the PSS--Na+ (green lines) with the S 2p3/2 peak at 168.0 

eV and the S2p1/2 peak at 169.2 eV.  The O 1s spectra (Figure 3.2.b), again allows 

the PEDOT and PSS components to be resolved.  The peak at 533.3 eV is due to the 

oxygen atoms in the dioxyethylene bridge in PEDOT.  The two PSSH components 

can be seen (yellow lines), the major peak at 532.1 eV corresponds to the oxygen 

atoms in the sulfonic groups and the broader minor peak at 533.4 eV originates from 

the hydroxyl oxygen atoms.  The intensity ratio of 2:1 agrees with the chemical 

composition of PSSH.  The peak due to the PSS--Na+ component is seen at 531.6 eV.  

The other peaks at higher binding energies are assigned as carbon monoxide and 

residual water contaminants.   
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Figure 3.2 – XPS spectra of a) S 2p and b) O 1s spectra of PEDOT:PSSUT electrodes and c) S 2p 

spectra of PEDOT:PSSUT, PEDOT:PSSADD and PEDOT:PSSIMM electrodes and the chemical 

structures of d) PSS--Na+, e) PSSH and f) PEDOT.    

 

 

The PEDOT-to-PSS ratio obtained from the S 2p and the O 1s spectra for the 

PEDOT:PSSUT electrodes were in good agreement at 1:2.4 and 1:2.6 respectively. 

The peak deconvolutions were kept constant for both PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes, to give average ratios of 1:2.2 and 1:1.5 respectively, as 

can be seen in Figure 3.2.c and Table 3.1.  This corresponds to average decreases of 

12 % and 40 % in the PSS component on the near-surface region compared to 

PEDOT:PSSUT films for PEDOT:PSSADD and PEDOT:PSSIMM electrodes 

respectively.  The information depth was estimated to be ~ 8 nm, given the inelastic 

mean free pathway of 27 Å for S 2p electrons through the material, and the 90o take 
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off angle (with respect to the surface plane) employed.136  This complements the UV-

Vis spectra (Figure 3.2.b), showing that a post-treatment immersion with DMSO 

results in a larger decrease in the surface PSS content than is seen for 

PEDOT:PSSADD electrodes.        

 

Table 3.1 – Relative ratios between chemical species in PEDOT:PSSUT, PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes. 

 

 PEDOT-to-PSS ratio 

Electrode S2p O1s 

PEDOT:PSSUT 1:2.4 1:2.6 

PEDOT:PSSADD 1:2.0 1:2.4 

PEDOT:PSSIMM 1:1.2 1:1.7 

 

 

 

3.1.3 CAFM 

CAFM is a powerful technique which allows for measuring the sample topography 

while simultaneously probing the local electrical properties.  All CAFM here was 

performed using contact mode.  The images were taken using a flexible cantilever 

with a spring constant of 0.02 N m-1 and in attractive contact mode rather than 

repulsive contact mode.  This helped to minimise damage to the relatively soft 

sample and helped keep the AFM tip on the film surface.  However, due to the 

sensitive nature of the feedback conditions, care is needed to ensure the tip maintains 

contact with the PEDOT:PSS surface.128  
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Since excess PSS is reported to segregate to the top of PEDOT:PSSUT thin films,135, 

137 CAFM was used to investigate how this segregation effects the homogeneity of 

conductivity on the PEDOT:PSS electrode surfaces.  The PEDOT:PSSUT electrode 

surface (Figure 3.3) predominantly consists of non-conducting regions with 

randomly scattered conductive grains 12 - 26 nm in diameter, as previously 

reported.138-140, The conductive regions (Figure 3.3.d) are assigned to surface 

regions of PEDOT, with the insulating areas attributed to PSS.  The conductive 

regions appear to be independent from the topography, showing that PEDOT does 

not follow any topological features, and is randomly distributed during film 

formation (Figure 3.3.c).   

 

 

Figure 3.3 – CAFM a) topography and b) current distribution map at +320 mV of PEDOT:PSSUT 

electrode.  The cross section of topography and current distribution maps are shown in c) and d) 

shows the IV curves of conductive regions (orange) and non-conductive regions (purple). 
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Figure 3.4 shows representative examples of simultaneously obtained CAFM 

topography (Figure 3.4.a - c), current distribution maps (d - f) and histograms (g – i) 

of the PEDOT:PSSUT, PEDOT:PSSADD and PEDOT:PSSIMM electrodes. All these 

images of spin coated PEDOT:PSS films were imaged on the same day using the 

same CAFM tip.  PEDOT:PSSUT electrodes have a smoother surface topography 

with a surface roughness of 0.9 nm compared to PEDOT:PSSADD and 

PEDOT:PSSIMM, which both have a slightly larger surface roughness of 1.2 nm.  

However, a significant difference in the current distribution maps (Figure 3.4.d – f) 

is seen between the PEDOT:PSS electrodes, which is further illustrated by the 

current distribution histograms (Figure 3.4.g – i) for each image.   

When compared to PEDOT:PSSUT electrodes, the surface of PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes are covered by a significantly higher proportion of 

conductive regions.  The difference in conductivity can be more easily seen from the 

current distribution histograms.  Figure 3.4.d and g show that the vast majority of 

the PEDOT:PSSUT surface is non-conductive, with a large peak at 0 nA in the 

current distribution (Figure 3.4.g), with only a small proportion of the electrode 

surface showing conductive character.  For the PEDOT:PSSADD electrodes (Figure 

3.4.e and h), the current distribution map and  histogram shows a distribution of 

conductivities.  The proportion of non-conductive regions is greatly reduced to less 

than a third of that of PEDOT:PSSUT.  A new dominant peak at 0.64 nA can be seen 

due to the conductive nature of the surface.  This peak represents the saturation 

current of the measurement and does not represent a quantitative value but rather 

gives a qualitative indication of areas of high conductivity on the film surface.  

However, a significant part of the electrode surface shows an intermediate 
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conductive behaviour between the peak at 0 nA and the peak at 0.64 nA, which is not 

fully insulating, nor as conductive as other regions.  The PEDOT:PSSIMM electrodes 

display a peak at 0.64 nA in the current distribution histogram Figure 3.4.i) of a far 

greater magnitude, with no discernible peak at 0 nA.  The current distribution map 

(Figure 3.4.f) also indicates the electrode has the largest coverage of conductive 

regions.  The intermediate behaviour, shown by the PEDOT:PSSADD electrodes, is 

not seen for PEDOT:PSSIMM electrodes with the majority of the electrode surface 

displaying conductive behaviour.    

 

 
 

Figure 3.4 – CAFM topography (a – c), current distribution maps at + 320 mV (d – f) and current 

distribution histograms (g – i) for PEDOT:PSSUT (a, d and g), PEDOT:PSSADD (b, e and h) and 

PEDOT:PSSIMM (c, f and i) electrodes. 
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Similar to observations made by Pingree et. al. the conductive pathways are polarity 

independent indicating both holes and electrons can be transported by the 

PEDOT:PSS electrode.138  Figure 3.5 shows a representative current distribution 

map of a PEDOT:PSSADD film where the tip has an applied bias that is increased 

from -1 V to +1 V throughout the duration of the scan.     

 

 
Figure 3.5 – CAFM current distribution map for a change in applied bias from -1 V (top) to +1 V 

(bottom) for a PEDOT:PSSADD film.  

 

 

3.1.4 Surface energy 

The work function of the PEDOT:PSS electrodes was measured using Kelvin probe 

under a nitrogen environment.  The work function decreased from 5.2 eV for 

PEDOT:PSSUT and PEDOT:PSSADD electrodes to 4.9 eV for PEDOT:PSSIMM 

electrodes.  This decrease in work function is consistent with the removal of PSS 

from the PEDOT:PSS film surface due to the removal of the surface dipole, as 

shown previously by Nardas et.al.104   

The change in surface composition also resulted in a change in the surface energy 

between PEDOT:PSSADD and PEDOT:PSSIMM electrodes, as shown in Figure 3.6.  
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The PEDOT:PSSADD electrodes have a more hydrophilic surface with a contact angle 

of 27 o whereas PEDOT:PSSIMM electrodes, with a lower concentration of PSS on 

the surface, have a higher contact angle of 59 o.  The surface energy of the substrate 

has been shown to affect the segregation of the subsequently spin coated polymer 

blends, with a lower surface energy substrate favouring the lower surface energy 

blend component because the free energy is minimised.141  

 

 

Figure 3.6 – Contact angle images for a) PEDOT:PSSADD and b) PEDOT:PSSIMM electrodes. 

 

 

3.1.5 Device comparison 

The three PEDOT:PSS electrodes were directly compared to an ITO/PEDOT:PSSHTL 

reference in OPV devices with the following architecture: 

electrode/P3HT:PCBM/BCP/Al.  This extensively studied BHJ system provides a 

reliable indication of OPV device performance and the feasibility of using the 

different PEDOT:PSS electrodes as a replacement for ITO.  The film thicknesses of 

the ITO/PEDOT:PSSHTL, PEDOT:PSSUT, PEDOT:PSSADD and PEDOT:PSSIMM 

electrodes were first separately optimised by varying the spin speed during spin 

coating to give maximum device performance before direct comparison.  Table 3.1 

displays the spin speeds and film thicknesses for the optimised electrodes.  

a) b)
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Table 3.2 – The spin speeds and film thicknesses of PEDOT:PSS films used as electrodes in 

P3HT:PCBM devices.  The film thickness for ITO/PEDOT:PSSHTL corresponds to the thickness of 

the PEDOT:PSSHTL layer only. 

 

Electrode Spin speed (RPM) Film thickness (nm) 

ITO/PEDOT:PSSHTL 3000 37 

PEDOT:PSSUT 2000 90 

PEDOT:PSSADD 3000 68 

PEDOT:PSSIMM 2000 58 

 

 

 

The annealing process was kept the same for all electrodes; after spin coating with 

the appropriate PEDOT:PSS dispersion the substrates were annealed at 110 oC for 20 

minutes.  The films were then allowed to cool before being immersed in DMSO or 

being transferred into the glovebox.  Multiple devices with a 0.06 cm2 active area 

were made and tested over a five month period and the averaged J-V curves are 

shown in Figure 3.7. 
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Figure 3.7 – a) Averaged J-V curves under illumination (solid lines) and in the dark (dashed lines) for 

P3HT:PCBM OPV devices with ITO/PEDOT:PSSHTL, PEDOT:PSSUT, PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes and b) the corresponding EQE spectra (left axis) and P3HT:PCBM 

absorption (right axis). 

 

 

The averaged device parameters including the standard deviation are summarised in 

Table 3.3.  Devices deposited on to ITO/PEDOT:PSSHTL have a Jsc of 8.46 mA cm-2, 

a Voc of 0.58 V and a FF of 0.60, producing a PCE of 3.00 %.  Owing to a very high 

Rsheet, PEDOT:PSSUT films acted as poor electrodes producing  a PCE of just 0.10 %.  

In contrast, the lower Rsheet of PEDOT:PSSADD and PEDOT:PSSIMM electrodes 

allowed for comparable device performance to the ITO/PEDOT:PSSHTL reference, 

with PEDOT:PSSADD and PEDOT:PSSIMM electrodes obtaining a PCE of 2.42 % and 

2.66 % respectively.  Both DMSO treated electrodes produced a similar Voc and FF 

with the main difference in device performance due to the higher Jsc obtained for the 

PEDOT:PSSIMM electrodes.  This improvement in Jsc can also be seen from the EQE 

results (Figure 3.7.b).     
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Table 3.3 – Averaged OPV device parameters P3HT:PCBM OPV devices for 

ITO/PEDOT:PSSHTL, PEDOT:PSSADD and PEDOT:PSSIMM electrodes.  The standard 

deviation is shown in parentheses.  The number of devices made using each electrode is also 

shown. 

 

Electrode No Jsc (mA cm-2) Voc (V) FF PCE (%) 

ITO/PEDOT:PSSHTL 17 8.46 (0.59) 0.58 (0.01) 0.60 (0.03) 3.00 (0.21) 

PEDOT:PSSUT 6 0.63 (0.13) 0.58 (0.02) 0.27 (0.01) 0.10 (0.02) 

PEDOT:PSSADD 14 6.62 (0.64) 0.59 (0.01) 0.63 (0.03) 2.42 (0.24) 

PEDOT:PSSIMM 21 7.15 (0.72) 0.59 (0.01) 0.64 (0.02) 2.66 (0.25) 

 

 

 

A spread of the P3HT:PCBM device data using ITO/PEDOT:PSSHTL¸ PEDOTSSADD 

and PEDOT:PSSIMM are displayed as box and whisker plots in Figure 3.8.  The 

boxes show the range of the upper and lower quartiles, the horizontal line inside the 

box represents the median and the purple points represent the mean.  The ends of the 

whiskers represent the maximum and minimum data points excluding outliers.  The 

interquartile range gives an indication of the sample variability.  Therefore, from 

these plots the narrowest interquartile range, and so least variability in PCE, was 

seen for devices using ITO/PEDOT:PSSHTL as an electrode. Although there is a 

slight variability in sample Jsc, devices using both DMSO treated PEDOT:PSS 

electrodes have a similar overall variability in PCE.   
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Figure 3.8 – Box and whisker plots of a) Jsc, b) Voc, c) FF and d) PCE all the P3HT:PCBM OPV 

devices using ITO/PEDOT:PSSHTL, PEDOT:PSSADD and PEDOT:PSSIMM electrodes.   

 

  

As there is little change in the P3HT:PCBM film thickness (~ 130 nm), absorbance 

or morphology (Figure 3.9), two possible explanations for this 10 % increase in Jsc 

for PEDOT:PSSIMM over PEDOT:PSSADD electrodes are proposed. The first is that 

the PEDOT:PSSIMM electrodes have a lower PSS surface coverage than 

PEDOT:PSSADD electrodes.  This reduction in the insulating PSS layer could result 

in a more efficient and homogeneous charge extraction by the PEDOT:PSSIMM 

electrode.  The second explanation is that the increase in Jsc could also possibly be 

due to a change in the P3HT:PCBM blend segregation.  It is well known that phase 

segregation occurs in polymer blends and the lowest surface energy component (in 

this case P3HT) segregates to the free interface.142  At the substrate/blend interface, 
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however, the segregation is partly affected by the surface energy of the substrate.  

Substrates with a lower surface energy have been shown to favour lower surface 

energy components allowing minimisation of the free energy.143, 144  With 

PEDOT:PSS electrodes, the lower surface energy of PEDOT:PSSIMM electrodes 

could promote accumulation of P3HT towards the substrate/blend interface. This 

more favourable phase segregation for this regular P3HT:PCBM device architecture 

could result in a more efficient charge transport and collection enhancing the Jsc.  

It is difficult to explain the difference in Jsc between devices using 

ITO/PEDOT:PSSHTL and DMSO treated PEDOT:PSS electrode, a difference in 

surface roughness of the P3HT:PCBM films is very tentatively proposed.  The films 

formed on PEDOT:PSSADD and PEDOT:PSSIMM electrodes have a higher surface 

roughness of 11.1 nm and 13.7 nm respectively (Figure 3.9) compared to 2.3 nm on 

ITO/PEDOT:PSSHTL electrodes.  Therefore Al might not sufficiently cover the 

P3HT:PCBM film.  This could result in voids between the P3HT:PCBM and the Al 

electrode which would not contribute to the Jsc due to a decrease in the effective 

active area of the device. The voids are not isolated but distributed across the entire 

film surface therefore a difference is not seen in the EQE because there are voids 

within the EQE spot size. 
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Figure 3.9 – a) UV-Vis absorption spectra of P3HT:PCBM spin coated on PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes and AFM topography images of P3HT:PCBM on b) ITO/PEDOT:PSSHTL, 

c) PEDOT:PSSADD and d) PEDOT:PSSIMM electrodes. 

 

 

The lack of change in the Voc between PEDOT:PSSADD and PEDOT:PSSIMM 

electrodes is explained using the Integer Charge-Transfer (ICT) Model.  For both 

electrodes, the work functions (5.2 eV and 4.9 eV respectively) are larger than the 

EICT+ of the P3HT (3.9 eV).145  Under these conditions, the work function of the 

organic covered electrode remains invariant while the interface dipole changes with 

substrate work function.  Therefore, for both DMSO treated PEDOT:PSS electrodes 

the highest possible Voc is obtained which is the difference between the EICT+ of 

P3HT and EICT- of PCBM and is independent of the electrode work function.         
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3.1.6 Summary 

The conductivity of an intrinsically conducting polymer can be further enhanced by 

the use of the high boiling point organic solvent DMSO.  Two different DMSO 

treatments - addition and immersion - were explored in relation to the PEDOT and 

PSS composition on the electrode surface.  Both PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes produced films with a similar Rsheet, but the treatments 

modified the PEDOT:PSS films in different ways.  Immersing PEDOT:PSS films in 

DMSO removes excess PSS from the film, particularly in the near surface region.98, 

112, 115  The removal of PSS creates a more homogeneous and conductive surface.  

Adding DMSO to the PEDOT:PSS solution is thought to cause the PEDOT and PSS 

to rearrange into a more favourable conformation within the film.104  Studies have 

suggested that this results in an expanded and more linear PEDOT chain 

conformation thereby increasing intra and interchain charge carrier mobility or a 

better three-dimensional network leading to more favourable conduction pathways.97, 

98, 146 

The effect of the different electrode treatments on P3HT:PCBM OPV device 

performance was also studied and compared to an ITO/PEDOT:PSSHTL reference 

device.  OPV devices fabricated on PEDOT:PSSIMM electrodes out-performed those 

based on PEDOT:PSSADD electrodes.  The larger PCE obtained on PEDOT:PSSIMM 

electrodes was mainly due to an increase in Jsc.  This indicates the potential for 

PEDOT:PSS electrodes as a possible low cost and roll-to-roll processable electrode 

for OPV devices, while still obtaining a reasonable OPV device performance.  

Additionally, it highlights that while treatments may have a similar effect on the 
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PEDOT:PSS conductivity, subtle differences in the electrode surface may make one 

treatment more compatible with a photoactive system than another. 
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3.2 Spray deposited PEDOT:PSSADD electrodes 

Spin coating is commonly used method to fabricate films in the laboratory.  

Although spin coating results in reproducibly smooth and homogenous films, it is 

not well suited to the commercial scale up of devices.  In this section the use of spray 

deposition, a technique that is well established in industry and has gained attention in 

OPV device fabrication, as a method for electrode fabrication is characterised. 

PEDOT:PSSADD films were used to allow direct comparison between spin coating 

and spray deposition.  A comparison is made between spin coated and spray 

deposited PEDOT:PSSADD electrodes in a CuPc/C60 OPV bilayer heterojunction 

device, with an active area of 0.06 cm2.  

The advantage of using this small molecule system is the ability to simultaneously 

vacuum deposit the photoactive material onto multiple substrates.  Vacuum 

deposition allows for very reproducible device performance within the batch unlike 

solution processing where there can be a high degree in variability within the same 

batch.  Using this photoactive system therefore allows for direct comparison between 

spin coated, spray deposited PEDOT:PSSADD and ITO electrodes.  PEDOT:PSSADD 

electrodes were chosen for this solution deposition comparison simply because these 

electrodes are quicker and easier to process than PEDOT:PSSIMM electrodes.   

  

3.2.1 Topography 

The spray deposited PEDOT:PSSADD electrodes were fabricated by passing multiple 

heated (60 oC) glass substrates consecutively through the PEDOT:PSSADD spray 
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flux.  The airbrush was held at a constant height of 8 cm above the substrates 

(Figure 3.10).  

 

 

Figure 3.10 – Image of the spray deposition set-up showing a commercially available airbrush 

clamped above a purpose designed linear translation stage.  

 

 

Upon impact with the substrate the spray droplets dried, causing a build-up of 

multiple droplets to produce pin-hole free films on just one pass of the substrates.147 

To study the resulting film topography of the spray deposited electrodes, large area 

(30 × 30 µm) AFM images were obtained and compared to the surface topography 

of spin coated PEDOT:PSSADD electrodes, as shown in Figure 3.11.  As can be 

visible seen (Figure 3.11.c), the AFM topography image (Figure 3.11.a) indicates 

that the spray deposited electrodes possess a rough surface topography with a root 

mean square (RMS) roughness of 17 nm, and therefore a much greater variation in 

film thickness compared to the smoother spin coated films shown in Figure 3.11.b, 
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which have a RMS of 1.8 nm for a 63 nm thick film, with a standard deviation (σ) of 

3 nm.   

 

 

Figure 3.11 – Topography AFM images of a) spray deposited and b) spin coated PEDOT:PSSADD 

electrodes and c) in-situ AFM camera image of spray deposited PEDOT:PSS electrode also showing 

the AFM probe. 

 

 

3.2.2 Current distribution 

CAFM was used to investigate if the increased surface roughness from the spray 

deposition technique had an influence on the distribution of PEDOT and PSS at the 

electrode surface.  Figure 3.12 shows representative examples of simultaneously 

obtained CAFM topography (Figure 3.12.a - c) and current maps (Figure 3.12.d - f) 

of the spin coated (Figure 3.12.a and d) and spray deposited (Figure 3.12.b, c, e and 

f) PEDOT:PSSADD films.  The current distribution histograms further illustrate the 
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distribution of PSS on the film surface (Figure 3.12.g – i).  Again, all these images 

of PEDOT:PSSADD films were imaged on the same day and using the same CAFM 

tip.  When using either deposition technique, regions of high current, 12 – 26 nm in 

size are surrounded by insulating material, with no obvious long range ordering.  

Similarly to spin coated electrodes, these spray deposited PEDOT:PSSADD electrodes 

consisted of randomly scattered conductive regions which were assigned as PEDOT 

domains and the insulating areas as PSS.  The conductive grains were independent 

from topographical features.  The average current of each electrode was analysed 

over a series of 1 × 1 μm area images, with representative images shown in Figure 

3.12.  Spray deposited electrodes display a higher variability in average current 

compared to the spin coated films, with an average current of 298 pA (σ = 28 pA), 

compared with a value of 301 pA (σ = 6 pA) for spin coated films.  Figure 3.12.c 

and Figure 3.12.f shows 1 × 1 μm topography and current images respectively at the 

edge of a droplet on the sprayed electrode.  Here, at the droplet boundary a less 

conductive region with a width of 50 – 90 nm has formed.  The effect of this 

decrease in conductivity is minimal due to the relative area covered compared to the 

size of the droplet.  This combined with the lack of correlation between current and 

topography, highlights that although spray deposition leads to far rougher electrodes; 

the surface in contact with the active layer has a similar PEDOT and PSS 

distribution as the smoother spin coated films.    
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Figure 3.12 – CAFM topography (a – c) and current distribution at +200 mV (d – f) of spin coated (a 

and d) and spray deposited (b and e) PEDOT:PSSADD electrodes.  The topography and current 

distribution for a droplet edge (c and f) is also shown.  

 

 

3.2.3 Transmittance and sheet resistance 

In order to be suitable for use as a TCE, the film requires a high degree of 

transparency across the visible region.  The spin coated films prepared here have a 

transmittance of over 80 % across the entire visible region with a transparency of 85 

% at 620 nm, the absorption maximum of CuPc.  In comparison, ITObare has a lower 

transmittance across most of the visible region, but has an increased transmittance 

between 525 – 590 nm (Figure 3.13).  The Rsheet of the spin coated films is ~ 200 Ω 

sq-1
, just one order of magnitude greater than that of ITO.  As would be expected 
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with the spray coated electrodes, a favourable increase in transmittance corresponds 

with an unfavourable increase in Rsheet.  Two films with different transparencies 

spray deposited, SprayA and SprayB, are shown in Figure 3.11.    

 

 

Figure 3.13 – Transmission spectra of ITObare, spin coated and two spray deposited PEDOT:PSSADD 

electrodes.  The PEDOT:PSSADD electrode was spin coated or spray deposited onto glass substrates. 

 

 

SprayA has a film thickness of 261 nm, (σ = 81 nm) and so has a much lower 

transparency (73 % at 620 nm), with a Rsheet of 88 Ω sq-1
.  This is compared to 810 Ω 

sq-1 for the more transparent (84 % at 620 nm) and thinner (76 nm σ = 43 nm) 

SprayB.  The Rsheet, film thickness and transmittance are summarised in Table 3.4. 
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Table 3.4 – Summary for the Rsheet¸ film thickness and transmittance (at 620 nm) for spin coated, 

SprayA and SprayB PEDOT:PSSADD electrodes.   

 

Electrode Rsheet (Ω sq-1) Film thickness (nm) Transmittance (%) 

Spin coated 208 68 85 

SprayA 88 261 73 

SprayB 810 76 84 

 

 

 

3.2.4 Comparison of spin coated and spray deposited electrodes 

To investigate the possibility that a potentially high throughput spray deposited 

PEDOT:PSSADD could be used as an alternative TCE to ITO in OPV devices, SprayA 

and SprayB electrodes were compared to spin coated PEDOT:PSSADD and a 

commercially available ITO electrode.  The following device structure was used: 

electrode/30 nm CuPc/40 nm C60/8 nm BCP/Al.  CuPc was chosen as the donor 

material because of its favourable energy alignment with both PEDOT:PSSADD and 

ITObare which removes the need for a transport layer between the electrode and 

donor.55    J-V curves and EQE spectra are shown in Figure 3.14.  
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Figure 3.14 – a) J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) and 

b) EQE curves for CuPc/C60 OPV devices on ITObare, spin coated and SprayA and SprayB 

PEDOT:PSSADD electrodes.  

 

 

The resulting key device parameters are shown in Table 3.5.  Devices deposited onto 

ITObare had a Jsc of 4.40 mA cm-2, a Voc of 0.49 V and a FF of 0.61, resulting in a 

PCE of 1.31 %.  Spin coated electrodes produced devices with a Jsc of 4.14 mA cm-2, 

a Voc of 0.49 V and a FF of 0.55 to give a PCE of 1.11 %.  Due to a lower 

transmittance (Figure 3.13), devices grown on SprayA electrodes had a lower Jsc of 

3.75 mA cm-2 and a Voc of 0.49 V and a FF of 0.57, producing a PCE of 1.08 %.  

SprayB electrodes had a similar transmittance to spin coated electrodes and these 

devices had a similar Jsc of 4.13 mA cm-2, a Voc of 0.49 V and a FF of 0.49 producing 

an overall PCE of 1.01 %.  Devices on ITO electrodes achieved a PCE just 15 % 

greater than spin coated PEDOT:PSSADD electrodes and 18 % more than SprayA.  

The increased surface roughness of the spray deposited PEDOT:PSSADD did not 

appear to significantly hinder the device performance, with SprayA electrodes only 3 

% lower in PCE than the spin coated electrodes.      
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Table 3.5 – OPV device parameters for CuPc/C60 devices with ITObare, spin coated and spray 

deposited electrodes.  

 

Electrode Jsc (mA cm-2) Voc (V) FF PCE (%) 

ITObare 4.40 0.49 0.61 1.31 

Spin coated 4.14 0.49 0.55 1.11 

SprayA 3.75 0.49 0.57 1.08 

SprayB 4.13 0.49 0.49 1.01 

 

 

 

As expected, the thicker (261 nm) and least transparent PEDOT:PSSADD electrode 

SprayA, produced the lowest Jsc.  However, it achieved the highest FF of the 

PEDOT:PSSADD electrodes, due to possessing the lowest Rsheet (88 Ω sq-1).  

Although the thinner (76 nm) SprayB devices with an enhanced transmittance gave a 

higher Jsc than SprayA, the substantially higher Rsheet (810 Ω sq-1) of SprayB 

electrodes resulted in a lower FF.  This led to devices with a similar PCE to SprayA 

devices.  This demonstrates that the transparency and Rsheet of the spray deposited 

PEDOT:PSS electrodes can be easily tailored, which directly influences the Jsc and 

FF and highlights the potential application of spray deposition in low cost large area 

OPV device fabrication.    

Figure 3.14.b compares the external quantum efficiency (EQE) for the CuPc/C60 

devices on each electrode.  Both materials contribute to the photocurrent in the 

device as has been shown previously.22  The high transparency of the ITO electrode 
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across the visible region provides enhanced current generation across most 

wavelengths.  The EQE peak of 18.8 % at 620 nm is due to contribution from the 

CuPc donor material. Spectra with a CuPc peak maxima at 620 nm were also 

obtained for the solution processed PEDOT:PSSADD electrodes.  The spin coated 

electrode produced an EQE of 16.9 % at 620 nm, compared to 16.5 % and 12.8 % 

for SprayA and SprayB respectively. The overall integrated current for all the devices 

follows the same trend obtained from the device JSC, discussed above.   

 

3.2.5 Summary 

Spray deposited PEDOT:PSSADD electrodes provide a reasonable overall device 

performance with just a small loss in comparison to a commercially available ITO 

electrode.  Although spray deposition produces PEDOT:PSSADD electrodes with a 

significantly higher surface roughness, the topographical current distribution is 

similar to the spin coated electrodes.  This indicates a similar surface composition of 

PEDOT and PSS with both fabrication techniques for both fabrication methods.  The 

transparency and Rsheet of these spray deposited films can be easily tailored, which 

directly influences the Jsc and the FF of the devices.  This highlights the potential of 

spray deposited PEDOT:PSSADD film as a method for rapidly producing inexpensive 

ITO-free OPV devices.     



  Chapter 3. PEDOT:PSS as an alternative electrode to ITO 

 

111 

 

3.3 PEDOT:PSSADD electrodes in larger area devices 

This section investigates the effect of increasing the active area of OPV devices 

using PEDOT:PSSADD electrodes.  SubPc/C60 is another D/A heterojunction system 

that can be used in combination with both ITO and PEDOT:PSSADD electrodes 

through the use of MoOx as an interfacial layer.  One of the advantages of using 

SubPc as a donor material is it has a high IP of 5.6 eV and so devices produce a 

larger Voc (~ 1.1 V) than other phthalocyanine/C60 devices.70  Similarly to CuPc/C60 

devices in Section 4.2, SubPc can be thermally deposited onto multiple substrates 

simultaneously.  This allows for direct comparison where a change in device 

performance should be influenced solely by the electrode.  MoOx is commonly used 

in OPV devices as a hole extracting layer that can also be thermally deposited.  It has 

a high transparency, reasonable conductivity and has been shown to modify the 

anode to give ohmic contact with high IP donor materials.55
 

   

3.3.1 Spin coated PEDOT:PSSADD electrodes 

The following device architecture was used in electrode comparison: electrode/5 nm 

MoOx/14 nm SubPc/40 nm C60/8 nm BCP/Al, where the active area size was varied.  

Comparisons were made between the electrodes with the same active area by 

depositing the photoactive materials on top of the electrodes simultaneously, so any 

difference in device performance is solely due to the electrode.  Devices with 

different size active areas were not fabricated at the same time; so the difference in 

device performance may also be due to batch-to-batch variation in addition to the 

change in electrode.  The PEDOT:PSSADD electrodes were not optimised 



  Chapter 3. PEDOT:PSS as an alternative electrode to ITO 

 

112 

 

independently for this active layer system and active area size, and all were spin 

coated at 3000 RPM for 60 s producing films with a similar thickness and 

transmittance profile.  Figure 3.15 shows J-V curves for SubPc/C60 devices with an 

active area of 0.16 cm2 and 0.30 cm2 on ITO electrodes and 0.16 cm2
, 0.30 cm2

 and 

1.04 cm-2 on PEDOT:PSSADD electrodes.   

 

 

Figure 3.15 – J-V curves under illumination (solid lines) and in the dark (dashed lines) for SubPc/C60 

OPV devices with a) ITO/MoOx and b) spin coated PEDOT:PSSADD electrodes with an active area of 

0.16 cm2, 0.30 cm2 and 1.04 cm2
.  

 

 

Table 3.6 displays the key device parameters for SubPc/C60 OPV devices with 

increasing active areas.  Devices using an ITO/MoOx electrode with an active area of 

0.16 cm2 have a Jsc of 4.55 mA cm2, a Voc of 1.06 V and a FF of 0.52 producing PCE 

of 2.46 %.  On the larger 0.30 cm2 ITO/MoOx electrodes a lower Jsc and FF of 4.04 

mA cm-2 and 0.50 respectively were obtained, and a Voc of 1.08 V, giving a PCE of 

2.32 %.  Devices deposited on a PEDOT:PSSADD electrode based devices with an 

active area of 0.16 cm2 gave a Jsc of 4.05 mA cm-2, Voc of 1.08 V and FF of 0.39, 

producing a PCE of 1.70 %.  As the active area was increased up to 0.30 cm2 and 
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1.04 cm2 the PCE decreased to 1.52 % and 1.18 % respectively.  This decrease in 

PCE for devices was predominantly due to the decrease in FF and Jsc.   

 

Table 3.6 – OPV device parameters for SubPc/C60 devices with ITO and spin coated PEDOT:PSSADD 

electrodes with an active area of 0.16 cm2, 0.30 cm2 and 1.04 cm2. 

 

Electrode Area (cm2) Jsc (mA cm-2) Voc (V) FF PCE (%) 

ITO 0.16 4.55 1.06 0.52 2.46 

ITO 0.30 4.04 1.08 0.50 2.32 

PEDOT:PSSADD 0.16 4.05 1.08 0.39 1.70 

PEDOT:PSSADD 0.30 3.75 1.07 0.36 1.52 

PEDOT:PSSADD 1.04 3.67 1.09 0.31 1.18 

 

 

 

As shown in previous reports, increasing the active area of OPV devices for both 

ITO and PEDOT:PSSADD electrodes results in a decrease in both the Jsc and FF.133, 

148, 149 This decrease is attributed to an increase in the series resistance (Rs) of the 

TCE.  As can be seen from the slope of the J-V curves in Figure 3.15, for devices 

using both ITO and PEDOT:PSSADD electrodes, the Rs increases with increasing 

active area.  The Rs denotes the total resistance of the device and is composed of the 

active and interfacial layer resistance, the electrode resistances, and any contact and 

intercontact resistances.  The contribution of the photoactive layer to the area-scaled 

Rs contribution does not increase with increase in active area because the charge 
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carriers still travel the same perpendicular distance through the interfacial and 

photoactive layers.  Thus any losses related to the resistance of these layers are 

independent of active area.  The Al electrode resistance is considered negligible 

compared to the ITO electrode and so the TCE resistance is the dominant factor 

when considering the effect of device area on Rs.
148  Since the anode has a non-

negligible Rsheet, its contribution to the power loss significantly increases with 

increasing active area.  As the Voc is related to the energy offset between the donor 

and acceptor or to the work function of the electrodes which both influence the 

vertical current flow, increasing the current flow laterally should not significantly 

impact the Voc.  

A report by Servaites determined that for an OPV device using an ITO electrode 

with a PCE of 5.2 % the TCE resistance losses are minor for active areas of under 

0.2 cm2 and become more of a concern for areas above 0.2 cm2.133  Since 

PEDOT:PSSADD electrodes are less conductive than ITO electrodes increasing active 

area has a far greater impact on the Rs of these devices.  Strategies such as 

electroplating metal grids on top of ITO and PEDOT:PSS are a possible way to 

decrease the resistance of the TCE, since the metal grids provide an alternative and 

lower resistance pathway for the current.83, 150 151  When using a metal grid, however, 

care is needed to ensure that the best compromise between shadow and resistive 

losses is found.151 
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3.3.2 Spray deposited PEDOT:PSSADD electrodes 

The same SubPc/C60 device structure was used to investigate spray deposition as a 

technique to fabricate larger area electrodes.  Two 0.30 cm-2 spray deposited 

PEDOT:PSSADD electrodes were fabricated; the glass substrates where held 

stationary under the spray flux for either 30 s (SprayC) or 60 s (SprayD).  Figure 3.16 

shows the J-V curves for OPV devices using SprayC and SprayD electrodes.  

 

 

Figure 3.16 – J-V curves under illumination (solid lines) and in the dark (dashed lines) for SubPc/C60 

OPV devices with spray deposited PEDOT:PSSADD electrodes with an active area of 0.30 cm2. 

 

 

Table 3.7 displays the key device parameters for devices using the PEDOT:PSSADD 

spray deposited electrodes.  Devices using SprayC electrodes had a Jsc of 4.06 mA 

cm-2, a Voc of 1.07 V and a FF of 0.40 resulting in a PCE of 1.82 %.  Devices with 

SprayD as an electrode had a 3.52 mA cm-2, Voc 1.07 V and a FF of 0.47 producing a 

PCE 1.88 %.  Similarly to Section 3.2.4, devices utilising a SprayC and SprayD 

electrodes had a similar PCE, although the Jsc and FF are quite different.  As 

previously demonstrated, the electrode that was held under the spray flux for a 

longer period (SprayD) had the lower Jsc but higher FF due to thicker films having a 
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decreased transmittance and lower Rsheet.  Equal sized devices using ITO electrodes 

(Table 3.6) achieved a PCE just ~ 20 % greater than the spray deposited 

PEDOT:PSSADD electrode.  This was comparable to the percentage difference seen 

for CuPc/C60 devices using the smaller 0.06 cm2 spray deposited electrodes in 

Section 3.2. 

 

Table 3.7 – OPV device parameters for SubPc/C60 devices with ITO, spin coated and spray deposited 

PEDOT:PSSADD electrodes with an active area of 0.30 cm2. 

 

Electrode Jsc (mA cm-2) Voc (V) FF PCE (%) 

SprayC  4.06 1.07 0.40 1.82 

SprayD 3.52 1.07 0.47 1.88 

 

 

 

3.3.3 Summary 

Increasing the active area of OPV devices using both ITO and PEDOT:PSSADD 

electrodes resulted in decrease in a PCE due to an increase in Rs.  The PCE of 

devices using PEDOT:PSSADD electrodes was more affected by increasing the active 

area due to their lower Rsheet.  A possible strategy to reduce the impact of larger 

active areas would be to combine the TCE with a metal grid.  A benefit of this 

approach is that both the PEDOT:PSS and metal grid could be deposited by spray (or 

print) deposition and this combination could be a potential alternative to ITO 

electrodes in large area devices.  Spray deposition has already been proven as a way 

of rapidly depositing PEDOT:PSS in an easily controlled manner.  The film 
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thickness and therefore transparency and Rsheet are simply controlled through the 

amount of time the substrate is held under the spray flux which highlight the 

possibility of using this technique in low cost and large area OPV device fabrication.       

 3.4 Conclusions  

PEDOT:PSS is a conducting polymer which when spin coated onto glass substrates 

shows high transparency in the visible region and reasonably high conductivity. 

Despite being classed as conductive, the conductivity of PEDOT:PSS films is much 

lower than that of ITO.  This chapter has focused on using DMSO to improve the 

conductivity of PEDOT:PSS.   

To begin with, two different DMSO treatments – addition and immersion – were 

explored in relation to the PEDOT and PSS composition on the electrode surface.  

Both treatments decreased the Rsheet of the PEDOT:PSS electrodes by a similar 

magnitude compared to PEDOT:PSSUT, however the enhancement is a result of 

different modifications to the film.  Immersing a PEDOT:PSS film in DMSO 

resulted in a large reduction in the amount of PSS seen on the electrode surface, 

whereas adding DMSO to the PEDOT:PSS dispersion is thought to cause the PSS to 

rearrange within the film.  OPV devices utilising a PEDOT:PSSIMM electrode 

performed better than those using a PEDOT:PSSADD electrode.  The increase in 

device performance was mainly due to a 10 % increase in Jsc.  This indicates that 

although both DMSO treatments have a similar effect on the PEDOT:PSS film 

conductivity, the subtle differences in the electrode surface have an effect on the 

OPV device performance.  
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One of the advantages of using PEDOT:PSS as an electrode is the potential it 

provides for high-throughput, low cost processing on large area substrates.  Spray 

deposition is a technique that is capable of being employed in a roll-to-roll process.  

A CuPc/C60 photoactive system was used to allow comparison between 

PEDOT:PSSADD deposited by spin coating and spray deposition.  Despite the 

increased surface roughness of these electrodes the device performance was similar 

to that of the smoother spin coated electrodes.  

The PCE for SubPc/C60 devices for both ITO and PEDOT:PSSADD electrodes 

decreased upon increasing the active area due to an increase in Rsheet.  However, 

larger area devices using spray deposited PEDOT:PSSADD electrodes still displayed 

as reasonable an efficiency as the smaller area devices.  This highlights the potential 

for spray deposited PEDOT:PSS electrodes as a method for rapidly producing 

inexpensive ITO-free OPV devices.   

 



  Chapter 4. P3HT:PCBM device processing conditions 

 

119 

 

Chapter 4. P3HT:PCBM device processing 

conditions  

As OPV devices are touted as a promising cheap, alternative renewable energy 

source with their ever increasing PCE due to novel photoactive materials and 

interlayers, a greater focus on their economic and environmental implications is 

needed.  This chapter explores different processing conditions for the P3HT:PCBM 

photoactive layer.  To begin with, P3HT:PCBM devices were fabricated under 

ambient conditions with the aim of achieving comparable device performance to 

reference devices that were fabricated under N2.  The methodology developed for the 

air processed photoactive layer was then used for the rest of the chapter.  Next the 

importance of using an appropriate interfacial layer was addressed along with the 

benefits of using an inverted device architecture.  The final section looks towards 

using non-halogenated solvents for the P3HT:PCBM solution in both regular and 

inverted devices. 
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4.1  Air processing 

Ideally, to minimise costs, OPV devices should be entirely processed under ambient 

conditions as the use of inert environments would further add to the expense. 

However, devices are typically entirely fabricated in inert atmospheres since oxygen 

has been reported to induce traps in the P3HT:PCBM active layer, oxidise the metal 

electrode and adversely affect device performance and stability.152, 153 This section 

demonstrates a quick optimisation for developing a methodology for depositing 

P3HT:PCBM devices in air that give similar device performance to those spin coated 

under nitrogen.  The procedure was developed on ITO electrode based devices, but 

was also seen to be applicable to devices using PEDOT:PSSADD and PEDOT:PSSIMM 

electrodes as well.    

 

4.1.1 Spin coating conditions 

P3HT:PCBM dissolved in DCB (P3HT:PCBMDCB) was spin coated onto 

ITO/PEDOT:PSSHTL and PEDOT:PSSADD electrodes in either a nitrogen filled glove 

box (N2) or in a fume cupboard open to air (Air).  The same P3HT:PCBMDCB stock 

solution, made under N2, was used for all devices made.  After spin coating in either 

atmosphere, the wet P3HT:PCBMDCB films were left uncovered to completely dry 

and were then annealed at 120 oC for 20 minutes, all under the same atmosphere that 

they were originally spin coated in.  Once annealed, all devices were transferred into 

the evaporation system where BCP was thermally evaporated on top of the 

photoactive layer, followed by Al through a shadow mask.  The J-V curves for these 

devices are shown in Figure 4.1.   



  Chapter 4. P3HT:PCBM device processing conditions 

 

121 

 

 

 
 

Figure 4.1 – J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) for 

P3HT:PCBMDCB devices entirely processed under nitrogen or air on a) ITO/PEDOT:PSSHTL and b) 

PEDOT:PSSADD electrodes. 

 

 

Table 4.1 displays the key performance parameters for this set of devices.  Devices 

fabricated under a N2 atmosphere on ITO and PEDOT:PSSADD electrodes achieved 

similar parameters to devices shown in Chapter 3.1.5.  On the ITO electrode, 

devices produced a Jsc of 8.88 mA cm-2, a Voc of 0.57 V and a FF of 0.59 resulting in 

an overall PCE of 2.92 %.  When fabricated on a PEDOT:PSSADD electrode devices 

gave a Jsc of 6.97mA cm-2, a Voc of 0.59 V and a FF of 0.66 and an overall PCE of 

2.61 %.  As might be expected, devices that were completely fabricated in air 

achieved poor performances.  This was most likely due to the prolonged oxygen 

exposure which has previously been shown to affect OPV device performance.152, 154  

Diffusion of oxygen in to the photoactive layer is thought to induce oxygen traps 

which increases the rate of recombination and so decreases the charge mobility of 

P3HT and PCBM.155  Devices using an ITO electrode had a reduced Jsc of 3.51 mA 

cm-2, a Voc of 0.54V and a FF of 0.35 resulting in an overall PCE of 0.65 %.  A 
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similarly poor performance of 0.86 % was seen for devices using PEDOT:PSSADD 

electrodes.  These had a Jsc of 3.80 mA cm-2, a Voc of 0.54 V and a FF of 0.42 

  

Table 4.1- OPV device parameters for P3HT:PCBMDCB devices processed under nitrogen or air on 

ITO/PEDOT:PSSHTL and PEDOT:PSSADD electrodes. 

 

Electrode Atmosphere Jsc (mA cm-2) Voc (V) FF PCE (%) 

ITO N2 8.88 0.57 0.59 2.92 

ITO Air 3.51 0.54 0.35 0.65 

PEDOT:PSSADD N2 6.97 0.59 0.66 2.61 

PEDOT:PSSADD Air 3.80 0.54 0.42 0.86 

 

 

 

4.1.2 Post-spin coating conditions 

P3HT:PCBMDCB devices that were spin coated and dried in air were seen to dry 

much faster than those spin coated and dried under N2, which may have contributed 

to the poor device performance.  Significant work by Li et. al. demonstrated that 

solvent annealing enhanced the absorption and charge transport leading to improved 

PCE of P3HT:PCBM devices.45, 156  The slower solvent evaporation rate allowed the 

P3HT to self-organise into a high degree of order even when mixed as a blend with 

PCBM.  The post-spin coating steps were therefore broken down into stages.  

Directly after spin coating in air the devices were then left in air to dry uncovered as 

in Section 4.1.1 (fast dried) or left to dry more slowly by covering the devices with a 

petri dish lid (slow dried).  Devices spin coated and dried under N2 were fast dried as 
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a basic reference.  Once all the devices were dry, half of the fast dried and half of the 

slow dried devices were transferred in the glove box and annealed under N2 and the 

other half annealed in air, all at 120 oC for 20 minutes.  Once annealed, all devices 

were transferred into the evaporation system where BCP and Al were thermally 

evaporated on top of the photoactive layer.  The devices processed under different 

conditions were compared to devices that were spin coated in N2, fast dried and 

annealed under N2.  The J-V curves are shown in Figure 4.2.a and a schematic of the 

process stages is shown in Figure 4.2.b.    

 

 

Figure 4.2 – a) J-V curves under 1sun illumination (solid lines) and in the dark (dashed lines) for 

P3HT:PCBMDCB devices spin coated in air with different drying conditions on an 

ITO/PEDOT:PSSHTL electrode and b) schematic displaying the different processing conditions.   

 

 

The key device parameters are displayed in Table 4.2.  In this set of the devices, the 

reference device that was completely processed in N2 did not perform as well as 

previous batches of P3HT:PCBMDCB devices, but as the same solution was used for 

all device variations a comparison could still be made between the different 

processing conditions.  The reference devices processed under N2 had a lower Jsc and 
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FF than usual at 6.74 mA cm-2 and 0.53 respectively, and a Voc of 0.59 V giving a 

lower PCE of 2.06 %.  For the devices that were spin coated in air, the devices that 

were fast dried and annealed in air had the lowest performance, with a Jsc of 1.61 mA 

cm-2, a Voc of 0.51 and a FF of 0.38 producing a PCE of 0.31 %.  When annealed 

under N2, the PCE of the fast dried devices was much higher at 1.22 % due to an 

increase in all key parameters.  While slow drying films and annealing in air does 

improve the device performance to a Jsc of 2.41 mA cm-2 resulting in a PCE of 0.53 

%, devices that were both slow dried in air and annealed under N2 had the best 

performance, with a PCE of 2.11 %.  This improvement was mainly due to the 

expected large increase in Jsc and FF that slower solvent evaporation has been shown 

to achieve.  Devices that were spin coated in air, covered and subjected to a slower 

drying time and annealed under N2 performed comparably to devices fully processed 

under N2.  It is interesting to note that the overall device performance increases by a 

factor of four when the only parameter changed is annealing under N2 rather than air.  

This was seen regardless of whether the photoactive layers were quick or slow dried.  

It has been seen that the original mobility can be recovered after oxygen exposure by 

thermal annealing which has been shown to remove oxygen contamination, and this 

may have been the cause here. 157-159   
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Table 4.2 – OPV device parameters for P3HT:PCBMDCB devices spin coated in air with different 

drying and annealing conditions on an ITO/PEDOT:PSSHTL electrode. 

 

Spun Dried Annealed Jsc (mA cm-2) Voc (V) FF PCE (%) 

N2 Quick (N2) N2 6.74 0.59 0.53 2.06 

Air Quick Air 1.61 0.51 0.38 0.31 

Air Quick N2 4.39 0.57 0.44 1.22 

Air Slow Air 2.41 0.52 0.43 0.53 

Air Slow N2 7.08 0.56 0.54 2.11 

 

 

 

This study shows P3HT:PCBMDCB devices can be spin coated in air and perform 

comparably to devices fabricated under a N2 environment, however,  the post-spin 

coating stages were very important.  Slow drying the film was seen to increase both 

the Jsc and the FF.  The slower evaporation rate due to covering the films during the 

drying process has been shown to allow the P3HT to self-organise and obtain a high 

degree of order, even when blended with PCBM.  This increased crystallinity 

enhances the absorption and transportation resulting in a higher PCE.45, 156  

A possible reason for the lower device performance for devices annealed in air 

compared to those annealed in N2 could be due to the presence of oxygen traps in the 

air annealed P3HT:PCBMDCB films.  The presence of oxygen has been shown to 

increase the rate of recombination of charge carriers in the P3HT:PCBMDCB film,152, 



  Chapter 4. P3HT:PCBM device processing conditions 

 

126 

 

158 and annealing above 120 oC has been reported to promote oxygen desorption.159  

Additionally, Guerrero et.al. showed that intentionally introducing oxygen doping to 

the P3HT:PCBM films after annealing, resulted in a decrease in both Jsc and FF.160  

So here, devices which were annealed in air were also allowed to cool to room 

temperature in air; therefore the P3HT:PCBMDCB film may become re-doped with 

oxygen negatively impacting both the Jsc and FF.  For the rest of this chapter all 

devices that were spin coated in air were slow dried under a petri dish lid and 

annealed under N2 for 20 minutes at 120 oC.     

 

4.1.3 Solution conditions 

Next, the conditions under which the P3HT:PCBMDCB solution is made up were 

investigated.  Two DCB solvents were used; one that was kept under N2 and the 

other that was stored in air.  The P3HT and PCBM were both stored under N2.  Three 

solutions were made up.  For the first solution, P3HT and PCBM were mixed with 

DCB that was stored under N2 and the solution was kept under N2 until used for spin 

coating.  The second solution consisted of transferring the relevant amounts of 

P3HT, PCBM and the DCB stored under N2 out into air and mixing them together 

under ambient atmosphere. The third and final solution involved transferring P3HT 

and PCBM into air and these were mixed with the DCB solvent stored in air.  Four 

device variations were made from these three P3HT:PCBMDCB solutions.   

Two sets of devices were made up using the first solution.  Devices were spin coated 

in N2, fast dried and annealed under N2 (N2/N2/N2) to give a set of reference devices.  

This solution was also used to spin coat P3HT:PCBMDCB films in air (N2/N2/air).  
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Two other solutions were also spin coated onto ITO/PEDOT:PSSHTL substrates.  One 

was stored under N2 and mixed and spin coated in air (N2/air/air).  The other was 

stored, mixed and spin coated in air (air/air/air). After spin coating in air all films 

were slow dried and annealed in N2.  Figure 4.3.a shows a comparison of the J-V 

curves for the four device variations and Figure 4.3.b shows a schematic of the 

different solution conditions. 

 

 

Figure 4.3 – a) J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) for 

P3HT:PCBMDCB devices where the blend solution was processed under different conditions on an 

ITO/PEDOT:PSSHTL electrode and b) schematic displaying the different processing conditions, with 

annealing under N2 for all cells. 

 

 

The N2/N2/N2 devices obtained the best device performance with a Jsc of 7.42 mA 

cm-2, a Voc of 0.60 V and a FF of 0.70 resulting in a PCE of 3.11 % (Table 4.3).  As 

shown in Section 4.1.2 spin coating the (same) P3HT:PCBMDCB solution in air 

(N2/N2/air) leads to a slight decrease in device performance to a PCE of 2.91 %.  The 

performance fell to 2.49 % for N2/air/air devices.  The PCE was also lower at 2.70 % 

for air/air/air devices.    
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Table 4.3 - OPV device parameters for P3HT:PCBMDCB devices where the blend solution was 

processed under different conditions on an ITO/PEDOT:PSSHTL electrode. 

 

Processing 

Soln/Mix/Spun 

Jsc (mA cm-2) Voc (V) FF PCE (%) 

N2/N2/N2 7.42 0.60 0.70 3.11 

N2/N2/air 7.41 0.58 0.67 2.91 

N2/air/air 6.63 0.58 0.65 2.49 

Air/air/air 7.02 0.58 0.66 2.70 

 

 

 

A decrease in device performance is seen when processing steps are carried out in 

air, mainly due to a reduction in Jsc.  However, considering three different 

P3HT:PCBMDCB solutions were used for this comparison and batch-to-batch 

variation is expected between P3HT:PCBMDCB devices these results show that 

changing from a N2 environment to an ambient atmosphere does not have a large 

impact on device performance.  Not needing to store, mix and deposit the 

photoactive layer components under an inert environment should help to lower costs 

for mass production. 

  

4.1.4 Optimised processing conditions 

As demonstrated in the previous Section 4.1 - 3, spin coating in air, followed by 

slow drying and annealing under N2 produced devices with comparable 
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performances to those completely fabricated in N2 for ITO/PEDOT:PSSHTL electrode 

based devices.  This methodology was then applied to devices utilising 

PEDOT:PSSADD and PEDOT:PSSIMM electrodes.  Here, the DCB used was stored 

under N2 and the P3HT and PCBM were also mixed under N2.  The same 

P3HT:PCBMDCB solution was used for devices made up entirely under N2 and those 

that were spin coated in air. Figure 4.4.a displays the J-V curves for fast dried 

devices made up in N2 and Figure 4.4.b shows devices using the optimised air 

fabrication conditions where P3HT:PCBMDCB films were spin coated in air, slow 

dried and then annealed under N2.   

 

 

Figure 4.4 – J-V curves under1 sun illumination (solid lines) and in the dark (dashed lines) for 

P3HT:PCBMDCB devices using ITO/PEDOT:PSSHTL, PEDOT:PSSADD and PEDOT:PSSIMM fabricated 

in a) N2 environment or b) optimised air processing conditions. 

 

 

Table 4.4 shows the device parameters for P3HT:PCBMDCB devices fabricated 

under N2 and in air on the three different electrodes.  Devices using the 

ITO/PEDOT:PSSHTL electrode obtained a similar device performance to that shown 
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in Table 3.3.  PEDOT:PSSADD electrode based devices performed slightly better 

whereas devices using PEDOT:PSSIMM electrodes had a poorer performance than 

before.  It should be reiterated here that the devices made in Section 3.1.5 were slow 

dried under N2 and multiple devices were averaged over several months.  Whereas 

here, only devices that were grown in the same batch were averaged.  This means 

that the devices shown in this section cannot be truly compared to the ones in the 

previous chapter.  However, (almost all) the device parameters in Table 4.4 fall 

within the range shown in Figure 3.8.  

Devices where the P3HT:PCBMDCB layer was spin coated in air performed 

comparably to those fabricated entirely under N2.  Interestingly, the Jsc for all the 

devices spin coated in air was higher.  This may be due to the slower evaporation 

rate due to covering the films allowing the P3HT to rearrange to become more 

ordered.  This increased crystallinity enhances absorption and so a larger Jsc was 

achieved. 
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Table 4.4 – OPV device parameters for P3HT:PCBMDCB devices using optimised air processing 

conditions on an ITO/PEDOT:PSSHTL, PEDOT:PSSADD and PEDOT:PSSIMM electrodes. 

 

Electrode Atmosphere Jsc (mA cm-2) Voc (V) FF PCE (%) 

ITO/PEDOT:PSSHTL N2 8.40 0.60 0.63 3.01 

PEDOT:PSSADD N2 8.04 0.60 0.62 2.82 

PEDOT:PSSIMM N2 7.07 0.59 0.62 2.37 

ITO Air 8.78 0.59 0.64 3.16 

PEDOT:PSSADD Air 8.56 0.59 0.59 2.81 

PEDOT:PSSIMM Air 7.60 0.58 0.63 2.60 

 

 

 

4.1.5 Summary 

This section has demonstrated that P3HT:PCBMDCB OPV devices deposited in air 

can perform comparably to those completely fabricated under a N2 atmosphere, 

provided careful consideration is given to post-spin coating conditions.  The post-

spin coating conditions required are slow drying under a petri-dish in air followed by 

annealing at 120 oC under a N2 environment.  This process was shown to produce 

optimised performances for regular devices using ITO/PEDOT:PSSHTL, 

PEDOT:PSSADD and PEDOT:PSSIMM electrodes.  This highlights the possibility of 

combining the solution processed electrode and photoactive layer deposition in an 

ambient roll-to-roll process.  Being able to deposit the photoactive layer in an 
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ambient atmosphere should help minimise costs when moving to a large-scale 

fabrication set-up, since there is no need to house large spray deposition or printing 

equipment in an inert atmosphere.   
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4.2 Interfacial layers  

This section explores the use of interfacial layers in conjunction with an ambient 

spin coated P3HT:PCBM photoactive layer.  Firstly, the use of PEDOT:PSSHTL and 

vacuum deposited MoOx layers are compared using P3HT:PCBMDCB as a model 

system.  This highlights the importance of choosing the appropriate interfacial layer, 

especially when depositing the photoactive layer under ambient conditions.  The 

benefits of utilising an inverted architecture are then addressed and how this 

structure negates some of the issues seen in regular device structures is studied.    

 

4.2.1 Hole transporting layers in regular architectures 

So far, this chapter has focused on using PEDOT:PSSHTL as an interfacial layer 

between the ITO electrode and the P3HT:PCBMDCB photoactive layer in regular 

device architectures.  PEDOT:PSS is the most commonly used solution processed 

material for this role.  There are, however, concerns over the electrical 

inhomogeneity originating from the PSS layer and device instability due to its acidic 

nature etching the ITO.94  These issues have led to an interest to find alternative 

anode interfacial layers.  A number of transition metal oxides such as MoOx, WOx 

and V2Ox can successfully modify the anode interface. 
55, 161 These metal oxides can 

be both solution processed and thermally evaporated to produce highly transparent 

films with moderate conductivity and favourable energetic alignment for hole 

extraction compared to ITObare.
  Inclusion of a metal oxide hole extracting layer has 

also been shown to improve device stability.55
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Figure 4.5 shows the J-V curves of regular P3HT:PCBMDCB devices spin coated 

under N2 and ambient atmospheres using either PEDOT:PSSHTL or MoOx as the 

anode interfacial layer.  The 5 nm MoOx layer was deposited by thermal evaporation 

onto pre-cleaned ITObare and transferred to air just before the P3HT:PCBM 

deposition.  All P3HT:PCBM films were slow dried and then annealed at 120 oC 

under N2.  After annealing 8 nm of BCP was thermally evaporated on top followed 

by Al through a shadow mask.      

 

 

Figure 4.5 – J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) of 

P3HT:PCBMDCB OPV devices spin coated under N2 and air onto ITO/PEDOT:PSSHTL or ITO/MoOx. 

 

 

The key device parameters are displayed in Table 4.5.  As shown previously in 

Section 4.1.4, spin coating P3HT:PCBMDCB devices onto ITO/PEDOT:PSSHTL 

display a similar device performance regardless of the atmosphere the photoactive 

layer is spin coated under.  There is a just a slight decrease in the Jsc and FF when 

moving from fabricating under a N2 to air atmosphere leading to a PCE of 2.49 % 

and 2.36% respectively.  Devices fabricated under N2 on ITO/MoOx substrates 

produced a Jsc of 5.67 mA cm-2
, a Voc of 0.61 V and a FF of 0.69, with a PCE of 2.49 
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%.  This was comparable to the ITO/PEDOT:PSSHTL electrode based devices that 

were also fabricated under a N2 atmosphere.  ITO/MoOx electrode based devices 

processed in air, however, display very different J-V characteristics as can be seen 

by the s-shaped kink in Figure 4.5.  These devices have a Jsc of 3.43mA cm-2, a Voc 

of 0.46 V and a FF of 0.12 resulting in an overall PCE of 0.19 %.  These devices 

exhibit a kink before Voc suggesting a contact issue at the MoOx interface with the 

organic donor leading to an imbalance of charges.  A decrease was seen in all device 

parameters and in particular the FF due to an increase in Rs.  Studies have shown 

that exposing the MoOx layer to an ambient environment cause the work function to 

decrease from 6.8 eV to 5.3 eV due to adsorption of water and other contaminants 

which appear to have a negative effect on charge transport.162, 163  This indicates how 

important the choice of interfacial layer is, especially when fabricating device in an 

ambient atmosphere.     

 

Table 4.5 – OPV device parameters for P3HT:PCBMDCB devices spin coated under N2 and ambient 

atmospheres onto ITO/PEDOT:PSSHTL and ITO/MoOx electrodes. 

 

Interlayer Atmosphere Jsc mA cm-2 Voc (V) FF PCE (%) 

PEDOT:PSSHTL N2 6.26 0.60 0.66 2.49 

PEDOT:PSSHTL Air 6.19 0.59 0.64 2.36 

MoOx N2 5.67 0.61 0.69 2.49 

MoOx Air 3.43 0.46 0.12 0.19 
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4.2.2 Inverted architectures  

The main benefit of OPV devices is considered to be their low-cost potential and this 

is largely dependent on the high production predicted during manufacturing.  

Although OPV devices employing a regular device structure have successfully 

proven themselves under laboratory conditions, they do not meet the requirements 

for a commercially viable device because factors regarding fabrication upscale are 

not considered.  To obtain the desired production speeds a roll-to-roll process is most 

likely needed.  This would require flexible substrates and a completely solution 

processed deposition procedure since inclusion of vacuum deposited steps are likely 

to increase the cost unless very high speeds are achieved.  Adopting an inverted 

architecture allows a greater variety of top contacts to be utilised.  Such inverted 

devices can be manufactured on a large scale and under ambient conditions with 

various demonstrations highlighting the feasibility of using this architecture.164-166 

Interfacial layers are important in OPV devices as they are used to tune the work 

function of the electrodes, and so by choosing the appropriate interfacial layer the 

charge extraction efficiency and selectivity can be altered.  For inverted OPV 

devices the polarity of the device is reversed compared to those based on the regular 

device structures.  Depositing a low work function n-type metal oxide 

semiconductor, such as ZnO or TiOx, onto ITO enables the TCE to act as the 

electron extracting electrode. 

The following inverted device structure was used: 

ITO/ZnO/P3HT:PCBMDCB/MoOx/Al.  A low temperature sol-gel processed ZnO 

film was used as the electron extracting layer due to its high transparency, low cost, 
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high electron mobility and favourable energetics for electron extraction.  Inserting a 

thermally evaporated hole extracting layer, such as MoOx, has been shown to 

improve the device performance by improving the Ohmic contact between the 

photoactive layer and the metal electrode.167 

The ZnO layer was directly spin coated on to pre-cleaned ITObare electrodes, then 

allowed to stand at room temperature for two minutes followed by annealing at 200 

oC in air for an hour.  The ZnO films were left to cool to room temperature before 

P3HT:PCBMDCB was spin coated  on top in air, followed by slow drying and 

subsequent annealing under N2.  After annealing, 10 nm of MoOx was thermally 

deposited onto the P3HT:PCBMDCB films followed by Al.  Figure 4.6 shows the J-V 

curves for these devices.   

 

 

Figure 4.6 – J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) of 

inverted P3HT:PCBMDCB OPV devices spin coated in air onto ITO/ZnO electrodes.   
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The key device parameters for inverted P3HT:PCBMDCB OPV devices fabricated on 

ITO/ZnO is displayed in Table 4.6.  Devices produced a Jsc of 12.16 mA cm-2, a Voc 

of 0.52 V and a FF of 0.54 to give an overall PCE of 3.49 %.   

 

Table 4.6 – OPV device parameters for inverted P3HT:PCBMDCB spin coated in air onto ITO/ZnO 

electrodes. 

 

Electrode Jsc (mA cm-2) Voc (V) FF PCE (%) 

ITO 12.16 0.52 0.54 3.49 

 

 

 

The topography of ITO/MoOx and ITO/ZnO are shown in Figure 4.7.  Both films 

are quite smooth with a surface roughness of 2.0 nm and 1.2 nm respectively. 

 

 

Figure 4.7 – AFM topography images of a) ITO/MoOx and b) ITO/ZnO films. 
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4.2.3 Summary 

This section has highlighted the importance of selecting an appropriate interfacial 

layer when processing the photoactive layer under ambient atmosphere.  Materials, 

such as MoOx, that work well under inert conditions, may hinder device performance 

when exposed to oxygen and moisture.  An inverted device structure was also 

introduced.  The sol-gel processed ZnO electron extracting layer and photoactive 

layer were deposited under ambient conditions.  The resulting device displayed good 

OPV device behaviour. 
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4.3 Non-halogenated solvents 

Since the aim is ultimately to be able to commercially produce inexpensive and large 

area roll-to-roll fabricated OPV devices some serious consideration towards the 

solvent the individual layers are cast from is needed. In general, halogenated solvents 

such as chlorobenzene (CB) and DCB, are used in polymer OPV devices due to their 

superior performance over other solvents.  Although these are ‘good’ solvents in 

terms of achieving the best lab-scale devices, these solvents are not considered to be 

‘environmentally friendly’.  They do not exist in nature, are expensive and energy-

intensive to produce and dispose of, and there are serious concerns over their adverse 

impact on human health and the environment.168  These concerns essentially rule out 

these solvents being used for mass production in industrial countries with strict 

environmental health and safety (EHS) legislation.169  There is, therefore, an urgent 

need to find effective solvents to fabricate efficient OPV devices that are suitable for 

a rapid, ambient and large area commercial process. 

Solvent choice and processing conditions play a vital part in obtaining the most 

effective BHJ device microstructure and at present, halogenated solvents are proven 

to be good at achieving this.  In comparison, non-halogenated solvents produce 

significantly poorer microstructures and therefore device performance suffers due to 

their lower solubility for the polymer and fullerene components. 39  Studies have 

shown methylbenzenes such as toluene and xylene are promising potential 

alternatives to halogenated solvents.  Unlike the energy intensive chlorobenzene 

production, methylbenzenes are obtained by distillation or solvent extraction from 

crude oil.  They are also biodegradable and the EHS concerns are much lower than 

those associated with halogens.  A major drawback with these solvents, however, is 
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their poor fullerene derivative solubility which leads to reduced device 

performance.170  This section focuses on using non-halogenated solvents as the main 

solvent for P3HT:PCBM devices and utilises the ambient deposition process 

developed in Section 4.1 (all films were spin coated in air,  slow dried in air and then 

annealed under N2).  

   

4.3.1 Toluene 

Toluene is already extensively used in industry (e.g. as a solvent for paint) which 

alongside its lower toxicity makes it a more preferable solvent for large scale 

processing.  A significant amount of early work with MDMO-PPV:PCBM and 

P3HT:PCBM was carried out using toluene, until chlorinated solvents such as CB 

were found to produce smoother films and more efficient devices.  The improvement 

in device performance was proposed to be due to the higher solubility of PCBM in 

CB.39  

Both P3HT:PCBMDCB and P3HT:PCBM in toluene (P3HT:PCBMTol) solutions were 

prepared under N2 in a similar manner.  The P3HT:PCBMDCB solution was made up 

to a concentration of 20 mg ml-1 and the P3HT:PCBMTol to a 13 mg ml-1 (1.5 wt-% 

of both)  in a 1:1 ratio. Both solutions were left to stir at 40 
oC on a hot plate for 24 

hours and allowed to cool to room temperature before filtering with a 0.22 µm pore 

size PTFE filter. AFM was used to investigate the difference in morphology between 

P3HT:PCBMDCB and P3HT:PCBM films cast from toluene (P3HT:PCBMTol).  

Figure 4.8 shows the major difference in topography between P3HT:PCBMDCB 

(Figure 4.8.a) and P3HT:PCBMTol (Figure 4.8.b) films spin coated onto 
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ITO/PEDOT:PSSHTL.    P3HT:PCBMDCB films have a very smooth and featureless 

surface with a surface roughness of 2.2 nm (σ = 0.59 nm).  A more fibre-like 

topography is seen on the surface of P3HT:PCBMTol films.  Although this solution 

was subjected to the same filtering conditions as the P3HT:PCBMDCB solution large 

crystalline clusters occur repeatedly over the P3HT:PCBMTol film surface.  This 

large-scale phase segregation results in these films having a have a much greater 

surface roughness of 53 nm (σ = 39 nm).   

 

 

Figure 4.8 – AFM topography images of a) P3HT:PCBMDCB and b)P3HT:PCBMTol films on 

ITO/PEDOT:PSSHTL electrodes. 

 

      

Similarly to toluene-cast MDMO-PPV:PCBM which also showed severe phase 

segregation, the large features are most likely to be PCBM-rich aggregates 

embedded in the P3HT.171  The low solubility of PCBM in toluene is believed to be 

the cause of this severe phase segregation.  These large features are likely to impact 

device performance as previously shown for MDMO-PPV:PCBM cast from 

toluene.39, 171   
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The absorbance of P3HT:PCBMDCB and P3HT:PCBMTol films is shown in Figure 

4.9.  P3HT:PCBMDCB films show a much larger contribution from both P3HT and 

PCBM than P3HT:PCBMTol films.  P3HT:PCBMDCB films obtain an absorption of 

0.56 a.u. at 525 nm compared to 0.37 a.u. for P3HT:PCBM at the same wavelength.  

The absorption could be lower for P3HT:PCBMTol films because of the lower P3HT 

and PCBM solubility in toluene.  This means that a significant amount of material 

had not dissolved and was lost through filtering.  This also happened when the 

solution was left to stir for a prolonged time and even when the solution was heated 

while being stirred.   

 

 

Figure 4.9 – Absorbance spectra of P3HT:PCBMDCB and P3HT:PCBMTol films on 

ITO/PEDOT:PSSHTL electrodes. 

 

 

P3HT:PCBMTol devices were spin coated (1000 RPM) under N2 and in air and 

compared to those using P3HT:PCBMDCB.  The same P3HT:PCBMDCB and 

P3HT:PCBMTol solutions were used for devices spin coated in N2 and air on 

ITO/PEDOT:PSSHTL electrodes.  Figure 4.10.a displays the J-V curves for the 

devices.  The corresponding EQE spectra are also shown (Figure 4.10.b). 
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Figure 4.10 – a) J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) and 

b) EQE spectra for P3HT:PCBMDCB and P3HT:PCBMTol devices processed in N2 and air.  

 

 

Using toluene as a solvent for P3HT:PCBM has a huge impact on the device 

performance (Table 4.7), with device PCE less than half that of devices using DCB.  

Again, as seen in Chapter 4.1, P3HT:PCBMDCB devices spin coated under N2 and 

air produced very similar device performances with a PCE of 2.66 % and 2.52 % 

respectively.  P3HT:PCBMTol devices spin coated in N2 had a Jsc of 4.52 mA cm-2
, a 

Voc of 0.57 V and a FF of 0.50 resulting in a PCE of 1.29 %. Whereas 

P3HT:PCBMTol devices spin coated in air obtained a lower PCE of 1.00 %, with a Jsc 

of 4.34 mA cm-2, a Voc of 0.54 V and a FF of 0.42.   
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Table 4.7 - OPV device parameters for P3HT:PCBDCB and P3HT:PCBMTol devices spin coated in N2 

or optimised air processing conditions using an ITO/PEDOT:PSSHTL electrode. 

 

Solvent Atmosphere Jsc (mA cm-2) Voc (V) FF PCE (%) 

DCB N2 6.68 0.59 0.68 2.66 

DCB Air 6.68 0.58 0.65 2.52 

Toluene N2 4.52 0.57 0.50 1.29 

Toluene Air 4.34 0.54 0.42 1.00 

 

 

 

The main difference in device performance between devices spin coated from DCB 

and toluene is due to a decrease in Jsc for P3HT:PCBMTol devices.  A possible reason 

for this is the decreased absorption seen for P3HT:PCBMTol films (Figure 4.9).  It is 

possible that P3HT:PCBMTol films do not wet as well on PEDOT:PSS which could 

results in thinner films.  Previous studies have also shown that using CB instead of 

toluene resulted in an increase in both Jsc and FF. 39  This was attributed to a finer 

grain size in film microstructure.  The larger scale phase segregation for toluene cast 

photoactive layers (Figure 4.8) is generally understood to be the main reason for the 

reduction in Jsc when compared to CB or DCB cast films and is usually attributed to 

the lower solubility of the fullerene in toluene.      
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4.3.2 Toluene:1-methylnaphthalene 

The main drawback of using toluene as a solvent is its poor PCBM solubility, which 

ultimately limits the device performance.  It is therefore important to increase PCBM 

solubility.  Mixing two solvents has been shown to be a popular way to help control 

the microstructure of polymer:fullerene blends.  This method has been shown to 

improve the device performance of many different polymer:fullerene systems with 

different solvent combinations.170, 172  1-Methylnaphthalene was trialled as an 

additive in P3HT:PCBMTol as it has a high fullerene solubility (33 mg ml-1) and it is 

known to be a good fullerene solvent which is also used as a solvent in fullerene 

chemical reactions.173-175  1-Methylnaphthalene has a higher boiling point (240 oC) 

than toluene (110 oC) and thereby retards the evaporation from the photoactive layer 

during deposition. 

AFM was again used to investigate the effect of adding a small amount of 1-

methylnaphthalene to the P3HT:PCBMTol solution on the topography of the film 

(P3HT:PCBMTolMeN).  Figure 4.11.a-c shows the AFM topography images of 

P3HT:PCBM dissolved in toluene with 1 vol-% 1-methylnaphthalene 

(P3HT:PCBMTolMeN1%), 5 vol-% 1-methylnaphthalene (P3HT:PCBMTolMeN5%), and 9 

vol-% 1-methylnaphthalene (P3HT:PCBMTolMeN9%), added to the solution 

respectively.  A change in the film wetting on the ITO/PEDOT:PSSHTL substrates 

and drying times were seen with increasing 1-methylnaphthalene amounts.  As the 

volume of 1-methylnaphthalene was increased the films did not wet the surface as 

well and the drying time increased.  Again, like with the P3HT:PCBMTol films, films 

with 1-methylnaphthalene added have high surface roughness.  Large crystalline 

clusters are distributed across the surface of the P3HT:PCBMTolMeN1% films resulting 
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in a surface roughness of 25.9 nm (σ = 20.4 nm). P3HT:PCBMTolMeN5% films 

appeared to dry slower than P3HT:PCBMTolMeN1% films, probably because the films 

contains a larger amount of the higher boiling point 1-methylnaphthalene solvent.  

These films had a similar surface roughness to P3HT:PCBMTolMeN1% films but 

smaller standard deviation of 26.9 nm (σ = 11.2 nm), however these films had a 

more homogeneous surface and large crystalline regions were not observed for these 

films.  P3HT:PCBMTolMeN9% films dried very slowly and were visibly 

inhomogeneous with areas of the substrate not completely covered.  Large crystalline 

features were again observed as well as some smaller more needle like features,  

producing in a surface roughness of 49.6 nm (σ = 40.2 nm).  Figure 4.11.d shows 

the absorbance spectra for the three P3HT:PCBMTolMeN films.  A similar absorbance 

spectra to P3HT:PCBMDCB and P3HT:PCBMTol films is seen for these films (Figure 

4.9).  P3HT:PCBMTolMeN5% films have the highest absorbance of 0.57 a.u. at 525 nm 

and the partial P3HT:PCBMTolMeN9% film has the lowest absorbance of 0.33 a.u.  
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Figure 4.11 - AFM topography images of a) P3HT:PCBMTolMeN1%, b) P3HT:PCBMTolMeN5% and c) 

P3HT:PCBMTolMeN9% films on ITO/PEDOT:PSSHT and d) the absorbance spectra of 

P3HT:PCBMTolMeN films.  All PEDOT:PSSTolMeN films were spin coated onto ITO/PEDOT:PSSHTL 

electrodes. 

 

 

P3HT:PCBMTolMeN films were spin coated (1000 RPM) onto ITO/PEDOT:PSSHTL 

substrates in air, followed by slow drying and then annealing in N2.  The J-V curves 

for these devices are shown in Figure 4.12.a  and the EQE spectra in Figure 4.12.b. 
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Figure 4.12 – a) J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) and 

b) EQE spectra for P3HT:PCBMTolMeN OPV devices.  

 

 

P3HT:PCBMTolMeN devices display very different device performances (Table 4.8) 

compared to P3HT:PCBMTol devices (Table 4.7), with a reduction in all device 

parameters and a visible kink in the light curve before Voc.  P3HT:PCBMTolMeN1% 

devices produced a Jsc of 3.68 mA cm-2, a Voc of 0.43 V and a FF of 0.35 to give an 

overall PCE of 0.54 %, just under half that obtained for P3HT:PCBMTol devices 

(Table 4.8).  As might be expected from the absorbance spectra, 

P3HT:PCBMTolMeN5% devices produced the largest Jsc of 4.10 mA cm-2, but had a 

lower Voc of 0.38 V and lower FF of 0.23 resulting in a FF of 0.36 %.  

P3HT:PCBMTolMeN9% devices, which produced poor quality films, obtained the 

lowest PCE of 0.03 %, with a Jsc of 1.31 mA cm-2, a Voc of 0.09 and a FF of 0.27.  

S-shape kinks in J-V curves have been seen before for P3HT:PCBM active layers.176-

179  There is not, however, a single cause for these non-ideal J-V characteristics.  

Among the suggested causes are bulk effects such as an imbalance of the electron 
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and hole mobilities, energetic offsets at electrode interfaces and vertical phase 

distribution which has been shown to have an effect in some cases but not in others.  

In the case here, a s-shape kink is seen for P3HT:PCBMTolMeN but not 

P3HT:PCBMTol devices.  It is possible that the addition of 1-methylnaphthalene 

causes a change in the P3HT and PCBM vertical phase distribution.  The fullerene 

component is more soluble in 1-methylnaphthalene and so the PCBM could be 

driven to the bottom of the film, away from the cathode.180  If more PCBM is found 

at the ITO/PEDOT:PSSHTL interface there could be a greater barrier to hole 

extraction since holes are mainly transported thought the P3HT phase.   If holes 

cannot be extracted as easily as electrons, a significant space-charge develops within 

the photoactive layer and could lead to s-shaped kinks in the J-V curve.177, 181, 182   

 

Table 4.8 – OPV device parameters for P3HT:PCBMTolMeN devices using an ITO/PEDOT:PSSHTL 

electrode. 

 

Solution Jsc (mA cm-2) Voc (V) FF PCE (%) 

TolMeN1% 3.68 0.43 0.35 0.54 

TolMeN5% 4.10 0.38 0.23 0.36 

TolMeN9% 1.31 0.09 0.27 0.03 

 

 

 

4.3.3 Summary 

This section has shown that P3HT:PCBM films cast from toluene have a higher 

surface roughness and a more unfavourable microstructure than those cast from 
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DCB.  The unfavourable microstructure and poor absorption of P3HT:PCBMTol 

films are attributed to the reduced device performance compared to DCB cast 

devices.   

Adding a small amount of 1-methylnaphthalene to the toluene solution did not 

visibly improve the solubility and a large amount of material was still lost through 

filtering.  The P3HT:PCBMTolMeN films were still very rough, although the surface 

roughness was lower than P3HT:PCBMTol films.  A further decrease in device 

performance was seen along with non-ideal device behaviour.  It is possible that 

there is an energetic barrier at the photoactive layer/electrode interface which leads 

to inefficient charge extraction.  
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4.4 Non-halogenated solvents in inverted devices 

As previously mentioned (Section 4.2.2) there are several advantages to using an 

inverted architecture, especially when considering the practicalities of a commercial 

process.  This section firstly compares the device performance of several non-

halogenated solvents for P3HT:PCBM photoactive layers in inverted architectures.  

The section finishes by looking at replacing the vacuum deposited MoOx hole 

extracting layer with a solution processed PEDOT:PSS layer in a further step 

towards a fully solution processed OPV device.  All devices followed the ambient 

deposition process developed in Section 4.1, so all P3HT:PCBM photoactive layers 

were spin coated in air, slow dried and then transferred into the glovebox for 

annealing under N2.   

 

4.4.1 Solvent comparison 

A larger amount of 1-methylnaphthalene was mixed with toluene to give a mixture 

consisting of 70 % toluene:30 % 1-methylnaphthalene (TolMeN30%) (optimised in 

other work).  Figure 4.13 shows the AFM topography images of the resulting 

P3HT:PCBMTolMeN30% films on ITO/ZnO substrates.  The P3HT:PCBMTolMeN30% 

films had a surface roughness of 14 nm and no large aggregates were observed.  
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Figure 4.13 – AFM topography image of P3HT:PCBMTolMeN30% films on ITO/ZnO substrates. 

 

 

The device performance of inverted P3HT:PCBM devices spin coated (1600 RPM) 

from different solvents are shown in Figure 4.14.   The solvents used were DCB, 

toluene (Tol), 70% tolunene:30 % 1-methylnaphthalene (TolMeN30%) and 1-

methylnaphthalene (MeN) all with following device structure: 

ITO/ZnO/P3HT:PCBMsolvent/MoOx/Al.   

 

 

Figure 4.14 – J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) of 

inverted P3HT:PCBM devices using different solvents on ITO/ZnO electrodes. 
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The key device parameters are displayed in Table 4.9.  Devices using a halogenated 

solvents photoactive layer, P3HT:PCBMDCB, obtained a Jsc of 8.35 mA cm-2, a Voc of 

0.55 V and a FF of 0.52 resulting in a PCE of 2.52 %.  Devices using non-

halogenated solvents produced comparable device performance, with 

P3HT:PCBMTol devices producing a PCE of 2.65 % with a Jsc of 7.77 mA cm-2, a Voc 

of 0.57 V and a FF of 0.57.  P3HT:PCBMTolMeN devices produced a Jsc of 7.21 mA 

cm-2, a Voc of 0.61 V and a FF of 0.56 giving a PCE of 2.55 %.  Devices with 1-

methylnaphthalene as the solvent, P3HT:PCBMMeN had a Jsc of 6.61 mA cm-2, a Voc 

of 0.61 V and a FF of 0.56 giving a PCE of 2.36 %. 

Upon changing from a halogenated to non-halogenated solvents the Voc increases 

from 0.55 V for DCB to 0.57 V for toluene and 0.61 V for toluene:1-

methylnaphthalene and 1-methylnaphthalene.  A possible reason for this increase in 

Voc is attributed to the change in the film morphology that is seen with different 

solvents (Figure 4.8 and Figure 4.11).  Annealing studies show that improving the 

crystallinity of the P3HT phase increases the hole mobility and so results in an 

increase in Jsc.
183  This improved crystallinity also causes a decrease in the Voc of the 

P3HT:PCBM devices.44, 184, 185  In the case here, it is possible that the P3HT phases 

are less crystalline when changing from DCB to a non-halogenated solvent, 

particularly those incorporating 1-methylnaphthalene as a (co)solvent, leading to a 

slightly larger Voc.   
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Table 4.9 – OPV device parameters for inverted P3HT:PCBM devices using different solvents. 

 

Solvent Jsc (mA cm-2) Voc (V) FF PCE (%) 

DCB 8.35 0.55 0.52 2.52 

Tol 7.77 0.57 0.57 2.65 

TolMeN70% 7.21 0.61 0.56 2.55 

MeN 6.61 0.61 0.56 2.36 

 

 

 

4.4.2 Development towards fully solution processed OPV devices 

So far the top electrode and hole extracting layer have been deposited by thermal 

evaporation.  When looking to move towards large volume production, the top 

interfacial layer and electrode ideally should also be solution processed as well.   

As well as being used as a hole transport layer in regular architecture devices, 

PEDOT:PSS has also been used as a interfacial layer in inverted structures.  

However, additives have to be added to the PEDOT:PSS solution in order to 

improve the wettability of this layer on the polymer:fullerene blend.186-188 

Improvements in the material properties during the manufacturing process of 

PEDOT:PSS (Clevios HTL Solar, PEDOT:PSSSolar) has seen it emerge as an 

effective interfacial layer between the photoactive layer and Al top electrode without 

the need for further treatment (Figure 4.15).  P3HT:PCBMDCB was used as the 
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photoactive layer which was spin coated onto ITO/ZnO electrodes.  The devices had 

the following structure: ITO/ZnO/P3HT:PCBMDCB/PEDOT:PSSSolar/Al.  

 

 

Figure 4.15 – J-V curves under 1 sun illumination (solid lines) and in the dark (dashed lines) of 

inverted P3HT:PCBMDCB devices on ITO/ZnO electrodes.  Either MoOx or PEDOT:PSSSolar as an 

interfacial layer. 

 

 

The key devices parameters are shown in Table 4.10.  Devices utilising a MoOx 

interfacial layer produced a Jsc of 11.46 mA cm-2, a Voc of 0.52 V and a FF of 0.55 

resulting in a PCE of 3.06 %.  Those devices using a PEDOT:PSSSolar hole 

transporting layer had a lower PCE of 2.45 % with a Jsc of 9.03 mA cm-2, Voc of 0.52 

V and a FF of 0.56.  The difference in device performance is due to the lower Jsc 

obtained by devices using PEDOT:PSSSolar, most likely due to the thicker and less 

transparent PEDOT:PSSSolar layer.  With further processing optimisation of the 

PEDOT:PSSSolar layer the Jsc could be further improved.  The Voc obtained for both 

sets of devices are comparable to what was achieved in Section 4.2.2 and the FF for 

both anode interfacial materials is also similar.   

 



  Chapter 4. P3HT:PCBM device processing conditions 

 

157 

 

 

Table 4.10 – OPV device parameters for inverted P3HT:PCBM devices comparing  different anode 

interfacial layers. 

 

Interlayer Jsc (mA cm-2) Voc (V) FF PCE (%) 

MoOx 11.46 0.52 0.55 3.06 

PEDOT:PSSSolar 9.03 0.52 0.56 2.45 

 

 

 

4.4.3 Summary 

This section has highlighted the feasibility of casting the photoactive P3HT:PCBM 

layer out of non-halogenated solvents.  Inverted P3HT:PCBM devices using 

different non-halogenated solvents were seen to produce PCEs comparable to those 

using DCB as the solvent.  P3HT:PCBMTol devices were even seen to have a higher 

PCE than P3HT:PCBMDCB devices in the inverted architecture unlike, the poor 

performance seen for regular architecture devices using P3HT:PCBMTol in Section 

4.3.1.   

In a step to move towards a fully solution processed device, the MoOx hole 

extraction layer was replaced by PEDOT:PSSSolar in inverted structures.  These 

P3HT:PCBMDCB devices showed promising device performance and with further 

optimisation the decreased Jsc can most likely be improved. 
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4.4 Conclusions 

With OPV devices attracting significant attention as a promising cheap and 

alternative renewable energy source; attention is needed as to how this low-cost 

potential will be reached.  In order to meet the rapid production speeds required a 

predominantly ambient atmosphere is favourable with the majority of the individual 

layers being solution processed from environmentally friendly solvents via a roll-to-

roll process.  The beginning of this chapter addressed the possibility of fabricating a 

P3HT:PCBMDCB device entirely under ambient conditions.  In air a huge decrease in 

the device performance was seen, largely due to reductions in Jsc and FF.  Careful 

consideration of the post-spin coating conditions enabled the device performance of 

the air deposited devices to reach that of those spin coated under N2.  However, it 

was discovered that annealing had to be carried out under N2. 

A comparison of PEDOT:PSSHTL and MoOx interfacial layers as the hole extracting 

layer in regular devices highlighted the importance of selecting the appropriate 

material for the processing environment.  A reduction in device performance was 

seen for regular devices using a MoOx hole extracting layer.  This was attributed to 

poor charge extraction due to exposing the layer to air.  Inverted devices using an 

ambient processed ZnO electron extracting layer and MoOx hole transporting layer 

(not exposed to air) displayed good OPV performance.  

Replacing the DCB casting solvent with toluene resulted in decreased device 

performance in regular architecture devices.  The decrease was attributed to the low 

absorption and poorer fullerene solubility in toluene.  This led to severe phase 

segregation and large aggregate formation which has been reported to hinder charge 
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generation and increase recombination.  To improve the fullerene solubility 1-

methylnaphthalene was used as an additive in the toluene parent solvent.  The device 

performance decreased with this addition and the formation of a kink suggested there 

was a problem with charge extraction.  

Inverted OPV devices have shown promise to lending themselves to possible large 

scale fabrication as they can be processed in air from non-halogenated solvents and 

show favourable device performance compared to DCB based devices.  Finally, the 

use of PEDOT:PSSSolar as a hole transporting layer for inverted devices was 

compared to those using thermally evaporated MoOx.  The main difference in device 

performance was due to a lower Jsc seen for those using the thicker PEDOT:PSSSolar
 

layer, future work should allow this layer to be further optimised and so improve 

device performance.  The next step would be to investigate the use of Ag inks (either 

as a full layer or grid) or even PEDOT:PSSADD as a top electrode to produce a fully 

solution processed OPV device.   
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Chapter 5. Conclusions and future work  

OPV devices are attracting significant attention due to their perceived capability to 

become a low cost sustainable power source.  The ability to solution process layers is 

a significant advantage over existing inorganic devices.  Progress in recent years has 

led to a continual increase in device efficiencies and material stability.  However 

other steps such as material and processing cost still need further attention before 

OPV devices can become commercially competitive with existing renewable energy 

technologies.  This section draws some final conclusions and discusses possible 

avenues to take this work further.   

This thesis was split into two parts.  The first considered the use of PEDOT:PSS as 

an alternative to the more commonly used ITO electrode.  Two different treatments 

were used to improve the conductivity of PEDOT:PSS thin film and two different 

deposition techniques were investigated.  The second part looked at different 

processing conditions for P3HT:PCBM devices.  The effect of processing the 

photoactive and interfacial layers under an ambient environment was studied.  The 

use of non-halogenated solvents in both regular and inverted architectures then 

followed.  

 



  Chapter 5. Conclusions and future work 

 

161 

 

5.1 PEDOT:PSS as an alternative electrode to ITO 

Chapter 3 discussed the possibility of using a solution processable TCE, 

PEDOT:PSS, instead of ITO.  The ability to solution process the TCE would be a 

major advantage for OPV devices and would provide the potential for cost effective 

fabrication via a roll-to roll process. 

 

5.1.1 Spin coated PEDOT:PSS electrodes 

The conductivity of PEDOT:PSS thin films was enhanced by the use of two different 

DMSO treatments, with a similar improvement in Rsheet seen for both methods.  

Several different characterisation techniques were used to allow further insight into 

the effect DMSO had on the PEDOT:PSS electrode.  Immersing PEDOT:PSS films 

in DMSO removed excess PSS from the near surface region of the film leading to a 

more homogeneous and conductive surface.  Adding DMSO to the PEDOT:PSS 

solution is thought to result in the PEDOT and PSS rearranging into a more 

favourable conformation.   

A well characterised photoactive system, P3HT:PCBM BHJ, was then used to study 

the effect both treatments had on the resulting OPV device performance.  OPV 

devices using PEDOT:PSSIMM electrodes slightly out performed those using 

PEDOT:PSSADD electrodes mainly due to an increased Jsc.  This promising device 

performance for DMSO treated PEDOT:PSS, electrodes combined with their lower 

cost, indicate the possibility of using PEDOT:PSS as an alternative TCE in roll-to-

roll processed OPV devices.  It also highlighted that small differences in the 
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electrode surface may make certain treatments more favourable than others for 

different photoactive systems.  

   

5.1.2 Spray deposited PEDOT:PSS electrodes 

PEDOT:PSSADD electrodes were then used to compare two different solution 

processing techniques.  PEDOT:PSSADD electrodes were chosen due to the ease and 

speed at which they could be fabricated.  Spray deposited PEDOT:PSS electrodes 

had a significantly higher surface roughness than spin coated electrodes, however a 

similar distribution in topographical current distribution was seen.  This indicated a 

similar distribution of PEDOT and PSS on the electrode surface.   

Spray deposited PEDOT:PSSADD electrodes in CuPc/C60 bilayer devices produced a 

comparable PCE to those utilising a spin coated electrode, even with the increased 

surface roughness.  A reasonable PCE was also obtained when compared to devices 

using an ITO electrode.  The transparency and Rsheet of the spray deposited 

PEDOT:PSSADD electrodes could be easily tailored, which directly influenced the 

device parameters.  This emphasises the potential for spray deposition as a low-cost 

method for rapid fabrication of PEDOT:PSSADD electrodes.       

  

5.1.3 PEDOT:PSS electrodes in larger active area devices 

Next, both spin coated and spray deposited PEDOT:PSSADD electrodes were used in 

SubPc/C60 bilayer devices with an increased active area.  For both ITO and (spin 

coated and spray deposited) PEDOT:PSSADD electrodes increasing the active area 
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resulted in an increase in Rs, and therefore a decrease in PCE.  The lower Rsheet of the 

PEDOT:PSS electrodes led to these being more affected by the increase in active 

area than the ITO electrodes.  Again, spray deposition proved to be a useful 

deposition technique where the film characteristics were easily tailored, highlighting 

its potential application in large area inexpensive OPV device fabrication.     
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5.2 P3HT:PCBM device processing conditions 

Chapter 4 looked at some of the processing conditions involved in fabricating 

P3HT:PCBM devices.  The ability to fabricate layers in air, including the 

photoactive layer, would be a significant advantage as this would help decrease 

manufacturing costs.  The use of non-halogenated solvents would lower costs further 

as expensive disposal methods are not required.  Additionally, the health and 

environmental implications of non-halogenated solvents are less severe. 

 

5.2.1 Air processing 

The P3HT:PCBM photoactive layer, spin coated on to ITO, was entirely fabricated 

in air, including the drying and annealing steps.  This resulted in poor device 

performance which was probably a result of oxygen diffusing into the photoactive 

layer resulting in oxygen trap sites.  Moving the annealing stage into an inert 

atmosphere considerably increased the device performance, as did allowing the 

photoactive layer to dry slowly.  Spin coating the photoactive layer in air, slow 

drying in air before transferring the film into a N2 filled glovebox followed by 

annealing under N2 resulted in devices with a comparable efficiency to those where 

the photoactive layer was fabricated entirely under N2.  These processing conditions 

were also applicable to P3HT:PCBM devices using PEDOT:PSSADD and 

PEDOT:PSSIMM electrodes.  This suggests it could be possible to combine the 

electrode and photoactive layer in a roll-to-roll process under an ambient 

atmosphere.  The optimised air processed method for P3HT:PCBM photoactive layer 

deposition was then used for the rest of the chapter. 
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5.2.2 Device architecture 

Processing the photoactive layer in air also requires careful interfacial layer 

selection.  The performance of devices utilising a regular architecture was severely 

hampered when P3HT:PCBM was spin coated on to a MoOx electron extracting 

layer in air.  This was possibly a result of adsorption of contaminants which reduced 

charge transport. 

An inverted device architecture is thought to be more applicable for a roll-to-roll 

process as it should be possible to solution process all layers, including the top 

electrode.  A ZnO layer, spin coated in air, was used as the electron extracting layer 

and the P3HT:PCBM photoactive layer was also subsequently spin coated in air.  

MoOx was used as the hole extracting layer and was not exposed to air.  The 

resulting devices gave a high PCE.  This emphasised the importance of choosing an 

appropriate interfacial layer when fabricating devices under an ambient atmosphere.        

      

5.2.3 Non-halogenated solvents 

Although halogenated solvents result in high efficiency devices, they are not 

considered environmentally friendly and are not suitable for use in a mass production 

process.  P3HT:PCBM photoactive layers spin cast out of toluene had a much higher 

surface roughness than those cast from DCB and devices had a lower PCE.  This was 

attributed to the lower solubility of PCBM in toluene.  This was thought to cause a 

larger phase segregation and a change in the transport properties of the 

P3HT:PCBMTol films. 
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A small amount of 1-methylnaphthalene (1 vol-%, 3 vol-% and 5 vol-%) was 

combined with the primary toluene solvent to try and improve the PCBM solubility.  

Again, all P3HT:PCBMTolMeN films had a higher surface roughness than those spin 

cast out of DCB.  The performance for P3HT:PCBMTolMeN devices was quite poor 

and non-ideal J-V characteristics were observed which were not seen for 

P3HT:PCBMTol devices.  This is possibly due to the addition of 1-methylnaphthalene 

changing the vertical phase distribution of the P3HT and PCBM.  If a greater amount 

of PCBM is found at the ITO/PEDOT:PSSHTL interface there could be a larger 

barrier for hole extraction.   

Non-halogenated solvents were then compared to DCB in an inverted architecture 

using ZnO and MoOx as the electron and hole extracting layer respectively.  Since 

the addition of a small amount of 1-methylnaphthalene to the toluene solution did 

not appear to improve the solubility, a larger amount (30 vol-%) was tried.  Both 

P3HT:PCBMTol and P3HT:PCBMTolMeN30% devices obtained a comparable PCE to 

devices spin cast from DCB.  This highlighted that processing OPV devices in an 

ambient atmosphere and from more environmentally solvents can obtain comparable 

efficiency to those using halogenated solvents.  However, careful consideration is 

needed for each fabrication step, as well as the use of appropriate interlayers and 

device architecture. 

In a further step towards fabricating the entire OPV device from solution under 

ambient atmosphere, the MoOx hole extracting layer was replaced with a 

PEDOT:PSSSolar hole transporting layer.  Devices utilising the PEDOT:PSSSolar layer 

displayed a promising device performance, which with further optimisation of the 

layer could be improved.                
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5.3 Future work 

The work in this thesis presents an additional step towards fully solution processed 

OPV devices.  In order for OPV devices to reach their full potential further efforts 

investigating alternative low-cost materials and processing conditions needs to be 

continued. 

The majority of the material cost of an OPV device is largely attributed to the ITO 

electrode.  In order to reduce the cost alternative materials have been considered in 

recent years.  The work presented in Chapter 3 emphasises the viability of using 

PEDOT:PSS as a replacement with both PEDOT:PSSADD and PEDOT:PSSIMM 

electrodes displaying promising device performance.  The main difference in device 

performance was due to an increased Jsc for PEDOT:PSSIMM electrodes.  The use of 

secondary Ion Mass Spectrometry (SIMS) could potentially be a useful technique to 

study any change in phase segregation of the P3HT:PCBM photoactive layer.  

Although PEDOT:PSS electrodes were seen to result in  reasonable overall device 

performance, the PCE decreased with increasing active area. Combining a 

PEDOT:PSS electrode with a metal grid could be a way to reduce the increase in Rs.   

A methodology for processing the P3HT:PCBM photoactive layer in air was 

developed in Chapter 4.  This chapter also highlighted that non-halogenated 

solvents can be used to spin cast inverted P3HT:PCBM devices with comparable 

device performance to those using DCB.   These both have the potential to further 

lower the processing costs of OPV devices.  A natural step to advance this work 

further would be to combine the use of PEDOT:PSS as an electrode in inverted 

devices using non-halogenated solvents.  Spray depositing each layer simultaneously 
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onto multiple substrates would additionally decrease manufacturing time.  With 

some further considerations the ultimate aim of producing low-cost, environmentally 

friendly, flexible OPV devices that can be fabricated under an ambient atmosphere 

using a roll-to-roll process could be achievable.  
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