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Abstract 
 

Endeavours to provide safe, clean and renewable energy have sustained 

considerable interest in photovoltaic (PV) technologies. The potential to harvest 

and harness solar energy, with an abundance of available materials, has spurred on 

the research in the fabrication and characterisation of organic photovoltaic (OPV) 

devices. Given their solution processability, OPV devices bear the promise of a 

large scale cost effective production process. Furthermore, the potential of 

producing lightweight and flexible energy sources broadens the range of 

applications of these devices.  

However, many challenges still remain in as far as the envisaged widespread usage 

of OPVs is concerned. Performance related inadequacies based on poor power 

conversion efficiencies (PCEs) and environmental stability, have thus far prevented 

the full commercialisation of organic solar cells. This scenario has necessitated the 

collation of a clearer understanding of the physics underpinning the fabrication and 

the operation of these devices. 

  

In this work, molecular engineering mechanisms of organic photoactive layers 

where different parameters including the choice of materials and their mass ratios 

were investigated. The working principles of fabricated polymer:fullerene bulk 

heterojunction (BHJ) devices were studied to deepen our understanding of the 

physics of organic solar cells. Three different approaches were selected for this 

purpose viz. the fabrication and opto-electrical characterisation of (i) 

P3HT:PC71BM devices, (ii) ternary devices based on the 

donor:acceptor1:acceptor2 configuration i.e. P3HT:PC61BM:PC71BM and (iii) 

P3HT:PC61BM devices with nitrogen-doped multi walled carbon nanotubes (N-

MWCNTs) added in the photoactive layer. These photoactive blends completed a 

working OPV device by being sandwiched between a transparent conducting oxide 

(ITO) – the anode and aluminium (Al) –the cathode.  

  

The optimisation of device fabrication processes, was key to the efficient operation 

of devices. Optical absorption and current-voltage measurements provided the 
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bedrock on which this work was carried out. PCEs, with their dependence on the 

morphology and charge carrier transport dynamics of devices, were not only 

extracted from the J – V experimental data but were also compared to establish best 

performing devices. This was done by establishing current limiting mechanisms in  

devices where interface potential barriers were compared using the Fowler-

Nordheim (FN) and the Richardson-Schottky (RS) emission models and with bulk 

transport properties estimated from space charge limited current (SCLC) models. 

Noting that recombination processes are a major contributor to the reduction in 

generated photocurrents leading to lower PCEs, the physics of charge carrier 

recombination was studied by focussing on the dependencies of the FF, Voc and Jsc 

on incident light intensity.  

 

The study on P3HT:PC71BM devices focussed on the identification of the optimum 

mass ratio between the electron donor material (P3HT) and the electron acceptor 

material (PC71BM). Additionally, kinetic and energetic properties of the optimised 

blend were probed. The best PCE was measured for the 1:0.8 blend and kinetically 

and energetically, for the device annealed at 50 οC for 10 minutes. The ternary blend 

that gave the highest PCE was of the form P3HT:PC61BM:PC71BM ≡ 1:0.4:0.6.  

The study on the inclusion of N-MWCNTs in to the photoactive layer of 

P3HT:PC61BM did not yield the expected increase in the PCE. Instead, it 

highlighted the importance of a thorough, appropriate and effective preparation of 

CNTs for their inclusion in OPV devices.   
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Chapter 1 

Introduction 

1.1 Energy overview 

The ever increasing global energy demand continues to place tremendous strain on 

the predominant primary sources of energy i.e. the dwindling fossil fuel based 

energy sources. The International Energy Agency’s World Energy Outlook 2019 

report has shown, amongst other things, that the burning of fossil fuels such as coal, 

gas and oil accounted for about 81% of the world energy supply in 2018 [1]. It is 

this burning of fossil fuels that is primarily responsible for the release of harmful 

and toxic gases which contribute to the degradation of the environment through 

climate change effects. Furthermore, it is of concern that, in 2018, about 860 million 

people were still without access to electricity [2], thereby placing an additional 

burden on the already threatened world flora as a result of cutting down of trees to 

provide wood for energy needs. The twin effects of decreasing fossil fuel reserves 

and negative environmental effects, make alternative renewable energy sources 

desirable if not necessary.  However, locally the situation replicates the global 

scenario. Evidence adduced from Figures 1.1 and 1.2 illustrates that renewable 

energy systems have not gained sufficient traction to effectively address the 

concerns raised by the usage of fossil fuels as primary energy sources.  

 

 

 

  

 

 

Figure 1.1: World energy 

consumption – 2017 [3]  

Figure 1.2: South Africa - 2017 

energy consumption [4] 
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Renewable energy sources include solar, wind, hydro, geothermal and 

biomass/biogas based energies. Among these alternatives, solar energy stands out 

as the suitable candidate due to its high potential and sustainable availability 

(limitless). The average annual solar energy input on Earth by far exceeds the 

world’s average annual energy consumption [5]. With regards to solar energy, the 

sun’s energy can be tapped in either a passive or active manner. The difference 

being the usage of the sun’s heat energy or its radiation (irradiance) that is then 

converted to electricity. Active solar technologies are those that are based on 

thermal collectors and photovoltaic (PV) devices. 

The technology of employing photovoltaic (PV) materials in the harnessing of 

sunlight for conversion into electrical energy gained prominence in the mid-1950s 

when it was discovered that silicon created an electric charge when exposed to 

sunlight [6]. The widespread usage of photovoltaic systems has not been adequately 

realised in that commercial photovoltaic systems, which are made of inorganic 

materials, primarily silicon, have high manufacturing costs. The challenge therefore 

remains to develop technologies that make the photoconversion processes of 

sunlight into electricity easy to carry out, highly efficient and exceedingly cost 

effective. The global PV power potential shown in Figure 1.3 places South Africa 

at an advantage with respect to solar insolation endowment and this should provide 

the necessary impetus for the research and development of PV technological 

systems. 

 

Figure 1.3: Global PV power potential [7]. 
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1.2 Development of photovoltaics devices 

 

Conventionally, photovoltaics devices (solar cells) have been categorised into three, 

time or sequence dependent, generations indicating the order of which a particular 

generation became prominent [8]. Lately, a fourth generation has been suggested, 

the details of which will be explained after a brief discussion on the conventional 

three generations. It should be noted though that in many instances the descriptions 

that are classified as fourth generation are still referred to as third generation in 

many texts. All these generations, briefly summarised below, have their own pros 

and cons. 

 

1.2.1 First Generation 

  
First generation (1G) solar cells are single junction, large-scale solar cells based on 

silicon technology. These solar cells were manufactured using monocrystalline 

(mono c-Si), polycrystalline (poly c-Si) or amorphous silicon. These types of solar 

cell account for about 80% of the photovoltaics market [9]. They have high power 

conversion efficiencies that are approaching the theoretical, Shockley–Queisser 

based, limit of 33%. State of the art devices are exhibiting efficiencies of about 26% 

[10]. The high manufacturing costs that used to be associated with the processing 

of silicon have seen a dramatic reduction. However, further cost reductions are held 

back by the challenge to reduce the thickness of c-Si but retaining crystallinity at 

the same time [11].   

 

1.2.2 Second Generation 

 

With the cost factors identified in relation to the 1G solar cells identified as 

obstacles to optimal photovoltaic commercialisation, research and development 

efforts were then directed at different technologies to find a remedy.  This resulted 

in the development of second generation (2G) solar cells that were based on the thin 

film technology. These 2G solar cells had light absorbing layers in the order of 

about 1 μm as opposed to the 1G solar cells which had light absorbing layers of up 

to 350 μm [12]. The manufacturing of 2G solar cells could also be done quickly and 
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easily at temperatures lower than those associated with 1G solar cells. The 

requirement of thinner films meant that less material was required for fabrication 

thereby reducing costs even further. Prevalent amongst the 2G solar cells have been 

cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) with power 

conversion efficiencies of about 21% and amorphous silicon clocking in at about 

10%  [10].   These thin film solar cells have lower production costs coupled with 

good efficiencies. However, they have some drawbacks. Chief amongst these are 

the scarcity and high cost of indium and the toxicity associated with cadmium [9]. 

The accumulation of cadmium (heavy metal) in human bodies, animals and plants 

portends adverse effects, making it undesirable for widespread usage [13 – 14]. 

 

1.2.3 Third Generation 

 

The inadequacy of the 2G solar cells in addressing the shortcomings of the 1G type 

meant that there was further room for innovation and development. The driving 

force in this development has been further reduction in manufacturing and 

commercialisation costs, the realisation of higher power conversion efficiencies and 

a wider spread of photovoltaic applications. 

Third generation (3G) solar cells are different from the other two generations as 

they do not rely on the p-n junction design for the separation of photogenerated 

charge carriers. This 3G approach is a thin film solar cell technology that uses 

conductive polymers, small molecules and organic materials for light absorption, 

charge separation and charge transport. Varieties of solar cells that are included in 

this category are:- nanocrystalline solar cells, photo-electrochemical (PEC) cells 

such as Gräetzel Cells or dye-sensitized solar cells (DSSCs), hybrid solar cells, 

organic or polymer solar cells (planar heterojunction, bulk heterojunction and 

ternary), Perovskite solar cells and multi-junction cells. These solar cells are, in 

general, solution processable, thin film based and offer an excellent potential for 

large-scale electricity generation. Environmental or operational stability and power 

conversion efficiencies of 3G vary according to solar cell type. For example, dye-

sensitized solar cells and organic solar cells have reported PCEs of above 11% 

whereas perovskites have surpassed the 20% mark [10]. With regards to organic 
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solar cells, low material and processing costs can be seen as a counter to 

unfavourable PCEs [15]. 

 

1.2.4 Fourth Generation 

  
The fourth generation (4G) photovoltaic technology has been developed with the aim 

of improving opto-electrical properties of low cost thin film photovoltaics. The 

enhancement of charge transport [16] and an improvement in the optical coupling [17] 

are to be achieved through the inexpensive solution based fabrication process. The 

fabrication in this 4G approach is geared towards producing hybrid organic-inorganic 

photovoltaic devices by incorporating inorganic nanostructures into organic device 

architectures. These inorganic components have the potential to improve the harvesting 

of solar energy, the dissociation of charges and the transportation of charge carriers 

within the photovoltaic device. Given the challenges associated with lifetimes of some 

of the 3G solar cells, it has also been found that the incorporation of some inorganic 

nanostructures contributes to their stability and lifetime [18]. 

 

1.3 Motivation for Organic Photovoltaic (OPV) research 

 

In section 1.1 a general overview on the world energy status was given and therein 

the drive towards the search for low cost, high efficiency PV devices with 

reasonable life expectancy was highlighted in an effort to mitigate growing energy 

challenges. We pay particular attention to the research in solar energy as an integral 

part of the renewable and clean energy initiatives. Our focus is specifically on the 

research and development of organic photovoltaics as an energy source.   

Organic materials, unlimited in their availability, hold the promise towards the 

development of an economically viable, large-scale energy source that is safe for 

the environment. The OPV technology is based on the physics of organic 

semiconductors. Organic semiconductors afford a less expensive alternative to 

inorganic semiconductor technology. They offer band gap tunability and have very 

high optical absorption coefficients making them ideal for thin film solar cells, 

thereby requiring small amounts of materials for fabricating devices. They are 



6 
 

processable over large areas at low temperatures, and they provide possibilities of 

fabricating light and flexible devices through processes such as vacuum deposition, 

stamping, solution casting and ink-jet printing. Well established printing techniques 

based on the roll-to roll process can be employed in fabricating devices at a very 

high throughput [19 – 20].  

Thus far, the major factor that drives research in organic photovoltaics (OPVs) is 

the favourable production cost of versatile organic active layers, particularly when 

compared to inorganic semiconductor based photovoltaic devices. However, the 

attractiveness of any PV device for commercialisation purposes is reviewed against 

the backdrop of three factors viz. cost, efficiency and lifetime [21]. The relationship 

between these factors and the organic PV versus inorganic PV (IPV) is elucidated 

in the so-called Brabec triangle shown in Figure 1.4. It is instructive to note that 

indicated thereon is the fact that organic photovoltaics have lower power conversion 

efficiencies and shorter lifetimes as compared to inorganic photovoltaics making 

them suitable for consumer electronics. 

The power conversion efficiency is the ratio of the output power to the input power 

(more detail in Chapter 2). The comparison of solar cell efficiencies in Figure 1.5 

clearly indicates the status of OPVs in as far as their efficiency roadmap is 

concerned. The upward trend in the curve relays a promising message that further 

development can be and should be maintained.  

 

Figure 1.4: Brabec triangle with OPVs in blue and inorganic PVs in green. IPVs 

are seen to be dominating efficiency and stability concerns whereas 

OPVs dominate concerns related to production costs [22]. 
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With regards to lifetimes of OPVs, the process to accurately determine their lifetime 

improvements is still a major challenge. Coordinated efforts through platforms such 

as the International Summit on Stability of Organic and Perovskite Solar Cells 

(ISOS) continue to shape baselines, benchmarks and standards in as far as gauging 

the stability and lifetime of OPVs is concerned. 

It is a commonly held view that operational stability of up to 5 years is a reasonable 

basis for lifetime determination of organic solar cells, especially for domestic based 

electronic appliances and consumer electronics [23, 24]. However, it should be 

noted that, on a comparative scale, OPVs have relatively poor lifetimes especially 

when held up against silicon-based inorganic PVs. For example, on a T80 standard, 

where manufacturers offer a 25 year warranty for crystalline silicon solar cells, it 

means that the power output should not be less than 80% of rated power after 25 

years of operation. On the other hand, large scale OPV modules operating outdoors 

have been reported to be having lifetimes of about 2 years [24]. This highlights one 

of the obstacles towards widespread outdoor usage that OPVs have encountered, 

given that at current power conversion efficiencies, lifetimes of about 5 years are 

needed to successfully bring OPVs into the market as competitive photovoltaic 

products [25]. 

 

Figure 1.5: Overview of highest efficiencies in different PV technologies [26] 



8 
 

In relation to the three factors, as indicated in the Brabec triangle, that are pivotal 

in the development of OPV technologies, this project will focus on the power 

conversion efficiencies of OPV devices and this will be done by studying the 

fabrication and performance of a variety of solution processed polymer:fullerene 

solar cells. 

 

1.4 Aim and objectives 

 

1.4.1 Aim 

The aim of this project is to gain a deeper understanding and to add to the 

knowledge base of the fabrication regimes of solution processed polymer:fullerene 

bulk heterojunction photovoltaic devices under ambient conditions with a particular 

focus on related power conversion efficiencies. Electrical and optical behaviour of 

fabricated devices is systematically characterised to establish whether materials that 

make up the devices and their configuration, enhance or degrade their performance. 

 

1.4.2 Objectives 

 

 To benchmark and streamline the solution-based fabrication processes of 

polymer:fullerene bulkheterojunction photovoltaic devices under ambient 

conditions.  

 To fabricate P3HT:PC71BM bulkheterojunction photovoltaic devices and to 

establish the effect of the variation of the fullerene derivative mass ratio on 

their optical and electrical characteristics. 

 To gauge the power conversion efficiencies of fabricated ternary bulk 

heterojunction organic photovoltaic devices based on the 

donor:acceptor1:acceptor2 active layer configuration through the 

determination of the optimum relative ‘acceptor’ ratios for a constant donor 

content and to characterise related electro-optical absorption properties.   

 To investigate the feasibility and effectiveness of incorporating varying 

concentrations of nitrogen-doped multi-walled carbon nanotubes (N-

MWCNTs) in the active layers of fabricated polymer:fullerene devices and 
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to describe resultant photovoltaic performances of these devices by 

determining the effects of such concentrations on key figures of merit. 

 

1.5 Thesis outline 

 

Chapter 1 provides a general view on the global energy scenario. The chapter 

also outlines the motivation, aims and objectives of this thesis. 

Chapter 2 presents the theoretical framework of this research work. The 

chapter reviews the semiconductor theory by focussing on the 

physics of organic semiconductors. The electronic band structure 

also forms the basis of the elucidation on the working mechanism of 

an OPV device. Key performance parameters of OPV devices and 

charge carrier dynamics are explained by summarising related J – V 

characteristics. 

Chapter 3 discusses the materials used and the method followed in the 

fabrication of a typical BHJ OPV device. Any unique additive to this 

generic device will be dealt with in the chapter concerned. 

Chapters 4 – 6: These chapters are based on the fabrication of different 

architectures of BHJ OPV devices. The chapters give an 

account of the study of what is considered the most important 

figure of merit in describing the performance of solar cells 

i.e. the power conversion efficiency (PCE). The PCE of these 

devices is studied against the backdrop of extensive optical 

and electrical characterisation. Device dependent J – V 

characteristics are established and linked to performance 

determining parameters such as the short-circuit current 

density (Jsc), the open-circuit voltage (Voc) and the fill factor 

(FF). Furthermore, J – V measurements, in the dark and 

under illumination are discussed in the description of charge 

carrier dynamics. Light intensity analysis is carried out to 

describe dominant recombination mechanisms under short 
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and open circuit conditions. Fowler-Nordheim (FN) field 

emission, Richardson-Schottky thermionic emission and 

space charge limited current (SCLC) models are made use of 

in the description of charge injection and bulk charge 

transport in different BHJ OPV devices.  

Chapter 4 describes the search for the optimum mass ratio of the BHJ 

P3HT:PC71BM photovoltaic devices by varying the mass of 

PC71BM. 

Chapter 5 reports on the fabrication of ternary BHJ OPV devices using 

P3HT:PC61BM:PC71BM as the active layer blend. The best 

performing device is identified by varying the PC61BM:PC71BM 

ratio. 

Chapter 6 gives an account of the photovoltaic performance with different 

mass loadings of N-MWCNTs in the P3HT:PC61BM based BHJ 

OPV devices. 

Chapter 7 gives a general summary and concludes the thesis. Possible 

recommendations emanating of this work are also given. 
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Chapter 2 

Theoretical aspects 

2.1  Overview of organic semiconductors 

 

The ability to conduct electricity is the basis upon which materials are classified as 

conductors, semiconductors or insulators. Typical insulators have high electrical 

resistivity values that are in the order of 131 10  Ω.m and conductors have very low 

electrical resistivities of about 61 10  Ω.m. Semiconductors, which are neither 

good insulators nor good conductors have intermediate resistivity values. However, 

with doping strategies, the resistivity can be tuned for electronic applications.  

Semiconductors can thus be classified broadly into two, namely inorganic and 

organic semiconductors. A difference between these types of semiconductors that 

can be highlighted is in electron transport, for which organic semiconductors, more 

often than not, exhibit localised charge transport or phonon assisted variable range 

hopping (VRH). Organic semiconductors are organic materials that exhibit 

semiconducting properties with strongly bound excitons (Frenkel) due to their low 

dielectric constant. These materials are generally categorised into two major 

classes, i.e. polymers and small molecules [1]. Polymers, sometimes referred to as 

macromolecules, are molecules that are made up of monomers or repeating 

structural units and are usually very large in size. A typical, often referred to 

example of a polymer is Polyacetylene, the simplest linear synthetic polymer 

(Figure 2.1). A characteristic feature of organic semiconductors is the presence of 

conjugation in their structures. Conjugation refers to the alternating single and 

double bonds between adjacent carbon atoms as can be seen in Figure 2.1. 
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Figure 2.1: A segment of polyacetylene showing conjugation [2]. 

 

The configuration of electrons of atomic carbon in the ground state is represented 

as {1s22s22p2}, meaning that four electrons occupy the 2s and 2p valence orbitals 

whereupon these can accommodate a maximum of 8 electrons or octet stability. The 

mechanism of hybridization in the carbon atom leads to the following three possible 

scenarios: 

 sp hybridization: in this case only the 2s and one of the 2p orbitals hybridize 

to form two sp orbitals that form an angle of 180 with each other. The 

remaining 2p orbitals are oriented in a plane that is orthogonal to these 

hybridized orbitals. The formation of a triple bond can then be realised 

through the sp orbital forming a σ – bond with the remaining two 2p orbitals 

forming π – bonds. 

 sp2 hybridization: consider each carbon, one 2s orbital and two 2p orbitals 

hybridize to form three sp2 orbitals that are aligned in a trigonal planar 

structure having and angle of 120ο between the three orbitals with the 

remaining 2p in an orthogonal plane. The carbon atoms exhibit a double 

bond when they bond in this manner. The sp2 orbitals form σ – bonds while 

the remaining 2p orbitals overlap and lead to the creation of weaker π – 

bonds. This type of hybridization is demonstrated much clearer by using 

ethene as an example in Figure 2.2. 

 sp3 hybridization: the 2s and the three 2p orbitals form sp3 hybrid orbitals 

with four  σ – bonds around each carbon atom configured at angles of 109.5  

which can be seen as pointing at vertices of a regular tetrahedron.  
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Figure 2.2: Ethene Lewis structure including the sp2 hybridized orbital 

structure. (a) Double bonded carbon atoms with overlapping σ – 

orbitals and interacting π – orbitals. (b) Delocalised π – electrons. 

(c) Overview of complete orbital structure of ethane [3]. 

All organic semiconductors owe their electrical properties to conjugated π – 

electrons. The closeness of π – bonds in conjugated systems means that their wave 

functions overlap and π - electrons can hop along the conjugation path. This 

overlapping of π - orbitals is analogous to the band structure of inorganic 

semiconductors that is characterised by two energy levels that are separated by a 

region of forbidden energies, namely the conduction and the valence band. When it 

comes to conjugated systems, Peierls instability leads to the formation of two 

delocalised energy bands, the bonding (π) and the antibonding (π*) orbitals, which 

are also known as the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) respectively [4]. These energy bands are 

separated by a gap of about one to three electron volts, right in the range of 

semiconductors with all their related properties. These include, light absorption or 

luminescence in the visible, near infrared or near ultraviolet range of the 

electromagnetic spectrum [5]. The properties of these materials have made them 

attractive for applications in optoelectronic devices such as field effect transistors 

(FETs) [6, 7], light emitting diodes (LEDs) [8, 9] and solar cells [10, 11].  
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2.2  The bulk heterojunction (BHJ) OPV concept 

 

The description of the BHJ concept, which will be given in this section, will be 

preceded by a brief overview of the photovoltaic phenomenon. In order to provide 

a basis to the discussion in the results chapters, we shall focus our discussion on the 

working principles of organic solar cells. 

In semiconductors, incident light absorption by charge carriers i.e. electrons and 

holes leads to the generation of photocurrent. As a general description, a 

photovoltaic cell is a semiconductor diode that is designed to separate and collect 

charge carriers and ultimately conduct the generated photocurrent in a specific 

direction (in an asymmetric manner) [12].  

An organic photovoltaic (OPV) cell consists of a photoactive region that is 

sandwiched between two electrodes with different workfunctions i.e. electrodes 

with dissimilar energy differences between their respective Fermi levels and 

vacuum levels. One of the electrodes has to be transparent to allow incoming light 

to reach the photoactive region. Charge carriers, such as electrons and holes, 

generated initially as Coulombically bound electron-hole pairs (excitons) in the 

photoactive region under the influence of incident light, are separated and collected 

at both electrodes. In this way, photons are converted into electricity. 

Whereas p – n heterostructures are characteristic of inorganic semiconductor 

electronic and optoelectronic devices, the physics governing the operation of OPV 

devices is based on the utilisation of electronically dissimilar materials in the 

photoactive region. The photoactive region in OPV devices generally contains two 

components or materials with different electronic levels i.e. different lowest 

unoccupied molecular orbit (LUMO) and highest occupied molecular orbit 

(HOMO) levels. One is an electron-donating material (the donor with active 

electronic transitions in the LUMO) and the other one an electron-accepting 

material (the acceptor, hole transitions in the HOMO).  Conjugated polymers, due 

to their strong photo-absorption qualities, have been prominent materials of choice 

to act as electron donors in OPV devices. Whilst on the other hand, fullerenes or 

fullerene derivatives, with their high electron affinities, are commonly used as 

electron acceptors. 
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When photons strike the absorber material, commonly the donor material, it excites 

electrons into its LUMO, thereby creating strongly bound electron-hole pairs called 

Frenkel excitons. These strongly bound excitons have to overcome their binding 

energies (typically 0.5 – 1.0 eV) to dissociate into free charge carriers, failure to 

which recombination will take place resulting in loss of photocurrent. 

 

To harness this solar energy, a model was reported in 1959, where anthracene, an 

organic material was sandwiched between two electrodes of different 

workfunctions, as illustrated in Figure 2.3, to create a single layer OPV device [13]. 

This single junction device exhibited very high charge recombination since the 

exciton creation and dissociation were taking place in the same material. As a result 

very low, much less than 1%, power conversion efficiencies were realised. 

 

Cathode 

Organic material 

Anode 

 

Figure 2.3: A schematic of a single layer OPV device. 

 

Our consideration of organic solar cells that began to breach the 1% PCE mark 

makes it necessary, at this point, that we distinguish two main types of organic 

heterojunctions i.e. the planar bilayer heterojunctions and the three dimensional 

bulk heterojunctions (Figure 2.4) that were introduced sequentially, in order to 

address the shortcomings of the single layer device. 
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Figure 2.4: Typical donor:acceptor OPV heterojunction structures showing a) 

the planar bilayer heterojunction OPV structure and b) the bulk 

heterojunction structure [14]. 

 

Noting that once excitons are generated, the electron – hole pair needs to be 

separated before recombination, C.W. Tang [15] fabricated the first OPV devices 

based on a bilayer heterojunction structure. Two electronically different organic 

semiconductors namely copper phthalocyanine and perylene derivative (CuPc:PV) 

were sandwiched between two dissimilar electrodes. This new device configuration 

surpassed the 1% PCE mark. The creation of the donor:acceptor photoactive region 

meant that two materials with different electron affinities created an energy offset 

at their interface. This offset provided the driving force for excitons to dissociate 

into free charge carriers. The dissociation into free carriers at the donor:acceptor 

interface requires the diffusion of the excitons to the donor:acceptor interface. 

However, the diffusion of excitons is governed by finite lifetimes (usually in the 

picosecond time scales) and finite diffusion lengths (10 nm) [16, 17]. So, excitons 

that fail to reach the interface will decay and there will be no free charges to create 

an electrical current. With the requirement of a sufficiently thick photoactive 

region, of about 100 nm, to absorb light efficiently, the diffusion of excitons in the 

bilayer configuration becomes an impediment as a comparatively small fraction of 

excitons tends to be generated within the 10 nm distance from the donor:acceptor 

interface.  
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The absorption versus exciton diffusion conundrum in bilayer OPV devices was 

addressed by the introduction of the bulk heterojunction (BHJ) approach in OPV 

device fabrication. Aided by the property of organic semiconductors that sees them 

being soluble in readily available organic solvents, an intimate mixture of the donor 

and the acceptor materials was formulated as a way of maximising the interface and 

minimising the distance the exciton must travel to reach an interface. Furthermore, 

the blending of donor and acceptor materials into a single photoactive layer 

demonstrated the attractiveness of solution processing of OPV devices. Solution 

processing meant that OPV devices could be fabricated much more easily, with 

higher throughputs. Reports emerged in 1995 of the first solution processed OPV 

device. The photoactive layer of the OPV device was fabricated by blending 

polymers MEH-PPV and cyano-PPV (CN-PPV) as donor and acceptor materials 

and reached external quantum efficiencies up to 6% [18, 19]. This improvement in 

spectral response still produced devices with a power conversion efficiency (PCE) 

of less than 1 %.  Lately, the blending of a polymer such as poly (3-hexylthiophene) 

(P3HT) and a small molecule [6,6]-phenyl C61 butyric acid methyl ester (PCBM) 

or some other C60 derivative, have found common usage as donor and acceptor 

materials respectively.  

  

2.3  Physics of organic photovoltaic devices 

 

In this section, a background on the key processes that govern the working of 

organic solar cells shall be presented. The polymer:fullerene BHJ structure will 

largely form the basis of the descriptions provided. 

 

2.3.1 Light absorption and exciton creation 

 

As seen in previous sections, organic semiconductors have high absorption 

coefficients thereby requiring far less material to absorb light (~100 nm thickness). 

Generally, in polymer:fullerene i.e. (donor:acceptor) OPV devices, most of the 

incident light is absorbed by the donor polymer. Thickness dependent absorption 

coefficients in the order of 105 cm-1 readily characterise light absorption properties 

of these materials. However, most semiconducting polymers have bandgaps too 
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high, more than 2.0 eV (600nm), limiting the possible absorption to about 30%. For 

example, with the Air Mass 1.5 (AM1.5) standard solar spectrum as a reference, the 

electron donor, P3HT, has a coverage of 30% [20]. The optimum bandgap for a PV 

device based on a single light absorbing medium is 1.1 eV. 

The relative absorbances of the donor and acceptor materials, individually and in a 

blend, are compared to the AM1.5 solar spectrum in Figure 2.5. Noting that the 

AM1.5 standard solar spectrum provides the intensity of solar radiation in W/m2 

for each wavelength. 

 

Figure 2.5: Comparison of absorption spectra of the components of the 

photoactive layer with the AM1.5 solar spectrum [21]. 

 

The absorption of incident light of sufficient energy by an organic semiconducting 

material results in an electron being promoted into the LUMO level thus leaving 

behind a hole in the HOMO level. As previously stated, one of the most pronounced 

differences between inorganic and organic materials is their response to 

photoexcitation. Photoexcitation in organic materials does not automatically lead to 

the generation of free charge carriers, instead it leads to Coulombically bound 

electron-hole pairs known as excitons. This comes about as a result of low dielectric 

constants ( 3 4r   ) compared to most inorganic semiconductors ( 10r  ).  
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Whereas Mott–Wannier excitons are generated in inorganic semiconductors with 

binding energies of around 25 meV (300 K), Frenkel excitons with binding energies 

in the 500 meV range are predominantly generated in organic semiconductors. In 

comparison to the latter excitons, the former have larger electron – hole spacings 

that extend over many molecules (delocalized) as shown in Figure 2.6.   

 

 

Figure 2.6: An illustration of the Frenkel and Wannier excitons, with an electron 

in black and a hole in red, showing different spacings [22]. 

 

2.3.2 Exciton diffusion 

 

That which is desirable is that the excitons should reach a dissociation interface 

during their lifetime. Ideally, the diffusion length of the exciton should be equal to 

the thickness of the photoactive layer. These diffusions lengths are typically in the 

order of about 10 nm to preclude recombination [23]. However, for sufficient 

absorption to occur, photoactive layers of about 100 nm are required. To this end, 

the BHJ structure of OPVs aids immensely in the increase of interfacial 

donor:acceptor sites thus minimising the diffusion distances of generated excitons.  

The exciton diffusion length Lexct , 

L Dexct exct exct       (2.1) 
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depends on the exciton lifetime exct which is in the picosecond range and the 

diffusion coefficient exctD  as shown in Equation (2.1). 

It is instructive to reemphasise the desirability of the BHJ structure in the fabrication 

of an organic photovoltaic device as this trades-off the exciton diffusion lengths, 

exciton lifetimes and thicknesses of photoactive layers.  

 

2.3.3 Charge separation 

 

Photogenerated excitons that reach the donor:acceptor interface or defects sites can 

dissociate into free charge carriers i.e. electrons and holes if germinate 

recombination does not take place. In inorganic semiconductors, weakly bound 

Wannier (Mott-Wannier) excitons which exhibit binding energies below Bk T (≈ 25 

meV at room temperature) are easily separated into free charge carriers upon 

illumination. Their typical dielectric constants (r > 10) lead to a screened Coulomb 

potential. On the other hand, electrostatically bound electron-hole pairs known as 

Frenkel excitons are photogenerated in organic photovoltaics. It has already been 

mentioned that strongly bound Frenkel excitons have comparatively low dielectric 

constants ( 3 4r   ) causing strong Coulomb attraction between respective holes 

and electrons [24, 25]. To separate excitons with these high binding energies 

requires fairly large separation between holes and electron. The Coulombic radius 

rc  defines the equalisation between the binding and separation energies. This is 

given as, 

2

4
0r

e
rc

k T
B

 
        (2.2) 

where e is the charge of the free carrier, 0  is the permittivity of free space, r  is 

the dielectric constant of a material, Bk  is the Boltzmann constant and T the 

temperature. Typical rc  values are in the region of about 20 nm. 

The other consideration is the Van der Waals interaction. This weak interaction 

between molecules that results in a small Bohr radius r
B  of the relevant charge 
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carrier. For example, in semiconductors with hydrogen-like wave functions, the 

Bohr radius of the lowest electronic state is [26]  

0

mer r
B m

eff

        (2.3) 

where the first Bohr radius of an electron of the hydrogen is 
0 0.53Ar  , me  is the 

rest mass of the electron and m
eff

is the effective mass of the electron in a 

semiconductor. Looking at Equation (2.3), the Bohr radius will be smaller for a 

lower value of the dielectric constant r and a larger effective mass of an electron. 

A comparison of the two radii, Coulomb and Bohr, can give an indication whether 

excitons of free charge carriers will be formed upon light absorption. That is, if 

r rc B
 , then excitons will be formed. 

In as far as an assessment of energy levels between the donor and the acceptor is 

concerned, charge separation at the donor:acceptor interface can occur if the LUMO 

and HOMO levels of the acceptor (A) and the donor (D), respectively, are 

misaligned (Figure 2.7) such that the charge transfer from the donor to the acceptor 

becomes energetically favourable [27]. Therefore, the probability of effective 

charge separation increases if the energy offset between the LUMOs of the donor 

and acceptor is greater than 0.3 eV. In short, LUMO – LUMO energy offset 

between the donor and the acceptor has to be large enough to facilitate electron (e-

) transfer from the donor to the acceptor upon photoexcitation of the donor – 

acceptor blend and similarly, the HOMO – HOMO energy offset between the donor 

and the acceptor has to be large enough to facilitate hole (h+) transfer from the 

acceptor to the donor.   
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Figure 2.7: Misalignment of the donor and acceptor HOMO – LUMO energy 

levels for charge separation. 

 

2.3.4 Charge transfer and  collection 

 

Separated electrons and holes that reside in the acceptor and donor materials, 

respectively, are driven through the photoactive layer by a built-in field, a drift via 

the external electric field and diffusion based on their concentration. However, after 

separation, the electron and the hole, though residing in two separate materials, are 

still Coulombically bound due to the weak screening of the electric field in organic 

semiconductors. This stage, the intermediate state between the initial exciton and 

the free charge carriers is known as the charge transfer state (CT). The ‘charge 

transfer state exciton’ is made up of the so called polaron hole and polaron electron. 

This is a field and temperature dependent state towards the generation of a 

photocurrent which also influences the fill factor and the short circuit current [28]. 

 

The workfunction mismatch of the anode and cathode materials assures the 

collection of free charge carriers. Furthermore, the workfunctions of the collecting 

electrodes must, ideally, form Ohmic contacts with the HOMO and LUMO levels 

of the photoactive materials. The hole collecting electrode must form an Ohmic 

contact with the HOMO of the donor material whilst the electron collecting 

electrode must form an Ohmic contact with the LUMO of the acceptor material. 

The potential barrier at the electrode/active layer interface should be minimised so 

as not to limit charge collection. A choice of electrodes should therefore take these 

factors into account.  
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2.4  Photovoltaic characteristics of an OPV device 

 

An understanding of the performance of organic photovoltaics necessitates a 

description of the main properties that characterise their photovoltaic properties. 

This will enable an informed experimental and analytical process that can be geared 

towards possible changes and improvements.  

 

2.4.1 The current density - voltage (J – V) plot and the characteristic 

performance figures of merit 

 
An analysis of the performance of an OPV device, or a solar cell in general, requires 

an understanding of its current (I) – voltage (V) characteristics which are determined 

by the measurement of the current density and voltage parameters, both in the dark 

and under illumination. The outcome of the measurement is presented by plotting I 

– V curves or J – V curves as in Figure 2.8 {with IJ
A

 , the current density for 

performance comparability amongst different devices with A being the active area 

of the device}, where the device’s current or current density, J(V) is measured as a 

function of applied voltage. The measurement, in the dark and under illumination, 

of the diode characteristics of the solar cell enables parameters such as the open 

circuit voltage ( ocV ), the short circuit current density ( scJ ), the power conversion 

efficiency (PCE), the fill factor (FF), series resistance ( sR ), shunt resistance ( shR ), 

ideality factors (n), rectification ratios (RR) and charge carrier mobilities (μ) 

amongst many others, to be extracted directly or derived, for performance analysis. 

The analysis of the performance of an organic photovoltaic device usually 

culminates in the main performance evaluation indicator of a solar cell which is 

described by its power conversion efficiency (PCE). The performance of an OPV 

device can be expressed through the measurement of: 

 The open circuit voltage ( ocV ), 

 The short circuit current density ( scJ ), 

 The fill factor (FF). 
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These parameters are however dependent on the types of materials used in the 

fabrication process. This variably means that there is a strong reliance of the 

microstructure of the donor-acceptor components and the general processing 

conditions. 

 

 

Figure 2.8: Typical J - V curves under dark and illumination conditions. Under 

illumination, the maximum power density generated by the cell is 

Pmax = Jmax × Vmax.  The FF is defined as the ratio of the area of the 

green rectangle with respect to the area of the rectangle spanned by 

the black sides. With this ratio less than unity, Pmax also given by Jsc 

× Voc × FF. means that it is always smaller than Jsc × Voc.  

 

 The incident light dependent photovoltaic effect leads to the generation and 

eventual collection of charge carriers thereby setting up a photocurrent in 

an organic solar cell. With the current showing a dependence on the 

illuminated area of the solar cell, it is often practical to consider and make 
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use of the current density J instead of just the current I in order to remove 

this dependence in describing the current generated by the solar cell. 

Readily identified on the J – V curve is the short-circuit current density, Jsc. 

This is the current density when the applied voltage V, is V = 0 presenting 

conditions same as the two electrodes of the cell are being short-circuited. 

At this point, no power produced by the device but this point marks the onset 

of power generation. In devices that are free of current limiting factors i.e. 

ideal devices, the Jsc is the same as the photocurrent density Jph. 

 

 Another point of note on the J – V curve is the point where current density 

J = 0. This marks the open-circuit voltage, Voc. The power being the product 

of current and voltage, is zero at this point but the Voc also marks the 

boundary for voltages at which devices can produce power. In BHJ OPV 

devices, the Voc strongly depends on the energy difference between the 

HOMO of the donor and the LUMO acceptor material. This specifies the 

energy level offset at the D/A interface of the cell as opposed to the HOMO 

– LUMO energy gap of the donor material. It has been found experimentally 

that the Voc values can differ from those determined from the HOMO - 

LUMO difference. The difference in values can, amongst other factors, 

depend on the D/A blend morphology and on the material characteristics of 

electrodes [29].  

 

 The rectangle labelled FF is used to extract the fill factor value of the device. 

The fill factor gives a relative measure of how much power is produced by 

an OPV device. That is, it relates the maximum obtainable power given by 

Vmax and Jmax to the ideal power given by SCJ  and OCV . In other words, it 

defines the working region (operating point) of the solar cell. Ideally, the 

FF should equals to unity but parasitic resistances and effects of 

unfavourable fabrication processes combine to lower its value. The 

consequence of this is that the fill factor can be viewed as a measure of the 

quality of the current – voltage characteristic of the solar cell. The fill factor 

of a solar cell can be determined using the equation: 
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max max

SC OC

J V
FF

J V
         (2.4) 

 
 The power conversion efficiency (PCE) is the most prominent of the 

characteristic performances figure of merit. The PCE relates the power 

output POUT of the device to the power of  incident light PL in the following 

manner: 

OUT max max

L L

P

P P

J V
PCE          (2.5) 

with PL being the incident light power per unit area. From Equation (2.1) 

the PCE can also be written as 

LP

SC OCJ V FF
PCE                     (2.6) 

 

2.4.2 Equivalent circuit diagram (ECD) 

  
A solar cell, considered to be a diode, leads to the model that is based on the 

equivalent circuit diagram in the extraction of its PV characteristics. Let us first 

consider the case of a solar cell based on an ideal diode (Figure 2.9) behaviour in 

order to gain a better perspective of the models involved. In this case, the series 

resistance   0sR   and the shunt resistance  ShR   [30]. These are parasitic 

resistances in a solar cell that dissipate power leading to a decrease in the efficiency 

of a solar cell. An exponential relation based on the Shockley ideal diode equation, 

approximates the dark current DI  as  

 

exp 1D o

qV
I I

nkT

  
   

  
,       (2.7) 

 

with 1 2n  . oI is the reverse dark saturation current, q is the elementary charge, 

V is the applied voltage, n is the ideality factor, k is Boltzmann’s constant and T is 

the temperature. An ideality factor with values approaching 2  2n  , can be 

readily seen at low voltages and these correspond to space charge regions exhibiting 
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behaviour that is dominated by recombination. With higher voltages,  1n 

correlated with recombination that is dominated by diffusion in the quasi -neutral 

regions [31]. Ideality factors with values greater than 2, at low bias voltages, have 

been reported for organic and inorganic solar cells. Typical reasons for these 

observations range from leaks along surface channels, tunnelling effects, 

breakdown by micro-plasmas, etc. 

There has also been a suggestion by Hall [32] that the ideality factor could be less 

than 1 where junctions have saturation currents that are determined by Auger 

recombination. 

 

Figure 2.9: Ideal diode circuit [28] with no series resistance and an infinite 

shunt resistance.  

 

A solar cell under illumination can be supplied with a variable voltage leading to 

the measurements of the current through and the voltage across the cell. The current 

through the illuminated cell varies between 0 and Isc, the short circuit current. The 

Isc being the current that is drawn in the cell if the load is zero. 

This current that flows when the illuminated solar cell is connected to a load is a 

result of a linear combination [33] of two opposing components of the internal 

current. These being, 

 

 The incident induced photogenerated current, IL, due to the generation of 

charge carriers. 

 The diode, or dark current, ID, stemming from the recombination of charge 

carriers, that is external voltage driven. The voltage being the 

photogenerated voltage that is necessary to deliver power to the load. 
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The components of the internal current lead to the measurement of the external 

current I as shown in the expression 

 

L DI I I 
         (2.8) 

 

The current – voltage characteristics of a solar cell under illumination thus become 

 

exp 1L o

qV
I I I

nkT

  
    

  
        (2.9) 

 

At short circuit conditions i.e. at V = 0, the external current reduces to L SCI I I 

i.e. the short circuit current.  

Under open – circuit conditions i.e. when the external current I = 0, the 

photogenerated current is wholly cancelled by the bias current in the dark meaning

L DI I . The related voltage across the positive and negative terminals, the open – 

circuit voltage (Voc) can be determined from Equation (2.9) as, 

  

ln 1B L
oc

o

nk T I
V

q I

 
  

 
                  (2.10) 

 

The usage of equivalent circuit diagrams in modelling solar cell dynamics cannot 

be solely based on idealised situations. In Figure 2.10 an equivalent circuit diagram 

that includes parasitic resistances is presented in furthering the description of the 

electrical behaviour of organic photovoltaic devices.   

 

 

Figure 2.10: Non-ideal diode circuit diagram showing parasitic resistances, Rs 

and Rsh [34]. 
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The dissipation of power in real devices normally occurs through resistances at the 

contacts, through interfaces in the device or through leakage currents within the 

device. This power dissipation is generally ascribed to two parasitic resistances 

namely, the series resistance (Rs) and the shunt (parallel) resistance (Rsh) 

 

The shunt resistance is generally identified with the degree of the leakage of the 

current through the device. This can also take the form of a recombination of charge 

carriers in and around dissociation sites such as the donor:acceptor interface. Rsh 

has also been linked to imperfections during the device fabrication processes 

resulting in the loss of charge carriers through surface defects, charge carrier traps, 

recombination of excitons at the donor:acceptor interface and pinholes in the films. 

The shunt resistance can be obtained from the I – V (or J – V) curve by taking the 

inverse of the slope in the neighbourhood of 0 V. That is,   

 
1

0

sh

V

dI
R

dV





 
  
 

      (2.11) 

 

or    

1

SC

sh

I I

dI
R

dV





 
  
 

      (2.12) 

 

On the other hand, the series resistance is associated with the bulk conductivity of 

a transport medium as well as the contact resistance between respective device 

layers and at the interface of the active layers and electrodes. The conductivity or 

put slightly differently, the mobility of charge carriers, can be affected by space 

charges, traps or barriers. The thickness of the transport medium has also been 

found to have an impact on the magnitude of the series resistance i.e. the thicker the 

transport layer the greater the series resistance. The Rs can also be determined from, 

the I – V (or J – V) curve. This is done by taking the inverse of the slope around I = 

0 as in 

 

1

0

s

I

dI
R

dV





 
  
 

       (2.13) 
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or                                

1

OC

s

V V

dI
R

dV





 
  
 

     (2.14) 

 

Electrical characteristics of a solar cell that are inclusive of power dissipating 

resistances are derived by making use of the non-ideal equivalent circuit diagram 

in conjunction with Kirchhoff’s current and voltage laws. These junction and loop 

rules with reference to Figure 2.10, result in the external current in the circuit being 

simplified as 

 

                       
 

exp 1
S S

L o

sh

q V IR V IR
I I I

nkT R

   
     

   

     (2.15) 

 

Furthermore, Kirchhoff’s current junction and the voltage loop rules, based on the 

circuit in Figure 2.9, can lead to the following relations: 

 

L D shI I I I          (2.16) 

 

   L D sh SI I I R V IR           (2.17) 

 

Equation (2.17) can be re-written as  

 

                   sh S L sh D shI R R I R I R V        (2.18) 

 

Dividing equation (2.18) by shR gives 

 

          1 S
L D

sh sh

R V
I I I

R R

 
    

 
     (2.19) 

 

Equation (2.7), the Shockley ideal diode equation can be substituted for the second 

term on the right hand side of the above equation. However, in the interest of clarity, 

we focus on the factor 1 S

sh

R

R

 
 

 
, on the left hand side of Equation (2.19). As 

opposed to inorganic solar cells where shR can be about 3 orders of magnitude or 
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greater than SR  [35], resulting in 1 S

sh

R

R

 
 

 
being essentially 1, the situation is very 

different in organic solar cells. Organic solar cells very often exhibit high series 

resistances with relatively smaller shunt resistances. This means that 1 S

sh

R

R

 
 

 

yields values greater than 1. We propose that the term 1 S

sh

R

R

 
 

 
, with its direct 

influence on the measured current in the external circuit, indicates the degree of 

recombination in an organic photovoltaic device.   

 

2.5  Charge carrier dynamics in OPV devices 

 

A better characterisation of the performance of organic photovoltaic devices, 

requires a deeper understanding of how electrical charges travel through a device 

and how they are affected by parameters such as applied voltages. A much more 

detailed analysis should include other factors such as morphological effects, 

however these fall beyond the scope of this thesis. 

Organic materials, characterised by structural disorder at a nanoscale level where 

adjacent molecules couple to each other via weak Van der Waals forces, display a 

low transfer of charge carriers between molecules as a result of little orbital overlap. 

The π – electron delocalisation along the carbon - carbon bonds leads to a charge 

transport in which an electron hops from one π – system to the next [36], in ‘band 

transport-like’ conduction along the polymer backbone or tunnelling between 

conducting materials [37]. This form of transport can be phonon assisted through 

enhancement of the degree of overlap of the pi electron wave functions.    

A number of approaches have been followed over time, to determine the mobility 

of charge carriers in organic materials. It has been found that experimental methods 

and conditions have a direct impact on the results since mobility depends on a 

variety of parameters. With this understanding, it can be concluded that different 

measurement methods will present advantages and disadvantages depending on the 

mobility measurement conditions. 
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To demonstrate the extent of different charge mobility measurement approaches in 

terms of scope and historical background, we provide a representative list, without 

delving into any of the details as follows: Charge extraction by linearly increasing 

voltage (CELIV) [38], space-charge-limited-current (SCLC) [39], Hall effect 

measurement [40], conductivity/concentration method [41], Admittance 

spectroscopy [42], transient space-charge-limited-current [39], Time-of-flight 

(TOF) [43] and transient electroluminescence [44]. 

In the sections that follow immediately hereon, we present a discussion that will be 

focussing on charge injection, charge mobility and recombination dynamics. 

 

2.5.1 Charge injection and bulk transport in OPV devices 

 

The conduction of electrical current in OPV devices involves the flow of both 

electrons and holes. Since we are dealing with metal/polymer/metal systems, a 

description of processes related to charge injection at metal/polymer interfaces and 

charge transport in the bulk material are key in the understanding of performances 

of fabricated devices. The pre-eminence of one process over the other is dependent 

on the experimental conditions and device configurations i.e. electrode 

workfunction, external bias, temperature, transport and trapping levels of the 

polymer, trap density, etc. [21]. With the two processes contributing to the current 

flow in the device, the one with lower rate is deemed the limiting one as it controls 

the characteristics of the current in the device. Thus the current is deemed injection 

limited if the injection at an interface is of a lower rate or bulk transport limited if 

the transportation through the polymer is lower [45]. Temperature and voltage bias 

determine the transition between injection limited and bulk transport limited. The 

potential barrier height,  at the metal/polymer interface given by the difference 

between the workfunction of the electrode and the corresponding energy level of 

the polymer and the externally applied electric field are two parameters that 

determine whether the current is injection limited or bulk transport limited [46]. It 

is now understood that current is exclusively bulk transport limited for   < 0.2 eV 

since charge injection is favourable. The range 0.2 eV to 0.5 eV specifies barrier 



36 
 

heights transition. Injection limited current is associated with barrier heights that 

are greater than 0.5 eV with a moderate externally applied bias voltage [47]. 

 

Having introduced injection and bulk transport limited concepts, a summary of the 

models describing charge injection and transport in single and double carrier 

devices namely, the Richardson Schottky thermionic emission, Fowler-Nordheim 

field emission, and space charge limited currents (SCLC) will be presented. 

 

2.5.1.1 Richardson – Schottky (RS) thermionic emission model 

 

Thermionic emission theory proposes that electrons having energy larger than the 

height of the Schottky barrier will cross it and contribute to current if they are at the 

metal/semiconductor interface. So, an electron from the metal can be injected into 

the polymer if it has acquired sufficient thermal energy to go over the maximum 

potential barrier that is formed by a combination of a potential formed by the 

applied bias and the image charge potential [48, 49]. The RS model is valid for 

lower applied electric fields and higher temperatures (eTF << kBT). The image force 

lowering i.e. the lowering of the Schottky barrier height at higher fields leads to the 

reduction of the metal workfunction for thermionic emission. Therefore, the RS 

model is given by [45], [48] and [50], 
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2 exp exp /
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         

   
  

     (2.20) 

where T is the temperature, B  is the interface potential barrier height, d is the 

thickness of the active film, ando r  are the permittivity of free space and the 

relative permittivity respectively, Bk is Boltzmann’s constant, V is the applied 

voltage – which is positive for forward bias and negative for reverse bias, q the 

elementary electronic charge and A is the Richardson – Schottky constant. The 

constant is given by 2 3 24 / 120A/cm KBA qm k h   for free electrons with h 

being the Planck’s constant. The effective mass m
is taken as equal to that of the 
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rest mass of electrons, alternatively it depends on the anisotropy of the material 

[49].  

 

Considering the variation of current density with temperature in the (RS) model 

given by Equation (2.20), thermionic emission can still be investigated for 

conditions of constant temperature. In such cases, an investigation can be carried 

out by varying the bias voltage. Therefore, Equation (2.20) can be re-arranged in 

the form: 
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    (2.21) 

 
From the current – voltage characteristics of an OPV device, the positive slope in 

(RS) plot of ln J vs V  indicates charge injection by thermionic emission through 

the metal/polymer interface.  

 
This slope is given by,  

 

 

 

1

3 2ln 1
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d J q
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  

 
                            (2.22) 

 
With the intercept, c as,  

 

c = ln 2ln B

B

A T
k T

         (2.23) 

 

The potential barrier at constant temperature corresponding to injection by 

thermionic emission at the metal/polymer interface is then, 

 

 ln 2lnB BA T c k T                                              (2.24) 

 
Equation (2.20) can also be rewritten by taking natural logs with a variation in 

temperature. Such that at high temperatures, the RS model is given as, 
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     (2.25) 

From Equation (2.25) a plot of 
2

ln
J

T

 
 
 

vs 
1000

T
 at a given potential (V) is a straight 

line, with all other parameters constant. The slope of Equation (2.25) is called the 

activation energy and the effective barrier height (between the electrode and the 

film) is determined from the slope as, 

 

   
3

slope
4

B B

o r

q V
k

d


 
          (2.26) 

 

2.5.1.2 Fowler – Nordheim (FN) field emission model 

 

In classical physics, when electrons encounter a potential barrier with an energy 

less than that of the potential barrier, they will be reflected. However, quantum 

mechanics predicts that there is a finite probability of an electron tunnelling through 

the potential barrier. In this instance, the electron wave function will extend through 

the potential barrier especially for potential barriers that are < 100 Å thick [51].  

The tunnelling of charge carriers under an intense electric field through a potential 

barrier from a metal to a semiconductor or a dielectric material, is described by the 

field emission theory. Effectively, due to the large applied electric field, the 

potential barrier is lowered and the charge carriers “see” a triangular barrier. This 

is the basis of Fowler - Nordheim tunnelling. A visual conceptualisation of different 

charge injection models is illustrated in Figure 2.11.  
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Figure 2.11: Charge injection models at metal/polymer interfaces [21]. 

 

The Fowler – Nordheim field emission model describing the tunnelling of charge 

carriers through a potential barrier, considers a one-dimensional time independent 

Schrödinger equation for the wave function of an electron. That is, 

 

 
2 2

22

d
V x E

m dx


         (2.27) 

Assuming a slow varying potential V(x) with distance x, the solution of Equation 

(2.27) is approximated as 

                 
2

expo

m
i E V x 

 
   

 
     (2.28) 

It can then be established that the ratio of the probability density
2

 , i.e. the 

transmission coefficient T , at the exit from the barrier to the value it had at the 

entrance gives the penetration probability into the barrier.  

For a triangular-shaped potential barrier, with an applied field F , the WKB 

(Wentzel, Kramers, Brillouin) approximation suffices and the tunnelling 

probability (which is proportional to the tunnelling current) is thus given in the 

form, 
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    (2.29) 

 

From Equation (2.29) it should be noted that the width of the barrier is 

approximately B F with the maximum barrier height being B . 

Expressing B  in eV and F in V/cm and noting that the value for B generally ranges 

between 2 and 5 eV, an electric field of the order 107 V/cm will be required for 

appreciable numbers of electrons to be emitted into the vacuum. 

 

To link the FN field emission model with the characterisation of OPV devices, we 

note that the current flow at a metal/semiconductor interface may be treated in the 

same way as that at a metal/vacuum boundary. In the limit of field emission 

domination, the FN model can be used to obtain the tunnelling injection current 

density. This is done by ignoring all possible Schottky barrier lowering effects and 

assuming quantum tunnelling from a metal through a triangular potential barrier 

into unbound continuum states [21]. The resulting current density is then 
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     (2.30) 

where m
is the effective charge carrier mass, B the potential barrier height, q the 

elementary electronic charge,  F the applied electric field and A (given in A/V2) is 

a rate coefficient that contains a tunnelling pre-factor and rate of current back-

flow[52]. The expression for A has been deduced as [45] 

   
3

8 B

q
A

h 
         (2.31) 

For easier visualisation, Equation (2.30) can be rewritten as 

2 expJ AF
F

 
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 
     (2.32) 
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with the constant, 
3 28 2

3

Bm

hq

 
          (2.33) 

Knowing the value of K enables the determination of the barrier height between the 

electrode and the film from Equation (2.32) as 
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    (2.34) 

 

For practicality, we now consider an OPV device having an active layer d under an 

applied bias V, meaning that it is in an applied electric field, F = V/d.  This means 

that Equation (2.32) can be rewritten as 
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Taking natural logs leads to 
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Plotting a graph of 
2

ln
J

V

 
 
 

vs 
1

V

 
 
 

 will give a straight line with a negative slope 

equal to –Kd. The potential barrier can be obtained from this FN plot as 
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     (2.37) 

 

2.5.1.3 Bulk charge transport 

 

A description of bulk charge transport mechanisms in organic materials is generally 

covered by the following processes: Ohmic conduction, Hopping conduction 

(Variable Range Hopping), Poole-Frenkel emission mechanism, Space Charge 

Limited Conduction, Ionic conduction and Grain-boundary-limited conduction 

[53]. 
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Organic semiconductors have been described as being characterised by 

delocalisation over single molecules. Additionally, the weak coupling of adjacent 

molecules, with negligible orbital overlap, due to Van der Waals interactions means 

that the likelihood of a transfer of charge carriers between them is somewhat 

diminished resulting in low mobilities. This then means that in these organic 

systems, that are characterised by disorder [54], charge carriers are in general 

transported via a hopping mechanism form one molecular site to the other. This 

temperature dependent hopping mechanism [54] means that thermal activation is 

required for overlap of molecular orbitals corresponding to energy differences 

between different molecular sites. 

Though acknowledging that the exact details of charge transport mechanisms in 

organic semiconductors are still under debate, Zhou and Facchetti [54] have 

highlighted a model for hopping transport that shows the relationship between 

carrier mobility and temperature. 

 

To provide a clearer theoretical framework for the bulk of the experiments done in 

this project, a brief description of bulk charge transport mechanisms related to the 

Ohmic conduction and the Space Charge Limited Conduction (Current) is provided. 

From the outset it has to be said that, discussions on the bulk charge transport 

mechanisms will invariably have descriptions of charge mobility featuring very 

prominently. Charge carrier mobility is a key parameter that characterises bulk 

charge transport. Studies on charge transport of organic materials have tended to 

focus on improving the conductivity, σ, of these materials while correlating or 

making direct comparisons with the conductivity of inorganic materials [55]. Over 

time, the focus has shifted more to charge carrier mobility, μ [55]. Unlike 

conductivity, which can be measured quite easily with a two-point or a four-point 

probe by measuring the reciprocal of resistance between electrodes, charge carrier 

mobility brings in the complexity of determining carrier concentration when 

determined through similar conductivity and Hall-effect type measurements. See 

Equation (2.38). 

 

andne vE         (2.38) 
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where n is the charge carrier concentration, e is the electron charge, v is the charge 

carrier velocity and E the electric field. 

 

The discussion that follows will have charge carrier mobility featuring prominently 

in the descriptions of bulk charge transport mechanisms. 

 

We now revisit the concept of limiting currents that was dealt with earlier in section 

2.5.1. It was seen that when current is bulk transport limited, the charge transport, 

after injection into the bulk is slower than the injection rate. The difference in the 

injection and sweeping away rates builds-up space charge in the device which 

creates an opposing field that prevents further injection of charges into the bulk. 

The current obtained is limited by the rate at which carriers are transported through 

the bulk and it is referred to as Space Charge Limited Current (SCLC). The 

implication thereof is that the charge density in and around the contact is much 

greater than in the bulk, effectively creating a reservoir of charge carriers – an 

Ohmic contact. Considering the bulk material (a thin semiconducting film in 

OPVs), Ohmic contacts can be maintained by selecting a low workfunction metal 

(compared to the semiconductor) for electron injection and another metal with a 

high work-function for hole injection. With a uniform bias applied across the film 

relatively larger than the electric field due to injected charge carriers, a linear 

current-voltage relation is established at low biases. The current-voltage behaviour 

in this range is described by Ohm’s law with the slope of the log-log plot between 

current density J and voltage V at low bias equal to 1 [56]. The current density is 

then related to the voltage as 

 

V
J qn

d
      (2.39) 

 

with q being the electronic charge, n the charge carrier density, μ the charge carrier 

mobility, V the applied voltage and d the thickness of the active layer. 

 

Thus far a condition where the applied voltage dominates the bias created by space 

charge has been described. The question of what happens at the contacts when 

injected charge carriers create a field that is greater than the applied bias requires 
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consideration. When this happens i.e. with the current flow that is not injection 

limited but limited by the space charge formed within the semiconducting film, the 

current flow can be represented by the Mott-Gurney law provided there are no 

active traps in the semiconductor. This trap free space charge limited current 

(TFSCLC) is given by 
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       (2.40) 

 

where o is the permittivity of free space, r the relative permittivity, μ the charge 

carrier mobility, V the applied voltage and d the thickness of the photoactive layer. 

It can be seen that the nature of the current shows a quadratic dependence on the 

voltage, meaning that the slope of a log J versus log V plot will be equal to 2. It has 

to be noted that the description ‘trap free’ does not solely mean that there are not 

traps in the material, rather that all traps are filled [57]. 

 

A relaxation of the ‘trap free’ condition, that yielded a current density given by 

Equation (2.40), requires a focus on real, practical cases where material properties 

are affected by the presence of traps. Charge traps can emanate from chemical or 

structural defects in charge transport layers. With organic semiconductors and their 

related structural disorder amongst many other attributes, charge carrier trapping is 

unavoidable.  This is prevalent in OPV devices whereby impurities such as oxygen 

act as traps to migrating excitons leading to poor photovoltaic performances.  

In general, charge traps can be classified as shallow (largely structural) or deep 

(generally chemical) traps depending on the energy levels of the traps [45]. An 

illustration of this classification was shown by Oskar et al. [58] as in Figure 2.12, 

when they investigated the dielectric response of solar cell devices based on 

oxygen-doped P3HT:PC61BM blends as a function of temperature between 133 K 

and 303 K.  
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Figure 2.12: Illustration of trap and transport levels, DTL, STL represent the 

deep and shallow trap energy levels, respectively. 

 

To account for the contributions due to shallow traps, Equation (2.40) is adjusted 

by including a parameter,   that gives the ratio of free to trapped charges, in the 

form, 
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When we have trap free conditions 1  . Otherwise,  
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where CN  is the effective density of states in the conduction band edge, STN  the 

shallow trap concentration at the discreet energy level, TE the energy gap between 

trap level and conduction band, Bk the Boltzmann’s constant and T the absolute 

temperature, with  always less than unity. 

Looking at Ohmic conduction and SCLC, a transition from the former to the latter 

conductivity is identified as taking place when injected carrier concentration 

exceeds thermally generated carrier concentration. From the current – voltage 

characteristics, a transition voltage V
t

 can be determined through equating 

Equations (2.39) and (2.40). The transition voltage is, 
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With the presence of traps in organic semiconducting materials, a common 

assumption is that traps are exponential distribution in energy such that the J – V  is 

of the form 
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with q the electronic charge, μ the charge carrier mobility, VN the density of states 

in the valence band, totalN the total density of traps, the dielectric constant, o the 

permittivity of free space, d is the sample thickness and  l is defined in terms of a 

characteristic constant of the trap distribution and it is greater than 1[m slope]. With 

m = l + 1, the power law
mJ V is obtained where m = 1 is the Ohmic region and 

2m   is the SCLC region. 

 

2.5.2 Charge recombination in OPV devices 

 

A recombination of charge carriers results in the annihilation of an electron and a 

hole and it is more pronounced in disordered organic semiconductors. 

Recombination is a loss mechanism with a negative effect on the performance of 

OPV devices because it reduces the generation rate of free charge carriers. This loss 

mechanism affects the performance of OPV devices with an impact right through 

from light harvesting to transportation of generated free charge carriers [59]. 

Understanding its dynamics is key as its minimisation will lead to the optimisation 

of the PCE of OPV devices. Recombination in OPV devices, as shown in Figure 

2.13, can generally be summarised as: 

 

 Exciton recombination 

 

As previously described, in BHJ OPVs the absorption of incident light by 

the photoactive layer leads to the formation of excitons. These need to 
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migrate/diffuse to a donor/acceptor interface for dissociation. However, 

Coulombic force driven recombination can occur if the exciton does not 

reach the donor/acceptor interface timeously.  

 

 Germinate recombination (GR) 

 

Photon absorption leads to a strongly bound electron-hole quasi-particle, 

the exciton. This Coulombically bound exciton needs to undergo 

dissociation into a free electron and hole via the charge transfer (CT) state. 

However, an electron and a hole (polarons) can recombine and decay to a 

ground state before dissociation can take place. This type of recombination 

seen as a first order recombination, where the electron and the hole 

originate from the same exciton, is referred to as geminate recombination 

or monomolecular recombination in some cases. It is a first order 

recombination in that the recombination rate is proportional to the charge 

carrier density to the power 1 i.e. 1R n . Geminate recombination exhibits 

a significant field dependence and has been used to provide a contextual 

basis for experiment work related to BHJ cells [60-62]. Furthermore, a 

model based on the Onsager and/or the Braun-Onsager theory of geminate 

charge recombination has been utilised to describe experimentally 

observed field and temperature dependence of generated photocurrents in 

polymer-fullerene blends [63, 64]. Geminate recombination is an ultrafast 

process with typical time scales that are in the order of fs to ps. It can be 

tracked through experimental techniques such as transient absorption 

spectroscopy (TAS).  

With every absorbed photon creating an electron-hole pair, it can be said 

that geminate recombination shows a linear dependence with light 

intensity. Geminate recombination rate,
gemR , is then given by 

 

gem

PP

PP
R


        (2.45) 

where PP is the polaron pair density and PP is the finite lifetime of the 

polaron pair. 
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 Non-germinate recombination (NGR) 

 

An effective extraction of freed charge carriers, following exciton 

dissociation, needs to take place at the electrodes. However, free charge 

carriers may recombine through a process called non-geminate or 

bimolecular recombination before they are extracted. A consequence of 

this is bimolecular recombination is generally associated with bulk 

transport properties. NGR is a dominant recombination mechanism in trap 

free OPV devices. In the presence of traps, a trap assisted recombination 

process defined by the Shockley-Read-Hall (SRH) process is defined. 

Conclusions to the effect that in many organic semiconductors, the 

electron currents are strongly trap limited have been made [65]. Describing 

bimolecular recombination in terms of recombination order, it is described 

as a second order recombination in that the recombination rate scales 

quadratically with the charge carrier density, 2R n . 

Bimolecular recombination has also been referred to a Langevin type 

recombination [66] since the recombination rate is subject to a probability 

that an electron – hole pair will encounter each other in a mutually set 

Coulombic potential whose upper limit is set by the Langevin type 

recombination. The rate at which bimolecular recombination occurs is 

given by 

 

 L i iR np n p      (2.46) 

 

where n and p are the free electron and hole densities, 
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, i in p denote intrinsic electron and hole 

densities in the material, 
gapE the energy gap,  CVN  the effective density of 

states and L  is the Langevin recombination constant. The Langevin 

recombination constant for pristine materials is given by 
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where q is the elementary charge,  is the dielectric constant and 
( )e h is the 

electron (hole) mobility. 

It has been suggested that in blends, as opposed to pristine materials, a 

spatial average value for electron and hole mobilities should be used as a 

way of compensating for the differences in their mobilities. Therefore in 

blends such as BHJ OPVs, bimolecular recombination is limited by the 

slower charge carrier [66] leading to the modification of the Langevin 

recombination constant as 

 

 min ,L e h

q
  


     (2.48) 

 

The presence of impurities and defects in the organic semiconducting 

material can cause traps [67]. These traps can for example, be located within 

the band gap creating one or more localised energy levels where an 

exchange of charge carrier can take place between these localised energy 

levels and the valence or conduction bands [Petty traps]. Here we note that, 

Kirchartz et al. [69] in their study of recombination via tail states in 

polythiophene-fullerene solar cells, stated that even in completely defect-

free organic solar cells, their inherent disorder and molecular environment 

lead to sub-band gap states that could contribute to charge carrier 

recombination. 

Localised energy levels are referred to as recombination centres where a 

trapped electron or hole attracts a respective opposite charge to recombine. 

This process is defined as trap-assisted recombination. The Shockley-Read-

Hall (SRH) model, though developed for inorganic semiconductors has 

been used to study trap-assisted recombination processes in organic 

semiconductors [70, 71]. The trap-assisted recombination rate based on the 

SRH model can be given by the following relation assuming thermal 

equilibrium for electron emission and electron capture processes: 

 

 SRH SRH i iR B np n p                  (2.49) 
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with    
   

n p t

SRH

n i p i

C C N
B

C n n C p p

    

                  (2.50) 

 

where nC is the probability per unit time that an electron in the conduction 

band will be captured by a neutral centre, 
pC is the probability per unit time 

that a hole will be captured by a trapped electron and tN is the density of 

electron traps. 



Figure 2.13: A schematic of recombination processes in organic BHJ OPVs and 

their relative time scales [59]. 

 

Recombination processes have been studied within the framework of 

understanding, studying and characterising power conversion efficiencies of 

fabricated OPV devices. Current – voltage (J – V) characteristics have been studied 

where the behaviour of current and voltage were tracked as a function of incident 

light intensity. To do this, information from the intensity dependence of Jsc and Voc 

was used to describe recombination processes involved.  
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Chapter 3 
 

Experimental methods and materials 
 

In this chapter we introduce the materials used in this study, provide an overview 

of key equipment used and highlight general OPV device fabrication methods. 

A typical OPV device structure that was fabricated in this work was based on the 

following geometry: Substrate/anode (TCO)/hole transport layer/active layer 

(BHJ)/cathode (metal) for which the components used in each layer are given 

below: 

Substrate Anode Hole transport layer Active layer Cathode 

Glass ITO PEDOT:PSS P3HT:PCBM Aluminium 

 

3.1 Materials 

 

3.1.1 Indium Tin Oxide (ITO) 

 

Indium Tin Oxide (ITO) is a transparent conductive oxide (TCO) that is widely 

used as an anode material in organic photovoltaics. Properties that make it attractive 

in organic solar cell applications include its high transparency in the visible range 

(400 – 800 nm), high electrical conductivity (30 – 2.3 Ω-1cm-1) and superior 

substrate adherence [1]. 

ITO is made up of a mixture of 2 3In O  (90%) and 2SnO  (10%). It has a bandgap of 

3.7 eV and a workfunction of about 4.7 eV.  

The ITO coated glass substrates used in this study had a surface resistivity of 30 – 

60 Ω/sq and were purchased in batches of 2.5 cm2 pieces from Sigma Aldrich. 

 

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

 

PEDOT:PSS as represented in Figure 3.1, results from taking a conducting polymer 

poly(3,4-ethylenedioxythiophene) and doping it with poly(styrene sulfonate) 
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anions. PEDOT:PSS (1.3 wt % dispersion in H2O) was purchased from Sigma 

Aldrich and appears dark blue in colour to the human eye. 

PEDOT:PSS performs several functions in an OPV device. Firstly, it smoothens the 

“rough” ITO surface thus preventing short circuits. Secondly, it acts as a buffer 

between ITO and the active layer thereby preventing possible diffusion of oxygen 

from the ITO into the active layer. Thirdly, it acts as hole transport layer (HTL) as 

a result of having a workfunction higher than that of ITO [2, 3]. 

 

 

 

Figure 3.1: Chemical structure of the hole transport layer PEDOT:PSS. 

 

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

 

The P3HT (purity: 99.995%) used in this study was purchased from Sigma Aldrich. 

P3HT, as seen in Figure 3.2, is a conjugated polymer which exhibits a high degree 

of regioregularity (rr). Regioregularity has a direct effect on the degree of 

crystallinity and subsequently, on the charge transport.  

P3HT is an electron donor material having an electrical conductivity that results 

from the delocalization of electrons along its polymer backbone. Its LUMO level is 

3.2 eV and the HOMO level is at 5.1 eV [4]. 
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Figure 3.2: Chemical structure of P3HT. 

 

3.1.4 [6,6]-phenyl-C61 butyric acid methyl ester / [6,6]-phenyl-C71 butyric    

acid methyl ester (PC61BM/PC71BM) 

 

Two fullerene derivatives, [6,6]-phenyl-C61 butyric acid methyl ester (PC61BM) 

and [6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) were used as electron 

acceptor materials in this study. These PCBM (purity: 99.5%) materials, Figure 3.3, 

were purchased from Sigma Aldrich as well. These fullerene derivatives are highly 

soluble in common organic solvents such as chlorobenzene (C6H5Cl) and 

chloroform (CHCl3). The HOMO and LUMO levels for both fullerenes have been found 

to be about 6 eV and 4 eV respectively [5 - 7]. 

 

 

Figure 3.3: Chemical structures of PC61BM and PC71BM. 
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3.2 Device fabrication set ups: Spin coating and metallization 

 

3.2.1 Spin Coater 

 

A 2-stage CHEMAT precision spin coater (Figure 3.4), was used in this study for 

the attainment of precise and uniform deposition of thin films and coatings. The 

added advantage of being a 2-stage spin coater is that it allows for variation in 

rotation speeds, a feature that is vital in obtaining coatings that are uniform. 

The ability to consistently deposit uniform thin films was critical in this study. A 

variety of organic materials were deposited on the transparent conducting oxide 

(TCO) as part of the fabrication process of OPV devices. Spin coating is a cost 

effective, reliable method of coating TCOs with thin films. Spin coating uniform 

thin films of organic materials on TCOs enables the variation of film thicknesses, 

by varying spin rates (rpm). Spin coating provides an added advantage of enabling 

a quick and easy way of producing uniform films that can have thicknesses ranging 

from a few nanometres to a few microns [8].  

 

   

 

 

Figure 3.4: A photograph of the 2-stage CHEMAT precision spin coater.  

 

3.2.2 Thermal evaporator 

 

Thermal Evaporation, as one of the simplest of the Physical Vapor Deposition 

(PVD) techniques, continues to be employed in many thin film coating applications. 

In this study, thermal evaporation was used as a primary technique of forming the 
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Al cathode in the fabrication of OPV devices. Thermal evaporation is a vacuum 

based technique that involves three basic processes:  

 evaporation (or sublimation) of the source material,  

 mass transport of the evaporant (flux) 

 condensation of the evaporant on the substrate (Figure 3.5). 

 

Figure 3.5: A schematic diagram of a thermal evaporation system [9]. 

 

Besides simplicity, other advantages of employing a vacuum thermal evaporation 

technique are that solid materials melt at lower temperatures in a vacuum and there 

is a reduced chance of oxide formation thereby limiting impurities to the barest 

minimum. Furthermore, the technique ensures homogeneity of deposited films at 

relatively high deposition speeds. The film thicknesses and deposition rates can be 

readily monitored, during the deposition process, by a quartz crystal monitor. 

The metallisation of the aluminium electrode through a specially machined mask was 

realised by first pumping the vacuum chamber to sufficiently high vacuum (< 52 10

mbar). With the aluminium placed on a helix-shaped tungsten wire (TM =
o3422 C ) 

or on a helix-shaped molybdenum wire (TM =
o2623 C ), a current was passed 

through to melt and thereby vaporise aluminium. The vapour atoms condense on 

the substrate, placed appropriately above the source, forming a thin aluminium film 
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of about 100 nm. The thermal evaporator that was used in the metallisation of 

aluminium electrodes is shown in Figure 3.6.   

 

 

 

Figure 3.6: A photograph of thermal evaporation setup showing the following: 

(1) Penning gauges, (2) vacuum chamber, (3) diffusion pump, (4) 

variac, (5) power supply and (6) rotary pump. 

3.2.3 Furnace 

 

Annealing of fabricated OPV devices was done in a Carbolite® high temperature 

tube furnace, operated with a Eurotherm temperature controller as seen in Figure 

3.7. The tube was modified to allow for annealing under various gas (O, Ar, Ar:H)  

environments. In our case, all OPV devices were in an argon environment in the 

ramping and hold up cycles. The argon flow was monitored using a purpose built 

gas bubbler system. 
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Figure 3.7: A photograph of the Carbolite® high temperature tube furnace. 

 

3.2.4 Cary 500 UV–visible spectrometer 

 

The Cary 500 Scan UV-Vis NIR Spectrometer (UV = 200 - 400 nm, visible = 400 

- 800 nm) (Figure 3.8), probes the electronic transitions of molecules as they absorb 

light in the UV and visible regions of the electromagnetic spectrum and can also be 

used to investigate free carrier excitations in the NIR region. In this study, the 

instrument was used to characterise the optical properties i.e. the absorption 

characteristics of fabricated OPV devices. 

 

 

 

Figure 3.8: A photograph of the Cary 500 UV–vis NIR spectrophotometer. 
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3.2.5 I – V set up 

 

Our home built I –V measurement setup is shown in Figure 3.9. An assembly of a 

Newport xenon lamp solar simulator, coupled to a source/Measure unit (HP 4141B 

DC), together with 1.5 air mass filters (AM 1.5), provided the required platform to 

carry out current–voltage (I–V) measurements on fabricated OPV devices under 

dark or illumination conditions. A PC with LabVIEW software was integrated into 

I – V measurement setup to give an output of measured current – voltage 

characteristics. Furthermore, measured I – V data was analysed using a specially 

coded Python based program. 

 

 

 

Figure 3.9: A photograph of the current - voltage (I – V) setup integrated with 

the optical unit for PV characterisation. 

 

3.3 Device fabrication methods 

 

The overview of the device fabrication methodology is shown in Figure 3.9. This 

description covers the basic fabrication process of an OPV device, any deviations 

that relate to specific devices will be mentioned in their respective chapters. 

The fabrication process commences with the preparation of active layer solutions 

in the following manner:    
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10 mg of P3HT and PCBM each were dissolved separately in 0.5 ml of 

chlorobenzene by stirring the solutions for three hours in ambient conditions. The 

two solutions were then mixed and again magnetically stirred, in ambient, for two 

hours to form a 20 mg/ml solution i.e. a 1:1 wt % solution. 

 

The preparation of the ITO coated glass substrates was done whilst the solutions 

were being stirred for the cumulative five hour period.  

The ITO coated glass substrates bought as 2.5 cm2 pieces were cut into 1.25 cm × 

1.25 cm slices using a diamond tipped scriber. These smaller squares were then 

etched via a wet chemistry method using zinc powder and 2M hydrochloric acid. 

Patterning of the ITO substrates is carried out to ensure complete isolation of the 

anode and the cathode such that the devices do not short circuit during I - V 

measurements. 

The cleaning of the substrates was commenced with a thorough wash with a liquid 

soap detergent and a subsequent rinse with deionized (DI) water. Further cleaning 

included an ultrasonic bathing of the substrates with DI, acetone and ethanol for 5 

minutes each in a sequential manner, to remove organic stains and surface 

contaminants. The substrates were dried with nitrogen prior to the sequential spin 

coating of the device layers. The hole transport layer, PEDOT:PSS was 

subsequently spin coated onto the patterned ITO substrates at 2000 rpm for 60 

seconds and later annealed at 100 oC on a hot plate in ambient for 15 min to remove 

any residual water [10].  

Using a pipette to deliver a volume that covered the patterned 1.25 cm2 slices, the 

polymer:fullerene, P3HT:PCBM, blend  was then spin coated at 2000 rpm for 60 

seconds onto the ITO/PEDOT:PSS layer to yield a homogeneous film. The hot plate 

annealing and the spin coating were done in a fume cupboard under ambient 

conditions.  

Aluminium, the metal top electrode was deposited by thermal evaporation, in a 

vacuum of about 2 × 10-6 mbar, through a mask with a cross-sectional area of about 

16 mm2 from which a device active area of about 7 mm2 was determined due to 

patterning. Devices with structures GLASS/ITO/PEDOT:PSS/P3HT+PCBM/Al 

were then annealed in argon before characterisation of optical structural and 

electronic properties. The temperatures at which devices were annealed and the 
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durations for which they were annealed depended on the specific details of the study 

at hand. The specific details are mentioned in the results chapters. 

 

3.3.1 Layer and device characterization studies/procedures 

 

The current–voltage (I–V) measurements were done using the solar simulator (150 

W Xe lamp) with 1.5 air mass filters and a source/Measure unit (HP 4141B DC) 

unit under 100 mW/cm2 illumination. Optical absorption measurements of 

fabricated devices were made using the Cary 500 UV – VIS - NIR spectrometer. 

The Raman bands and the structural order of all the films were examined using a 

Jobin Yvon T64000 Raman spectrometer which was fitted with an Olympus BX41 

microscope not only to focus incident light and to collect backscattered light, but 

also to take optical micrographs of samples if needed. Additionally, it was equipped 

with an Ar ion laser (514.5 nm) which was normally tuned at 4 mW laser power 

due to radiation damage considerations.  

For clarity and emphasis we re-state the fact that in this work, fabrication and 

characterisation processes were carried out in ambient. 

                                       

                                                                                                                   

 

 

 

                                         

 

                                                                                                                                                      

 

 

 

 

 

 

Figure 3.10: Device fabrication process flow chart. 
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3.4 Summary 

 
This chapter details device fabrication materials and their basic properties. 

Additionally, an introduction to key equipment used in the fabrication of OPV 

devices is made and an overview of the fabrication and characterisation of a typical 

OPV is given. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

3.5 References 

 
[1] Chiguvare, Z. (2005). Electrical and Optical Characterization of Bulk 

Heterojunction Polymer- Fullerene Solar Cells. PhD thesis, Oldenburg 

University, Germany. 

 
[2] Huang, J., Miller, P.F., Wilson, J.S., de Mello, A.J., de Mello, J.C. and 

Bradley, D.D.C. (2005). Advanced Functional Materials 15 (2), 290. 

 
[3] Koch, N., Vollmer, A. and Elschner, A. (2007). Applied Physics Letters 90 

(4), 043512.  

 
[4] Veldman, D., Meskers, S. and Janssen, R. (2009). Advanced Functional 

Materials 19 (12), 1939. 

 
[5] Mihailetchi, V.D., van Duren, J.K., Blom, P.W.M., Hummelen, J.C., 

Janssen, R.A.J., Kroon, J.M., Rispens, M.T., Verhees, W.J.H. and Wienk. 

M.M. (2003). Advanced Functional Materials 13 (1), 43. 

 
[6] Thompson, B.C., Kim, Y. and Reynolds, J.R. (2005). Macromolecules 38 

(13), 5359.  

[7] Zhou, H., Yang, L., Stoneking, S. and You, W. (2010). ACS Applied 

Materials & Interfaces 2 (5), 1377. 

 
[8] https://www.ossila.com/pages/spin-coating [accessed 16/03/2014]. 
 
[9] http://www.mechscience.com/physical-vapor-deposition/ 

[accessed 10/01/2017] 

 
[10] Otieno, F., Airo, M., Ranganathan, K. and Wamwangi, D. (2016). Thin 

Solid Films 598, 177.  

 

 

 

 

 

 

https://www.ossila.com/pages/spin-coating
http://www.mechscience.com/physical-vapor-deposition/


69 
 

 Chapter 4 
 

Optical and electrical mass ratio studies of 

P3HT:PC71BM BHJ OPV devices 

 

4.1 Introduction 

 

Organic photovoltaics based on the polymer:fullerene bulk heterojunction (BHJ) 

architectures continue to attract intensive research in the quest for lower production 

and manufacturing costs and the attainment of higher power conversion 

efficiencies. As stated in Chapter 2, a BHJ is a three-dimensional heterostructure 

made up by at least two materials: 

one primarily absorbs light and is an electron donor and the other one is an electron 

acceptor. Research on these devices has seen numerous studies on the employment 

of P3HT as an electron donor and the fullerene [6,6] phenyl-C60-butyric acid 

methyl ester (PC60BM) or its derivative (PC61BM) as an acceptor material in 

organic solar cells. These studies have covered a range of investigations that 

include: efficiency and stability [1 - 4], effect of thermal annealing [5 – 7], 

morphology and nanostructure [8 – 10] and the inclusion of additives in fabricated 

devices [11 – 16]; all as part of the endeavour to not only improve the photovoltaic 

performance but also to better understand the working principle of OPV devices.     

 

The fullerene derivative [6,6]-phenyl-C71butyric acid methyl ester (PC71BM) is a 

higher fullerene analogue of (PC61BM). As compared to (PC61BM), (PC71BM) has 

better optical absorption in the visible region [17, 18]. Furthermore, it has been 

reported that given the same testing conditions, the substitution of (PC61BM) with 

(PC71BM) in the fabrication of polymer solar cells has led to a 50% increase in 

photocurrent [19]. However, a prevalent method of incorporating (PC71BM) as an 

electron acceptor into an OPV device tends to be done in conjunction with low band 

gap polymers such as PTB7, PCDTBT or PBDTT-DPP [20 – 22].  

Reports are not that widespread where the well-studied and characterised polymer, 

P3HT, has been used solely (i.e. without additives) with (PC71BM) in the 
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fabrication of OPV devices. Recently, Singh .et .al [23] carried out a study where 

P3HT:PC71BM OPV devices were fabricated albeit with an inclusion of different 

cathode buffer layers such as Lithium Flouride (LiF), Bathocuproine (BCP) and 

Bathophenanthroline (BPhen). In their study, devices with varying P3HT:PC71BM 

mass ratios (1:0.6; 1:0.8; 1:1.0; and 1:1.2) and under varying annealing 

temperatures (100 οC, 125 οC, 150 οC and 175 οC were investigated. Their studies 

concluded that the best performing device was the one with the 1:0.8 mass ratio 

annealed at a temperature of 150 οC. This, in part, they ascribed to better phase 

separation of the active layer blend due to the improvement of the crystallinity of 

the P3HT donor material. As a result of their usage of buffer layers, they also 

pointed out the better hole blocking capacity of BCP/Al cathode as another reason 

for the improvement in performance. 

 

The photovoltaic performance of fabricated OPV devices depends on a number of 

factors such as deposition techniques (spin coating, doctor blading, drop casting, 

etc.), solvent choice, solvent annealing, active layer blend composition and post 

fabrication thermal annealing of devices. Though we did not set out to make a direct 

comparative study between P3HT:PC61BM and P3HT:PC71BM OPV devices, 

given stated advantages that PC71BM has over PC61BM, we set out to study the BHJ 

P3HT:PC71BM OPV system in order to better understand its current - voltage 

characteristics and how these influence its PCE at optimised mass ratios of the BHJ 

P3HT:PC71BM OPV device. Additionally, the effect of thermal treatment regime 

on the current – voltage characteristics and the eventual PCE of fabricated devices 

was investigated for systemic understanding of the charge transport and 

recombination dynamics that influenced the measured power conversion 

efficiencies.  

 

Numerous reports on thermal annealing of polymer:fullerene OPV devices point to 

the beneficial effects of thermal annealing towards the photovoltaic performance of 

fabricated devices. However, the reported annealing temperatures and annealing 

times point to the need for more concerted efforts in the understanding of the 

underlying physics that underpins the observations. Key amongst the identified 

observations that are beneficial to PV performance as a result of thermal annealing, 
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is the resulting phase segregation of the active layer materials coupled with 

improved crystallinity within each phase, an effect that is more pronounced in the 

P3HT donor material. The effect thereof is the improvement in charge transport by 

the creation of continuous pathways to respective electrodes [24 - 34]. 

 

4.2 Experimental methods 

  

4.2.1 Mass ratios solutions preparations 

 

The polymer:fullerene, P3HT:PC71BM, blend solutions were prepared by firstly 

weighing three 10 mg samples of the P3HT polymer and three samples of the 

PC71BM fullerene with masses 10 mg, 8 mg and 6 mg. The 6 samples were 

individually dissolved in 0.5 ml (each) of chlorobenzene, as in Table 4.1, by stirring 

them with magnetic stirrers for 3 hours in the fume cupboard under ambient 

conditions. Thereafter, P3HT:PC71BM blend solutions with mass ratios 1:1; 1:0.8 

and 1:0.6 resulting in the following composition solutions in chlorobenzene: 20 

mg/ml; 18 mg/ml and 16 mg/ml, were stirred under the same conditions for 2 more 

hours to obtain a thoroughly mixed donor:acceptor solution. This means that in each 

experimental run, three carefully marked substrates were prepared for this leg of 

the device fabrication process that was meant to identify the optimum 

P3HT:PC71BM mass ratio for active layer. The mass ratio that gave the best power 

conversion efficiency was deemed the optimum ratio and was then selected for 

further analysis. To this effect, the 1:0.8, P3HT:PC71BM, active layer blend was the 

one identified and selected for further study. 

 

Table 4.1: Prepared mass ratio samples showing individual P3HT and PC71BM 

masses that make up the P3HT:PC71BM active layer blend together 

with the volume of chlorobenzene (C6H5Cl) they were dissolved in. 

Mass ratio P3HT PC71BM 

 Mass (mg) Volume (ml) Mass (mg) Volume (ml) 

1:1 10 0.5 10 0.5 

1:0.8 10 0.5 8 0.5 

1:0.6 10 0.5 6 0.5 
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4.2.2 Samples preparation for energetics and kinetics measurements 

 

 A P3HT:PC71BM blend in the ratio 1:0.8 was prepared resulting in an 18 mg/ml 

solution in chlorobenzene.  Numerous patterned ITO coated glass substrates were 

prepared for fabricating devices for ‘energetics and kinetics’ measurements. In 

summary, three devices were fabricated and then annealed in argon at 
o50 C , 

o80 C and 
o110 C all for 10 minutes. Furthermore, three devices were then 

fabricated and annealed in argon at 
o50 C for 10, 25, 40 minutes.  

 

4.2.3 Fabrication of devices 

 

The general OPV device fabrication method outlined in Chapter 3 was followed 

however, adaptations were made specific to the study covered in this chapter. The 

mixing of solutions, the cleaning of the ITO patterned glass substrates and the 

annealing of the PEDOT:PSS layer on the hot plate were done in a fume cupboard 

with the extractor  running at all times. Apart from annealing of completed devices, 

the rest of the steps in the fabrication process and all device characterisations were 

carried out at ambient conditions. Stemming from the results obtained from the 

measurements on P3HT:PC61BM bulk heterojunction devices in our lab under 

similar conditions [35], the starting temperature for the annealing of the devices 

after the metallisation of the cathode by thermal evaporation, was 
o50 C  for 10 

minutes in an argon-filled furnace. The ITO patterning and the cathode deposition 

resulted in devices having an active area of about 7.0 mm2. The current – voltage (I 

- V) characteristics of the devices were obtained for different light intensities with 

the aid of a solar simulator (150W Xe lamp) using AM 1.5 filters and a source 

measure unit (HP 4141B DC). Optical absorption measurements of the devices 

were made using a Cary 500 UV–visible spectrophotometer. The structural 

properties of all the films were examined using a Jobin Yvon T64000 Raman 

spectrometer equipped with an Ar ion laser (514.5 nm) at 4 mW laser power. 
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4.3 Results and discussion 

Part I 

4.3.1 P3HT:PC71BM mass ratio optimisation 

4.3.1.1 Optical characteristics 

 

Figure 4.1 shows the absorption spectra of fabricated devices having the structure 

GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al with the variations in the active layer 

blend as indicated. Measurements were taken on the on the P3HT:PC71BM active 

layer thin films. The most prominent feature in the spectra is the broad optical 

absorption peak in the visible range at about 500 nm most commonly associated 

with the P3HT 
  band transitions [36]. This is accompanied by vibronic 

shoulders at 559 nm and 608 nm, the dotted red and green lines respectively. The 

559 nm vibronic shoulder is associated with increased conjugation as a result of 

ordered stacking of the P3HT backbone. The one at 608 nm is related to the 

interchain  interaction via electronic hopping.  A less distinguishable, weaker 

PCBM optical absorption peak can be seen at 378 nm, marked by the solid yellow 

line. 

As the amount of PCBM is decreased from the 1:1 ratio to 1:0.6 there is a red shift 

of the peak absorption wavelength from 486 nm to 510 nm. The red shift is greater 

for the 1:0.08 mass ratio. The observed enhancement in absorption could be due to 

increased inter-chain interaction in the P3HT which is highly likely at decreased 

PCBM ratio in the P3HT:PCBM blend [37 – 38].  
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Figure 4.1: UV - Vis absorption spectra of P3HT:PC71BM with varying mass 

ratios. 

 

4.3.1.2 Current – Voltage OPV performance characteristics of mass ratio 

optimisation 

The dark current plots, in both linear and semi-log scale, of fabricated devices are 

given in Figure 4.2. It is evident that the asymmetric nature of the J - V curve 

indicates rectification in the fabricated devices. In electronic processes rectification 

occurs in diodes and can be quantified from current – voltage characteristics. 

Briefly, an ideal rectifier only allows current to flow in one direction and this 

manifests itself as an exponential J – V plot in the analysis of current – voltage 

characteristics. As stated in Section 2.2, a photovoltaic cell can be described as a 

diode, meaning that the rectification ratio can be regarded as a figure of merit for 

comparing the effectiveness of rectification in fabricated devices [39]. Device 

rectification, determined by calculating the rectification ratio (factor) RR or RF 

using: 
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 

 

I V
RR =

I -V
     (4.1) 

 

That is, from current-voltage characteristics (or curve), RR is the absolute value of 

the ratio of the current at two equal but opposite voltages. Put differently, it is the 

absolute value of the ratio of the forward bias current to the reverse bias current at 

a specific voltage. The following RR values were obtained at 1.0 V: 

 

Table 4.2: Rectification ratios for varying P3HT:PC71BM mass ratios. 

Sample Mass Ratio RR 

R1 1:1 2046 

R2 1:0.8 2562 

T3 1:0.6 1666 

 

The decrease in rectifying behaviour observed in sample T3, is indicative of the 

decrease in Rsh as will be seen later in Table 4.3. It is generally attributed to a 

degradation of potential barriers or charge carrier barriers at the metal/organic 

semiconductor interfaces. At metal-semiconductor interfaces in 

ITO/PEDOT:PSS/P3HT:PCBM/Al OPV devices, large potential barriers can be 

found under reverse bias conditions. This tends to lead to high RR values commonly 

found in organic diodes [40 – 42]. 

 

Noted from Figures 4.2 (a) and (b) is that there is a variation in the generated 

photocurrent as a result of changing the P3HT:PC71BM mass ratios. The decrease 

in the PC71BM content in the P3HT:PC71BM blend from 1:1 to 1:0.6 resulted in 

almost a 1.5 times increase in the current density i.e. from 7.20 mA/cm2 to 10.5 

mA/cm2. In a study of P3HT:PC71BM blend ratios as a function of storage time, 

Kwon [43] found that comparing ratios 4:1, 1:0.6, 1:0.8 and 1:4, the 1:0.6 blend 

gave the highest current density albeit by a small amount as compared to the 1:0.8 

blend. The key focus of this study revolved around the monitoring of solar cell 

parameters for devices as a function of storage time. It should be noted though that 

the devices fabricated in this study followed a somewhat different fabrication 

process and included TiOx and LiF as buffer layers between the active layer blend 
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and the cathode. Furthermore, we have already seen that Singh et al. [23] 

established a mass ratio of 1:0.8 as the optimal ratio for best device performance. 

Considering the key performance figure of merit, the PCE, The P3HT:PC71BM 

blend ratio of 1:0.8 gave the best value of 2.86% as can be seen in Table 4.2. 
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Figure 4.2: (a) Dark current J – V 

plots for different mass ratios.
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Figure 4.2: (b) Semi-log dark current 

J – V  plots of different mass ratios. 
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Figure 4.3: (a) J - V characteristics of P3HT:PC71BM mass ratios under AM1.5 

illumination at 100 mW/cm2 (b) Semi-log plots of the same curves. 
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Table 4.3: A summary of the performance of the OPV devices with varying 

P3HT:PC71BM mass ratios. 

 

Sample Mass Ratio Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Rsh 

(Ω cm2) 

Rs 

(Ω cm2) 

R1 1:1 0.63 7.20 43.5 1.97 250.0 31.5 

R2 1:0.8 0.63 10.3 43.4 2.86 250.0 24.7 

T3 1:0.6 0.60 10.5 37.6 2.35 126.9 25.9 
 

4.3.1.3 Charge transport properties as a function of mass ratio 

We investigated charge carrier injection dynamics by employing Fowler-Nordheim 

and Richardson-Schottky models and with regards to bulk transport properties, we 

applied the Mott-Gurney law to calculate charge carrier mobilities of fabricated 

devices. 

4.3.1.3.1 Injection limited contribution 

In Chapter 2 we saw that the contribution towards the total generated current in an 

OPV device can be explained in terms of emission models at metal – polymer 

interfaces and bulk transport dynamics. The Richardson-Schottky (RS) thermionic 

emission model and the Fowler-Nordheim (FN) field emission model were applied 

to study contributions coming from injection limited currents. Figures 4.4 and 4.5 

show the FN plots and the RS plots as functions of different P3HT:PC71BM mass 

ratios. The nature and shapes of the plots give confirmation of the existence of 

interfacial charge injection. Each plot in Figure 4.4 is based on the 

   2ln vs 1J V V relation due to FN theory of charge injection at metal – polymer 

interfaces.  

The FN plots in Figure 4.4 show the characteristic trends exhibiting negative slopes 

at high fields (
63.6 10 V/m) indicating quantum mechanical tunnelling of charge 

carriers through a potential barrier. A transition electrical field, denoting a cross-

over from field emission to thermionic emission, can be ascertained from the 

minimum of the curve. Thermionic emission being the low electric field region 

specified from the  1 V  region. From these FN plots, individual slopes of the 

curves lead to the determination of magnitudes of potential barriers. With the 
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steepness of the slope directly proportional to the barrier height, fitted values can 

be obtained where the greater the slope, the higher is the associated potential barrier, 

 . A dependence of the steepness of the slope on the P3HT:PC71BM mass ratios 

was observed with slope 1:1 > slope 1:08 > slope 1:0.6. Thus establishing a mass 

ratio based pattern of the degree of difficulty in injecting charge carriers through a 

metal – active layer junction. 

In Figure 4.5 we observe the expected plots based on the RS thermionic emission 

model at lower electric fields. That is, at lower fields, plots of ln J vs V show a 

positive slope of a straight line fit and this is indicative of charge injection by 

thermionic emission through the metal - polymer interface. Once again, potential 

barriers at constant temperature, corresponding to injection by thermionic emission 

can be found from Equation (2.24) i.e.  ln 2lnB BA T c k T    . The greater the 

negative intercept, c, leads to the greater potential barrier. In this case, the intercept 

pattern was found to be 1:1 > 1:0.8 > 1:0.6. 
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ratios in the dark under forward bias with the relative slope guides 

   indicated. 
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Figure 4.5: RS plots compared for different P3HT:PC71BM active layer mass 

ratios in the dark under forward and reverse bias showing the 

changes in the respective slopes. 

  

4.3.1.3.2 Bulk limited contribution 

 

Figure 4.6 shows the log J vs log V plots for different mass ratios. The longbow-

like or better still recurve-like shape can be divided into three parts depending on 

the general slope of the curves in each region. Region I exhibits a linear relation 

between J and V such that bulk charge carrier transport follows Ohmic behaviour 

i.e. J V . In regions II and III, the slopes of the log-log plots take on values 2 and 

greater, these are the non-linear regions. With slopes 2 charge transport in the 

bulk is attributed to SCLC. Slopes ≈ 2 are associated with trap-free SCLC 

(TFSCLC). However, it should be noted that for slopes > 2 it does not necessarily 

imply that there are no traps, rather that traps are filled. The J – V dependence in 

these regions is based on the Mott-Gurney law as in Equation (4.2) [44]. 
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The linear fits of the Mott-Gurney law for different mass ratios are shown in Figure 

4.7. The plot of J  as a function of 2V yields a straight line with a slope that enables 

the calculation of the charge carrier mobility, μ, where the measured thicknesses of 

the active layers were about 140 nm. This means that graphically, the greater the 

slope the higher the charge carrier mobility. So, from the graphs, it can be seen that

1:0.6 1:0.8 1:1    .  
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Figure 4.6: Dark current log-log plots of J - V characteristics under forward bias 

for different P3HT:PC71BM active layer mass ratio blends.  Region 

I has slope = 1, indicating Ohmic conduction, region II has slope > 

2, corresponding to SCLC characterised by trap filling and region 

III has a slope ≈ 2 and is described by Trap Free SCLC. 
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Figure 4.7: Mott-Gurney linear fits for P3HT:PC71BM active layer mass ratio 

blends with thicknesses of about 140 nm. The J vs V2 plots are for 

regions of high applied voltage form the current – voltage 

characteristics. 

 

4.3.1.4 Light intensity behaviour as a function of mass ratio 

 

To get a deeper insight into the photovoltaic performance and the charge transport 

mechanisms of fabricated devices, we measured parameters that are key in 

performance characterisation as a function of light intensity. An understanding of 

recombination dynamics at play for different mass ratios was found from the slopes 

of the plots of Voc and Jsc as functions of light intensity. In short, recombination 

behaviour was probed via light intensity dependent measurements. Furthermore, a 

decreasing fill factor has been reported to have series resistance and bimolecular 

recombination based origins [45].  
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Figure 4.8: Variations of (a) Open circuit voltage (b) short circuit current 

density (c) fill factor (d) power conversion efficiency as a function 

of light intensity.

 

Figure 4.8 (a) is a semi-log plot of Voc as a function of light intensity (Plight). 

Immediately, it can be observed that Voc increases linearly as a function of the 

natural log of light intensity and that increase rates are different for P3HT:PC71BM 

mass ratios. Kirchatz et. al. [46], showed that experimentally, ideality factors can 

be determined from dark current J – V plots or from light intensity versus Voc plots. 

Therein, the authors elaborate on details related to each method (dark current or 

light intensity) are discussed.  The ideality factor from the dark J – V plot is defined 

as  
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(ln( )B

q dV
n

k T d J

  
   

  
      (4.1) 

with symbols taking on their usual meanings. On the other hand the ideality factor 

using J – V plots under illumination is 

lightln(P )

oc

B

dVq
n

k T d

  
    
  

     (4.2) 

We used Equation (4.2) in the determination of ideality factors and hence the 

recombination type at open circuit voltage. Under open circuit conditions, charge 

generation = charge recombination hence the current is zero. That is, all 

photogenerated carriers recombine within the cell. This means that recombination 

dynamics near open circuit are particularly tuned to the details of the prevailing 

recombination mechanism. Thus providing direct motivation to characterise such 

recombination behaviour. As shown in Table 4.4, there is a mass ratio dependence 

of ideality factors with the mass ratio 1:1 showing the least and the mass ratio 1:0.6 

the highest. Strong bimolecular recombination is indicated by ideality factors = 1, 

whilst an ideality factor of 2 (or more) is interpreted as trap-assisted type 

recombination. In this study ideality factors were found to be above 2 and even 

more than 3 in the case of the 1:0.6 mass ratio which is indicative of trap-assisted 

recombination as already mentioned. Such high ideality factors have been 

determined from P3HT:PCBM systems and were found to be resulting from an 

increase in induced density of deep states as a result of prolonged exposure to light 

[47, 48].  

 

Table 4.4: A comparison of recombination (n and α) parameters and mobility 

(μ) values for different P3HT:PC71BM active layer mass ratio 

blends.  

Sample Mass Ratio n 

0.26  

μ 
60.004 10   

(cm2/Vs) 

α 

0.06  

R1 1:1 2.22 2.568 1.10 

R2 1:0.8 2.35 3.327 1.13 

T3 1:0.6 3.32 4.663 1.17 
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For organic semiconductors, a power-law dependence of Jsc on illumination 

intensity (Plight) is followed. This means 

 lightPscJ


         (4.3) 

 

where   is a power law-scaling exponent. The values for  , for different active 

layer blends, are shown in Table 4.4. 

Equation (4.3) is briefly explained as follows: its log-log plot yields a straight line 

with slope . Values of 1   are interpreted as weak bimolecular recombination 

i.e. strong monomolecular recombination is at play at short-circuit conditions.  On 

the other hand, any deviation from 1   points towards charge transport limited 

behaviour due to bimolecular recombination. With bimolecular recombination 

generally associated with bulk transport properties, it has been reported that the 

asymmetric nature of charge carrier mobility of holes and(or) electrons leads to the 

formation of space charge regions and this can be seen in deviations from 1 

[49]. 

 

In Figure 4.8 (c) we see the dependence of the fill factor on light intensity. For all 

3 devices, the fill factor can be observed peaking between incident light intensities 

of 10 and 20 mW/cm2. It then tapers off as the incident light intensity reaches 100 

mW/cm2. The 1:0.6 P3HT:PC71BM mass ratio shows a bigger decrease and 

comparative values at 100 mW/cm2 are listed in Table 4.4. This device shows 

comparatively higher bimolecular recombination at both open and short circuit 

conditions. This could explain its comparatively lower FF. However, with this 

observed, it was puzzling to see the device producing the highest photocurrent. This 

warranted further investigations that are beyond the scope of this study. The PCEs 

of the devices, calculated using Equation (2.6), are plotted as a function of light 

intensity in Figure 4.8 (d). These show an upward trend with increasing light 

intensity. The steepest increases can be witnessed when the incident light intensity 

is increased from 50 mW/cm2 to 100 mW/cm2.  

 

To gain more insight into the effect of varying the mass ratio of the P3HT:PC71BM 

active layer on the photovoltaic performance of fabricated devices we determined 
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the saturation current density Jsat and the maximum exciton generation rate (Gmax). 

This was achieved by measuring the photocurrent density (Jph) as a function of 

effective voltage (Veff), as shown in Figure 4.9. Additionally, the exciton 

dissociation probabilities (P(E,T)) of each configuration can be determined for 

further analysis if needed.  

 Jph is found as Jph = JL – JD, where JL is the current density under illumination by 

one sun and JD is the current density in the dark. Veff is determines as Veff = V0 – Va, 

where V0 is the voltage at which Jph = 0 and Va is the applied bias voltage [50, 51]. 

It is generally assumed that all photogenerated excitons are dissociated into free 

charge carriers and the saturation current density Jsat is only limited by the 

maximum exciton generation rate Gmax. Such that, 

  

Jsat = qGmaxL     (4.4) 

 

where q is the elementary charge and L is the thickness of the active layer [52]. It 

has to be highlighted that since not all electron-hole pairs dissociate into free charge 

carriers, Gmax represents the field and temperature dependent maximum possible 

generation rate of excitons and hence the contribution towards the generated 

photocurrent Jph. This means that the generation rate of free charge carriers G(T,E) 

can be described as  

 

G(T,E) = GmaxP(T,E)     (4.5) 

 

where P(T,E) is the dissociation probability at the donor - acceptor interface. 

 

The dissociation probability P(E,T) is determined from the ratio of Jph/Jsat and this 

can, for example, be determined at key device operational conditions such as short 

circuit conditions or at maximum power point. In the ideal case, Jsc is equal to Jph, 

An increase in electric field under reverse bias will lead to a more effective 

separation of excitons and the generated photocurrent will increase until a saturated 

level is reached. 

Figure 4.9 further shows a linearly increasing photocurrent at lower effective 

voltages, which is a sign that diffusion of photogenerated charge carriers is playing 

a key role in the generated photocurrent. At higher effective voltages, the drift 
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contribution towards the generated photocurrent is dominant as the current reaches 

saturation. At high internal fields, saturation current densities are only dependent 

on light absorption as high fields prohibit monomolecular and bimolecular 

recombination losses [53, 54]. Using Equation (4.4) and the fitting of the curves in 

Figure 4.9, Table 4.4 was populated as shown with the dependence of   the fullerene 

content in the P3HT:PC71BM active layer on the noted parameters clearly indicated. 

  

Table 4.5: Comparison of mass ratio based maximum exciton generation rates 

and saturation current densities. 

Sample Mass Ratio Gmax 

(x1027) 

(m-3s-1) 

Jsat 

(mA.cm-2) 

R1 1:1 4.26 8.87 

R2 1:0.8 5.93 12.35 

T3 1:0.6 7.06 14.70 

 

Though all devices were measured under 100 mW/cm2 illumination and relatively 

large reverse bias voltages, the 1:0.6 mass ratios displays a photocurrent that 

saturates at even higher applied biases. This means that the device requires a much 

larger field to completely dissociate and sweep out charge carriers implying a 

greater sensitivity of Jph to the internal electric field [55]. The expectation that the 

enhancement of Gmax should be consistent with improved Jsc values extracted under 

100 mW/cm2 illumination is borne out by the direct correlation between the Jsc 

values in Table 4.3 and the Gmax values in Table 4.5. 
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Figure 4.9: The variation of the photocurrent density (Jph) as a function of the 

effective voltage (Veff) under 100 mW/cm2 illumination for devices 

with different P3HT:PC71BM mass ratios of the active layer solar 

and an active layer with a thickness of 140 nm. 

 

PART II Energetics and kinetics of the optimised blend ratio 

 
In this section, we present the results of thermal annealing experiments of the 

optimised P3HT:PC71BM mass ratio. Fabricated devices with the optimised mass 

ratio P3HT:PC71BM (1:0.8) were annealed as explained in section 4.2.2. 

 

4.3.2 Energetics of optimised blend ratio 
 

4.3.2.1 Spectroscopic characteristics 

 

In Figure 4.10 we observe an increase in optical absorbance with an increase in 

annealing temperature for fabricated devices with thicknesses of 140 nm.  The 

variation in absorption profiles that could arise from thickness dependencies was 
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eliminated by the maintenance of constant active layer thicknesses, by using the 

same spin coater spin rate, for fabricated devices. With the annealing temperature 

increasing from room temperature to 110 oC, it is believed that there is greater 

crystallinity of P3HT leading to more π – π* absorption [56 – 58]. Also observable 

with an increase in temperature are the characteristic P3HT absorption shoulders at 

560 nm and 610 nm. These are associated with conjugation due to ordered stacking 

of the P3HT backbone, restricting rotational motion and inter-chain π – π interaction 

via electronic hopping, respectively. Furthermore, upon thermal annealing, the 

main absorption peak of the blend undergoes a red-shift of about 20 nm caused by 

the change of the average conjugation length in the polymer. Also noticeable is an 

improvement in the spectral overlap with the solar spectrum as a result of thermal 

annealing. 

The absorption peak at 381 nm (green dotted line) is due to the PC71BM content of 

the active layer and it showed no spectral shift with changes in annealing 

temperature. 
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Figure 4.10: Optical absorption spectra of P3HT:PC71BM (1:0.8) at different 

annealing temperatures for the same annealing time of 10 mins. 
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The Raman spectroscopy of the P3HT:PC71BM at different annealing temperatures 

is shown in Figure 4.11. The vibration modes in the Raman spectra are attributed 

to those of P3HT as no features attributable to PC71BM could be resolved. The 

spectra are presented with a background subtraction to enable an easier visualisation 

and comparison of features. The peak assignments are as follows [59, 60]: 

 

Table 4.6: Assignment of spectral features of the P3HT:PC71BM Raman 

spectra. 

rr-P3HT 

wavenumber (cm-1) 

Assignment 

725 C – S – C ring deformation 

1000 Cβ - Calkyl stretching mode 

1090 C - H bending mode 

1167 Cα - Cα symmetric stretching mode 

1202 Combination of Cα - Cα stretching and the Cβ - H 

stretching mode 

1376 C – C intraring stretching 

1456 C = C stretching mode 

1516 Cα = Cβ antisymmetric stretching mode 
 

 

The advantageous effect that thermal annealing has on fabricated polymer:fullerene 

devices has been alluded to earlier. Tsoi et al. [61, 62] highlighted the influence 

that post-deposition annealing of P3HT:PCBM samples has on the Raman spectra 

in the following way: 

 

 The C = C stretching mode in P3HT will undergo a shift to lower Raman 

modes 

 There will be a decrease in the FWHM of the C = C stretching mode in 

P3HT  

 There will be an increase in the ratio of the C - C intraring mode relative to 

the C = C stretching mode 

 
These observations are said to be indicative of a more ordered structure in the 

morphology of the P3HT:PCBM samples. In Figure 4.11 we see the strongest peak 

centred at about 1456 cm-1 which has been identified as a symmetric stretch of the 

C = C along the backbone of the conjugated polymer, P3HT [62]. Furthermore, it 
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can be mentioned that strong Raman modes have their genesis in the vibration of 

the conjugated backbone of the polymer which is the optically active part. 

Focussing on the most intense peak, we observe a shift of about 6 cm-1 of this peak 

to a lower mode i.e. -1 -11456cm 1450cm (as shown in the inset of Figure 4.11). 

The peak positions of the devices annealed at 50 οC, 80 οC and 110 οC remained 

relatively unchanged at about 1450 cm-1 subsequent to the shift when compared to 

the room ‘temperature device’. The change in morphology as a result of post-

deposition annealing manifested as an enhancement in the crystallisation of the 

active layer of the P3HT:PC71BM devices. This effect was also observed in the 

optical absorption spectra in Figure 4.10. A decrease in the full width at half 

maximum (FWHM) of the most intense peak was observed with an increase in 

annealing temperature. Starting at a FWHM value of -151.68 0.04cm for the room 

temperature (Room Temp) device it decreased as follows: -141.55 0.03cm  for 50 

οC, -140.59 0.04cm  for 80 οC and -139.71 0.08cm  for 110 οC. The variation of 

the measured FWHM on temperature is shown in Figure 4.12. 
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Figure 4.11: Raman spectra of P3HT:PC71BM (1:0.8) at different annealing 

temperatures for the same annealing time of 10 min. The inset shows 

the 6 cm-1 shift of the C=C mode. 
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Figure 4.12: A plot of the FWHM as a function of temperature. 

 

4.3.2.2 Current – voltage energetics of optimised blend ratio 

The current – voltage measurements carried out in this section were based on the 

50 oC annealing temperature as a reference. The thinking behind this was based on 

the observation that unannealed devices exhibited very little photovoltaic 

behaviour. The key for us was to identify a annealing temperature that was going 

to lead to optimised photovoltaic behaviour.  Figure 4.13 shows the variation in 

dark current densities as a function of annealing temperature for 

GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al device architecture. Figure 4.13 (a) 

is the linear plot while the corresponding semi-logarithmic plot is given in Figure 

4.13 (b).  The dark current rectification ratios (RR) were obtained at 1.0 V using 

Equation (4.1) and these showed a decrease with an increase in annealing 

temperature as follows: 

 

 50 oC ;   RR = 472.3 ± 0.4 

 80 oC :   RR = 543.7 ± 1.2 

 110 oC :  RR =   82.5 ± 0.3 
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In Figures 4.14 (a) and (b) we see the J – V curves for the same devices at 100 

mW/cm2 (AM1.5). The current density for devices annealed at 80 oC and 110 oC 

are lower than the one annealed at 50 oC.  The reduction in current after each 

annealing step could be as a result of de-doping the polymer of impurities such as 

oxygen, water and any possible remnant solvent [63]. Comparing the reductions, it 

can be concluded that the de-doping increases as the annealing temperature 

increases and it is prominent in the 110 oC annealed device as compared to the 80 

oC case. Of interest was the emergence of the so-called S - shaped J – V curve for 

the device annealed at 110 oC. Though interesting, we did not explore the causes of 

this behaviour in detail, however it is likely that the increased annealing temperature 

leads to the segregation of P3HT and PCBM into separate domains that make 

recombination favourable and also possible reduction in the mobility of the charge 

carriers. As can be seen in Figure 4.14 (a), an S-shaped J – V curve ruins the 

resulting calculated value of the device’s FF considerably with the device showing 

poor photovoltaic performance. Despite numerous studies on the appearance of 

these S – shaped curves in organic solar cell research, their origin has been ascribed 

to different reasons such as poor charge carrier transport in any one of the OPV 

device layers or the formation of interfaces that hinder charge extraction [64 – 66]. 
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Figure 4.13: Dark current – voltage characteristics of P3HT:PC71BM (1:0.8) at 

different annealing temperatures for the same annealing time. (a) 

linear plot (b) semi-log plot. 
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The performance parameters of P3HT:PC71BM devices as a function of annealing 

temperature are shown in Table 4.6. A deterioration in performance is evident, 

having had a peak device power conversion efficiency of 2.35% at 50 oC annealing. 

The impact of the factor 1 S

sh

R

R

 
 

 
on the measured current density, as seen in 

Equation (2.19), can be seen in Table 4.7. The decrease in the shunt resistance 

accompanied by an increase in the series resistance leads to values greater than 1. 

The increase in this factor correlates very well with the decrease in current density 

values obtained. For the realisation of a better PV performance it is always desirable 

to have a very low series resistance and a very high shunt resistance. It can be seen 

in this case that an increase in annealing temperature induces the opposite of that 

which is desired. 

 

 

 

 

 

 

Figure 4.14: (a) J-V characteristics of P3HT:PC71BM (1:0.8 mass ratio) under 

AM1.5 illumination at 100 mW/cm2 for different annealing 

temperatures, (b) related dark current semi-log J-V characteristics.  
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Table 4.7: Performance parameters of the P3HT:PC71BM OPV devices at 

different annealing temperatures. 

 
Temp Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Rsh 

(Ω cm2) 

Rs 

(Ω cm2) 

1+Rs/Rsh 

50 οC 0.64 8.24 44.2 2.35 350.0 22.5 1+0.064 

80 οC 0.55 5.27 35.7 1.04 233.3 52.8 1+0.226 

110 οC 0.40 1.87 14.4 0.11 100.0 811.0 1+8.110 

 

4.3.2.3 Charge transport properties of P3HT:PC71BM as a function of 

annealing temperature 

 

4.3.2.3.1 P3HT:PC71BM (1:0.8) injection limited transport properties 

 

The FN plots in Figure 4.15 confirm the contribution by emission currents towards 

the total currents measured in devices. Noting that the field is given by F V d , 

negative slopes were measured on the straight lines towards x intercept. However, 

these are high field regions since the horizontal scale is expressed as V-1. So, it can 

be concluded that charge carriers are penetrating the potential barriers at the metal-

active layer interfaces of the device by FN quantum tunnelling i.e. by the field 

emission mechanism. The plots show quantum mechanical tunnelling of charge 

carriers at high fields and thermionic emission contributions towards the current at 

low electric fields. The field dependent transition point from thermionic emission 

to field emission shows the device annealed at 80 oC with the lowest value and the 

highest electric field being required by the 110 oC annealed device.  

In Figure 4.16 we see a combination of straight line and nonlinear sections in the 

RS plots. These indicate that the flow charge carriers through the interface is driven 

by thermionic emission, however the charge injection is predominantly due to FN 

tunnelling. 

The contribution of thermally assisted charge transport due to the effects stemming 

from changes to potential barrier heights can be explained by Poole-Frenkel (PF) 

or Richardson-Schottky (RS) models. Additionally, it has been established that an 

increased electric field leads to greater barrier lowering due to image charge. The 
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RS model, where we have charge transport represented by a transition over a 

potential barrier under the effect of an electric field [67], can be mirrored by the PF 

model where charge transport is underpinned by thermal emission of charge carriers 

from randomly distributed traps to the conduction band stemming from the 

lowering of the potential barrier by the external electric field effect [68]. 

Consequently, Equation (2.25) depicting the RS model at high temperatures holds 

for the FP model as well. The relation between the PF parameter and the RS 

parameter is shown clearly in by M.A. Gaffar et al. [67]. This then means that the 

potential barrier in the PF model is a measure of the depth of a potential well, as 

oppose to the height in the RS model (essentially the same thing depending on 

perspective). A conventional Richardson-Schottky plot is shown in Figure 4.17 

where the plot of  2ln vs 1000J T T  is found to be linear with a negative slope 

in the annealing temperature ranging from 50 οC – 110 οC. The straight line plots 

with negative slopes indicate the presence of thermionic emission. In this case we 

see thermionic emission scaling with an increase in annealing temperature. This 

shows that a higher injection barrier exists at the interface due to the fact that a 

greater amount of thermal energy is needed by charge carriers to overcome the 

barrier. This effect can also be seen in Figure 4.15 where thermionic emission 

dominates at lower electric fields and scaling with temperature as well.  
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Figure 4.15: Fowler - Nordheim plots for ITO/PEDOT:PSS/P3HT:PC71BM/Al 

devices for the post fabrication thermal annealing temperature range 

50 οC – 110 οC. 
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Figure 4.16: A comparison of Richardson - Schottky thermionic emission plots 

under forward and reverse bias for devices with a structure 

ITO/PEDOT:PSS/P3HT:PC71BM/Al in the post fabrication thermal 

annealing temperature range 50 οC – 110 οC.  
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Figure 4.17: Richardson - Schottky plots of ln(J/T2) vs 1000/T of devices with 

P3HT:PC71BM blends in their photoactive layers at the post 

fabrication thermal annealing temperature range 50 οC – 110 οC. 
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4.3.2.3.2 P3HT:PC71BM (1:0.8) bulk limited transport properties 

 

Figure 4.18 shows the dependence of charge carrier mobility on annealing 

temperature. The linear fit of the graphs was modelled on the Mott-Gurney law 

(Equation (2.40)) as seen in Chapter 2.  This is based on the assumption that there 

is an existence of negligible deep localised states and that the mobility is field 

independent. 

An analysis of the graph indicates that the steeper the slope the greater the hole 

mobility. Therefore, in this case it can be seen that the device annealed at 50 oC has 

the greatest charge carrier mobility and the mobility decreases with an increase in 

annealing temperature. Here we note that the potential of a formation of domains 

with an extended separation that is larger than the exciton diffusion length, could 

be a contributing factor to the observed temperature correlated decrease in charge 

carrier mobility. 

 

Figure 4.18: Linear fits of current density against V2 graphs for different post 

fabrication annealing temperatures modelled on the Mott-Gurney 

law with an assumption of trap filled and trap free SCLC. 
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Nakazono et al. have suggested that the density of charge carriers induced by the 

structural defects and by the oxygen or moisture may decrease upon heat treatment, 

leading to a reduction in conductivity [69]. Traps are a particular problem in 

fabricating organic semiconductor devices. For example, exposure to oxygen 

during the device fabrication process can easily lead to oxygen being reduced to act 

as an electron trap [70]. It has been established that oxygen can capture and retain 

electrons. This then increases the number of holes in the HOMO of P3HT that can 

contribute to the current. The observed reduction in mobility may therefore be 

interpreted as the reduction in electron trapping centres that leads to a reduction in 

trap induced hole density [71]. Other causes of the reduction in charge carrier 

mobility that could be stemming from more morphological contributions such as 

the deterioration of P3HT crystallites as a result of higher annealing temperatures, 

were not probed in this study as this would require a more thorough study of the 

nanoscale morphology of fabricated devices. 

 

4.3.2.4 P3HT:PC71BM (1:0.8) OPV behaviour as a function of light intensity 

at different annealing temperatures 

 

The knowledge of whether an OPV device exhibits Langevin type bimolecular 

(non-geminate) recombination or Shockley Reed Hall (SRH) type monomolecular 

(geminate) recombination is key to understanding of its output characteristics. Two 

key areas are probed for this purpose i.e. short circuit and open circuit conditions. 

Figures 4.19 (a) and (b) map the dependence of Voc and Jsc on light intensity, 

respectively. The recombination types are summarised in Table 4.8. We should 

recall that, with regards to the variation of Jsc with light intensity, α values that are 

equal to 1 indicate strong monomolecular recombination. The device annealed at 

110 oC shows the weakest bimolecular recombination in comparison to the other 

two.  Furthermore, since we do not have an ideality factor equal to 1 for any of the 

devices, we can conclude that we do not have any sign of exclusive bimolecular 

recombination at open circuit conditions. With obtained ideality factors that are 

greater than 2, we conclude that a high degree of trap assisted recombination, 

particularly for the device annealed at 80 oC, is dominant. 
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Table 4.8: A comparison of light ideality factors (n), charge carrier mobility (μ) 

values and recombination types (α) at short circuit conditions for 

different annealing temperatures. 

 

Sample Temperature 

(oC) 

n 

±0.43 

μ 
-.  6

0 003 10  

(cm2/Vs) 

α 

±0.07 

AK1 50 4.34 5.287 1.21 

AK2 80 6.24 4.196 1.19 

AK4 110 2.71 1.058 1.00 
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Figure 4.19: P3HT:PC71BM (1:0.8) energetic variations of (a) Open circuit 

voltage (b) short circuit current density (c) fill factor (d) power 

conversion efficiency as a function of light intensity for different 

post fabrication thermal annealing temperatures. 
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The fill factor and the PCE show a dependence on annealing temperature as shown 

in Figures 4.19 (c) and 4.19 (d). An increase in annealing temperature is 

accompanied by a decrease in the fill factor signifying a temperature linked 

degradation. The fill factor of all devices peaks at lower light intensities before 

decreasing towards 100 mW.cm-2. The deterioration of devices, more specifically a 

deterioration in PV performance can be seen in the increase in series resistance 

together with a decrease in shunt resistance as the annealing temperature is 

increased. At all annealing temperatures, the PCE appears to be increasing with the 

increase in light intensity although the effect is less noticeable for the 110 οC 

annealing temperature. 

The device annealed at 50 oC shows a consistently higher PCE at different light 

intensities as compared to devices annealed at 80 oC and 110 oC.   

In Figure 4.20 we see an almost negligible influence of diffusion on the generated 

photocurrent for the device annealed at 110 oC. The other two devices show an 

expected linear increase in photocurrent at lower effective fields. Saturated current 

densities, at high electric field of 71.23 10  V/m (1.6 V) for the devices annealed 

at 50 oC and 80 oC are 10.49 mA and 8.03 mA respectively. Their respective 

maximum exciton generation rates can be calculated using Equation (4.4). These 

are 
27

max 5.04 10G   m-3s-1and 
27

max 3.86 10G   m-3s-1. The higher exciton 

generation rate can lead to a higher Jsc if for example, holes and electrons that 

dissociate at the P3HT:PC71BM interface are collected at the electrodes with 

minimal recombination. The α values that are greater than 1 as seen in the plot of 

Jsc vs light intensity, suggest that a greater number of charge carriers are swept out 

by the internal field and there is a small loss of charge carriers due to bimolecular 

recombination. 
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Figure 4.20: The variation of the photocurrent density (Jph) as a function of the 

effective voltage (Veff) under 100 mW/cm2 illumination for devices 

with the P3HT:PC71BM (1:0.8) mass ratio of the photoactive layer. 

The variation of the generated photocurrent as a function of effective 

voltage for different annealing temperatures shows saturation of the 

photocurrent at 1.6 V for devices annealed the 50 οC and 80 οC.  

 

4.3.3 Kinetics of optimised blend ratio 
 

4.3.3.1 Spectroscopic characteristics 

 

Having identified the 50 oC as the optimum post fabrication annealing temperature, 

we set out to conduct further studies at this annealing temperature with a view of 

optimising the anneal time. In Figure 4.21 we see a somewhat varied optical 

response to different thermal annealing times at a constant annealing temperature 

of 50 oC. There is no outright pattern that can be identified with regards to an 

absorption profile and the annealing times. However, the absorption pattern is still 
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dominated by the P3HT absorption profile whilst the less prominent PC71BM 

absorption peak is still observable at about 380 nm. The major difference between 

this section of the work and the earlier energetics study, is that the maximum 

absorption peak does not show any noticeable shift with the increase in anneal 

times.
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Figure 4.21: UV-Vis spectra for the photoactive layer P3HT:PC71BM (1:0.8) 

with varying anneal times at the optimum 50 oC post fabrication 

annealing temperature. The average thickness of the photoactive 

layer of fabricated GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al 

devices was about 140 nm. 

  

The Raman spectra for the different anneal times also show no effect on the 

structural order of the active layer materials. The expected red shift, of the most 

intense peak, from room temperature devices to 50 οC annealing temperature was 

observed. Once again we observed a shift of 6 cm-1 from 1456 cm-1 to 1450 cm-1 

with reasons for this the same as those given in section 4.3.2.1. In this case, the 
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FWHM started at the previously stated value of -151.68 0.04cm  and stayed fairly 

constant at -140.75 0.90cm  with the increase in annealing time. This is shown in 

the inset of Figure 4.22. 
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Figure 4.22: Raman traces of the P3HT:PC71BM photoactive layers as a function 

of anneal times at 50 οC post fabrication annealing temperature. The 

inset shows the post annealing 6 cm-1 shift of the most intense peaks 

and the decrease in FWHM.  

 

4.3.3.2 Current –voltage kinetics of optimised blend ratio 

 

The dark and illuminated current – voltage characteristics are shown in Figures 4.23 

and 4.24 respectively. In the dark, a Schottky barrier to prevent back electron 

transfer at the P3HT/Al interface can be assessed from the rectification behaviour. 

To this effect rectification ratios can be determined in order to determine whether 

fabricated OPV devices are good rectifying devices or not. We used Equation (4.1) 

to calculate rectification ratios at 1.0 V for the three devices and obtained the 

following values: 10 min anneal time, 
24.72 10RR   ; 25 min anneal time, 



106 
 

23.14 10RR   and 40 min anneal time, 22.19 10RR   . A decrease of the RR with 

anneal time indicates the increasing probability of having leakage currents. 

Table 4.9 contains OPV performance parameters that were largely obtained from 

Figure 4.24. The open circuit voltage drops by about 7.5% from 10 minutes to 25 

minutes annealing time and does not change when the annealing time is increased 

to 40 minutes.  The FF shows a slight decrease when the anneal time is changed 

from 10 minutes to 25 minutes. However, there is almost a 10% decrease in the FF 

when the anneal time is increased to 40 minutes. The series and shunt resistances 

deteriorate with increasing anneal time. Previously introduced as an indication or 

measure of the degree of recombination, the factor 1 S

sh

R

R

 
 

 
, as can be seen in 

Table 4.9, increases with an increase in anneal time. The effect thereof can be seen 

in the decrease in the Jsc values as the anneal time increased. The overall 

performance of devices, as shown by the PCE in Table 4.9, decreased with anneal 

times. 

-0.5 0.0 0.5 1.0

0.000

0.005

0.010

0.015

0.020

0.025

C
u

r
r
e
n

t 
d

e
n

s
it

y
 (

A
.c

m
-2

)

Voltage (V)

 10 min

 25 min

 40 min

(a)

 

-1.0 -0.5 0.0 0.5 1.0

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

C
u

r
r
e
n

t 
d

e
n

s
it

y
 (

A
.c

m
-2

)

Voltage (V)

 10 min

 25 min

 40 min

(b)

Figure 4.23: Dark current – voltage characteristics of P3HT:PC71BM (1:0.8) at 

different annealing times for the same annealing temperature. (a) 

linear plot (b) semi-log plot. 
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Table 4.9: Performance parameters of the P3HT:PC71BM OPV devices with a 

GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al structure at different 

annealing times. 

 

Sample Temp Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Rsh 

(Ω cm2) 

Rs 

(Ω cm2) 

1+Rs/Rsh 

N1 10 min 0.67 7.49 35.5 1.78 171.4 29.8 1+0.174 

N2 25 min 0.62 5.36 36.5 1.20 233.3 44.0 1+0.189 

N3 40 min 0.62 2.74 27.3 0.47 276.3 170.8 1+0.618 

 

4.3.3.3 Charge transport properties of P3HT:PC71BM as a function of 

annealing time 

 

4.3.3.3.1 P3HT:PC71BM (1:0.8) injection limited transport properties 

 

We once again observed quantum mechanical tunnelling and thermionic emission 

contributions towards the measured current densities in the fabricated devices. The 

FN plots and the RS plots of Figures 4.25 and 4.26, respectively, show tunnelling 

behaviour at high electric fields and thermionic emission at lower electric field. The 

Figure 4.24: (a) J-V characteristics of P3HT:PC71BM (1:0.8 mass ratio) under AM1.5 

illumination at 100 mW/cm2 for different anneal times (b) related dark 

current semi-log J-V characteristics.  
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FN plots show annealing time dependent slopes in that there is decrease in 

magnitude of the slope with increasing annealing time from 10 to 25 minutes. 

However, the FN slope for the 25 minutes is almost equal to the one for the 40 

minutes annealing time. Furthermore, for the device annealed for 40 minutes, we 

see an emergence of a second negative slope (marked by a green dashed line). This 

second slope could be indicative of the recombination of charge carriers in the bulk. 

The slopes that are associated with tunnelling effects are obtained from linear fits 

of the curves as follows: 10 min = - 4.93; 25 min = - 3.32 and 40 min = 3.35. The 

electric fields at which transition from thermionic emission to tunnelling emission 

take place were found to be:- 10 min, 
62.42 10F   V/m; 25 min, 

61.67 10F   V/m 

and 40 min, 
61.63 10F   V/m. 

0 20 40 60 80 100

-10

-9

-8

-7

-6

-5

-4

-3

ln
(J

/V
2

) 
[J

 i
n

 (
A

.c
m

-2
) 

a
n

d
 V

 i
n

 v
o
lt

s 
(V

)]
 

1/abs(V) (V
-1
)

 10 min

 25 min

 40 min

 

Figure 4.25: FN plots of GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al devices 

for varying post fabrication annealing times. 
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Figure 4.26: RS plots of GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al devices 

for varying post fabrication annealing times  

 

4.3.3.3.2 P3HT:PC71BM (1:0.8) bulk limited transport properties 

 

Three regions of interest are identified in Figure 4.27. This current density vs 

voltage log-log plot indicates Ohm’s law dominated charge carrier transport 

mechanism in region I. This is dominant at low applied voltages up to 0.1 V. This 

direct proportionality between current density and applied voltage breaks down 

when the injected charge carrier density becomes large such that the field created 

by the charge carriers themselves dominates over the external bias. The charge 

transport behaviour becomes space charge limited and the trap free space charge 

limited current (TFSCLC) takes the form of the Mott-Gurney law, Equation (2.40). 

Rewritten here for easy reference, 

2

3

9

8
o r

V
J

d
   . 
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Once more it has to be highlighted that region II in Figure 4.27 is associated more 

with trap filling hence the application of the TFSCLC approach does not suggest an 

absence of traps but that traps are filled. A plot of 
2J vs V yields a slope that contains 

charge carrier mobility μ. Therefore the slope is, 

 

3

9
slope

8
o r

d
          (4.6) 

 

The charge carrier mobility can then be determined as 

 
38

slope
9 o r

d


 
         (4.7) 

 

Form Figure 4.28 it can be seen that, with the charge carrier mobility directly 

proportional to the slope, the magnitudes of charge carrier mobilities decrease with 

an increase in annealing temperature. Once again, as can be seen in Table 4.10, we 

observe low charge carrier mobilities that are normally associated with disordered 

materials. 
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Figure 4.27: Dark current log-log plots of J - V characteristics under forward bias 

for P3HT:PC71BM active layer blends annealed at 50 οC for 10, 25 

and 40 minutes.  Region I has slope = 1, indicating Ohmic 

conduction, region II has slope > 2, corresponding to SCLC 

characterised by trap filling and region III has a slope ≈ 2 and is 

described by Trap Free SCLC 
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Figure 4.28: Mott-Gurney linear fit linear fits of Jsc against V2 graphs for different 

post fabrication annealing times modelled on the Mott-Gurney law 

with an assumption of negligible deep localised states for a 

photoactive layer with a thickness of 140 nm  

 

4.3.3.4 P3HT:PC71BM (1:0.8) OPV behaviour as a function of light intensity 

 

Further characterisation of anneal time based PV performance is made by incident 

light intensity analysis of key characteristic parameters of merit. A focus on open 

circuit conditions leads to a plot of Voc vs ln Plight as shown in Figure 4.29 (a). From 

the linear fits of the curves we extract the slopes that give us information on ideality 

factors and hence the recombination mechanisms. We can rewrite Equation (4.2) 

such that the slope of the curve is 

 

 
oc

light

d
slope =

d ln(P )

B
V nk T

q
     (4.8) 
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The slope of the Voc vs natural logarithm of the light intensity gives 
Bk T q  for 

bimolecular recombination [72, 73]. The slopes in this case give the following 

behaviours: 10 min anneal time, slope 2.55 Bk T q ; 25 min anneal time, 

slope 1.96 Bk T q and 40 min anneal time, slope 2.67 Bk T q . With all the slopes 

greater than Bk T q , it can be concluded that a combination of both monomolecular 

(SRH-type) and bimolecular (Langevin-type) recombination processes are present 

at open circuit conditions. 

The log-log plot, in Figure 4.29 (b), of the current density versus incident light 

intensity (Plight) shows that there is domination of monomolecular recombination at 

short circuit conditions, especially for the devices annealed for 25 and 40 minutes. 

The α values for the 25 min and 40 min anneal time devices shown in Table 4.10 

are the closest 1. The differences in FF, though minor between the 10 and 25 

minutes annealing times, can be seen to be increasing with increasing input light 

intensity (Figure 4.29 (c)). The dependence of the PCE on anneal times is shown in 

Figure 4.29 (d), where the increase in input light intensity leads to an increase in 

PCE albeit at different rates and with different values at 100 mW.cm-2 (AM1.5). 
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Figure 4.29: P3HT:PC71BM (1:0.8) kinetic variations of (a) Open circuit voltage 

(b) short circuit current density (c) fill factor (d) power conversion 

efficiency as a function of light intensity. 
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Table 4.10: A comparison charge carrier mobilities and recombination 

parameters for GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al 

devices annealed at 50 oC for varying annealing times.  

 

Sample Temperature 

(oC) 

n 

±0.47 

μ 
-.  6

0 005 10  

(cm2/Vs) 

α 

±0.11 

N1 10 min 2.55 6.326 1.10 

N2 25 min 1.96 5.672 1.03 

N3 40 min 2.67 1.234 0.93 

 

Observed in Figure 4.30, is that the device annealed for 40 minutes does not show 

the linear dependence of the photocurrent with effective voltage at low bias 

voltages. These devices do not show saturation of current densities within given 

effective voltage scales. This could mean that larger electric fields are required to 

sweep out dissociated charge carriers. 
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Figure 4.30: Variation of the photocurrent with effective voltage for different 

annealing times. 
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4.4 Conclusion 

 

In this chapter, it was shown that the optimum mass ratio for the P3HT:PC71BM 

polymer:fullerene blend in the fabrication of organic photovoltaic devices with this 

active layer blend, is 1:0.8. The performance of the optimised blend ratio was found 

to deteriorate with an increase in both annealing temperature at a constant annealing 

time and with an increase in annealing time at a constant annealing temperature. As 

far as recombination behaviours are concerned, fabricated BHJ OPV devices tended 

to indicate an existence of a combination of recombination mechanisms. Several 

factors could be at play in the determination of effective recombination 

mechanisms. These could include, the types and nature of materials used and 

conditions under which devices are fabricated and characterised. 
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Chapter 5 
 

Performance assessment of 

donor:acceptor1:acceptor2 ternary blend 

BHJ OPV devices 

 

5.1 Introduction 

 

OPVs have not made a prominent mark in as far as commercialisation is concerned 

due to their low efficiencies and inferior lifetime stabilities when compared to 

readily available inorganic solar cells [1]. These deficiencies have meant that 

further research is needed in the quest for the realisation of enhanced power 

conversion efficiencies and improved lifetimes. 

As seen in Chapter 2, the power conversion efficiency (PCE) of a solar cell depends 

on the short-circuit current density Jsc, the open-circuit voltage Voc and the fill factor 

FF.  Equation (2.6) can also be written as, 

 

PCE 100%SC OC

L

J V FF

P

 
     (5.1) 

 

with LP  being the power of the incident light (mW/cm2). Any fabrication of OPV 

devices has to take into account that any PCE improvement depends on the related 

enhancements of the Voc, the Jsc and the FF. The Jsc is primarily governed by the 

optical absorption properties of the active layer, the band gap overlap with the 

maximum photon flux in the solar emission spectrum and the nano-scale 

morphology of the BHJ. The photocurrent can thus be increased by the absorption 

of light into the near infrared region. In binary polymer:fullerene systems, 

improvements in blend morphologies and testing of a variety of polymers and 

fullerene C(60) derivatives are among a few initiatives to this effect over and above 

the usage of low bandgap donor materials [2].  
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The use of a ternary blend in OPVs is continuing to gain traction as a strategy 

towards achieving cost effective, simple and efficient approach towards the 

fabrication of higher power conversion efficiency devices. In general, ternary OPVs 

contain three materials in their active layers i.e. in addition to the conventional 

binary polymer:fullerene, a third component is added to enhance the performance 

of the device. The choice of this component can be drawn from small molecules, 

dyes, nanoparticles [3 – 8], quantum dots [9] or polymers [10 - 11]. Ternary blend 

OPVs are generally grouped into three categories namely,  

 one-donor:two-acceptors (D:A1:A2),  

 two-donors:one-acceptor (D1:D1:A) 

 one-donor:one non-volatile additive:one-acceptor. 

The work by Thompson et al. highlighted a ternary model named the “alloy model” 

[12 – 16]. The alloy model proposed a mechanism where two electronically similar 

ternary active layer components (either two donors or two acceptors), combine to 

form an electronic alloy instead of having each material forming an independent 

parallel-linkage mechanism with respective acceptor or donor materials. The alloy 

then forms common HOMO and LUMO energy levels depending on the average 

composition of the two materials. To this effect, the energy diagram of the 

fabricated ternary system is shown in Figure 5.1. 
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P3HT 
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PC61BM 

+ 

PC71BM 
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PEDOT: 

PSS 5.2 eV 

6.0 eV 

 

Figure 5.1: Energy level diagram of the proposed P3HT:PC61BM:PC71BM 

ternary alloy device. 
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In this study, we fabricated and characterised donor:acceptor1:acceptor2 BHJ OPV 

devices. PC61BM and PC71BM are fullerene derivatives that have been studied 

extensively in varied BHJ polymer:fullerene OPV systems. The fullerene (C60) 

derivatives have an almost identical structure and subsequently similar electronic 

properties (the HOMO and LUMO levels are very similar). Despite these fullerene 

derivatives featuring prominently in BHJ OPV research, a mixture of the two in a 

ternary blend device has hardly been studied. In the Ko et al. study, the mixture of 

PC61BM and PC71BM fullerene derivatives as acceptor materials was combined 

with a low bandgap polymer, namely; the poly(5,6-bis(octyloxy)-4-(thiophen-

2yl)benzo[c][1,2,5]thiadiazole) (PTBT) as a donor material [17]. In our case, we 

used P3HT as a donor material. Here we sought to harness the excellent optical 

absorption of PC71BM and the relatively good electron affinity of PC61BM as 

acceptor materials.  Additionally, the miscibility of PCBM and P3HT has meant 

that BHJ devices can readily be fabricated with minimal complexity. In their study 

on annealing temperature dependence of morphological stability, Santo et al. 

reported on mixing PC61BM and PC71BM with P3HT in the fabrication and 

characterisation of inverted OPV devices [18]. The study also mentioned the cost 

benefit of using a mixture of these fullerene C(60) derivatives as this negated the 

necessity of purifying PC61BM and PC71BM, a necessary process if either fullerene 

was to be used on its own.   

Optical and electrical characteristics of the P3HT: PC61BM: PC71BM BHJ ternary 

blend were analysed by fabricating devices with varied mass ratios of PC61BM: 

PC71BM as acceptor materials in the active layer blend. The optimum blend mixture 

exhibited a superior Jsc and an improved PCE when compared to binary mixtures 

of P3HT: PC61BM and P3HT: PC71BM. 

 

5.2  Experimental details 
 

In this study, both PCBM derivatives (purity: 99.5%), ITO coated glasses (surface 

resistivity: 30-60 Ω/sq), P3HT (purity: 99.995%) and PEDOT:PSS (1.3 wt% 

dispersion in H2O) were purchased from Sigma Aldrich. In general, the 

experimental procedure outlined in Chapter 3 was followed, aspects particular to 

this section of the work will be highlighted.  
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The active layer mixture was prepared by dissolving 10 mg of P3HT and 10 mg of 

PC61BM: PC71BM in the ratios (1:0, 0.8:0.2, 0.6:0.4, 0.4:0.6, 0.2:0.8 and 0:1) 

separately in 0.5 ml of chlorobenzene by stirring the solutions for three hours. The 

separate solutions were then mixed and again stirred for two more hours to form a 

20mg/ml solution of P3HT: PC61BM: PC71BM with ratios 1:1:0, 1:0.8:0.2, 

1:0.6:0.4, 1:0.4:0.6, 1:0.2:0.8 and 1:0:1. Patterned ITO coated glass substrates were 

prepared by etching the ITO via a wet chemistry method using zinc powder and 

hydrochloric acid. Substrates were then cleaned to remove organic stains and any 

possible surface contaminants. The hole transport layer, PEDOT:PSS, was then spin 

coated onto the patterned ITO substrates at 2000 rpm for 60 seconds and 

subsequently annealed at 100 oC on a hot plate in air for 15 min to remove any 

residual water. The active layer blend was then spin coated at 2000 rpm for 60 

seconds to yield a homogeneous film. Aluminium, the metal top electrode was 

deposited by thermal evaporation, through a mask, in a vacuum of about   2 × 10-6 

mbar. Devices, as in Figure 5.2, with the following structures: 

 

 GLASS/ITO/PEDOT:PSS/P3HT:PC61BM:PC71BM/Al 

 GLASS/ITO/PEDOT:PSS/P3HT: PC61BM/Al 

  GLASS/ITO/PEDOT:PSS/P3HT:PC71BM/Al  

 

were then annealed in argon at 50oC for 10 minutes before proceeding with any 

characterisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: GLASS/ITO/PEDOT:PSS/P3HT:PC61BM:PC71BM/Al schematic 

of the ternary device showing different layers of ternary alloy.  

Aluminium 

Active layer 

PEDOT:PSS 

ITO 

Glass  
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The current–voltage (I–V) measurements were done using the solar simulator (150 

W Xe lamp) equipped with 1.5 air mass filters and a source/Measure unit (HP 

4141B DC) unit under 100 mW/cm2 illumination. Optical absorption measurements 

of fabricated devices were made using the Cary 500 UV – VIS - NIR 

spectrophotometer. The Raman bands and the structural order of all the films were 

examined using a Jobin Yvon T64000 Raman spectrometer equipped with an Ar 

ion laser (514.5 nm) at 4 mW laser power. All fabrication and characterisation 

processes were carried out in air at room temperature. 

 

5.3  Results and discussion 
 

5.3.1 Spectroscopic characteristics; UV-Vis details 

 

Optical absorption spectra were collected for different mixtures of the 

P3HT:PC61BM:PC71BM active layer blends in order to determine their optical 

properties. Figure 5.3 shows the dependence of optical absorption on the mass ratios 

of the fullerene C(60) derivatives in the active layer blend. The binary blends of 

each fullerene derivative have been excluded in our study on the ternary systems to 

establish the joint optoelectronic effects due to the miscibility of these two 

derivatives. It can be seen that the absorption is enhanced with an increase in the 

PC71BM content for a given PC61BM decrease. Also observable is the emergence 

of the characteristic PC71BM absorption peak at 378 nm as its blend concentration 

is increased. This is accompanied by a diminishing PC61BM absorption peak at 335 

nm. The peak positions emanating from PC61BM and PC71BM absorption remain 

at the same position, they just change in intensity relative to the PC61BM:PC71BM 

mass ratio in the active layer blend.  The most prominent absorption peak associated 

with P3HT, was observed at 507 nm due to π – π* transitions and two vibronic 

shoulder absorption peaks at 559 nm and 608 nm. A detailed description of the 

optical absorption spectrum of P3HT was given in Chapter 4. 
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Figure 5.3: UV-Vis absorption spectra of ternary blend devices with varying 

 fullerene C(60) derivatives ratios. 

 

5.3.1.1 Structural studies of ternary blend by Raman spectroscopy 

 

In the Raman spectra (Figure 5.4) characteristic bands associated with symmetric 

C=C stretching mode (1450 cm-1), inter-ring C-C stretch mode (1380 cm-1) 

{sensitive to π – electron delocalisation} and C-S-C deformation mode (728cm-1)  

identified in P3HT:PCBM blends did not show any change. However, it was 

thought that PC71BM being a slightly bigger molecule, might disrupt the 

intermolecular ordering and the π – π* stacking as its concentration increases. The 

Raman spectrum of the ternary blends is also dominated by the P3HT component 

just like in binary P3HT:PC71BM systems we encountered in Chapter 4. A more 

detailed description of the P3HT Raman spectrum was given in Table 4.6. The most 

intense peak at 1452 cm-1 virtually remains unchanged (does not undergo any shift) 

as the relative mass ratio of the fullerenes is changed. The FWHM values of this 

peak show a slight decrease as the PC71BM to PC61BM ratio increases: 

P3HT:PC61BM:PC71BM (1:0.8:0.2) = 40.40 ± 0.04 cm-1; P3HT:PC61BM:PC71BM 
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(1:0.6:0.4) = 39.73 ± 0.03 cm-1; P3HT:PC61BM:PC71BM (1:0.4:0.6) = 39.45 ± 0.04 

cm-1 and P3HT:PC61BM:PC71BM (1:0.2:0.8) = 39.44 ± 0.01 cm-1. These variations 

in the FWHM values are shown in Figure 5.5. The variation of the relative C60 

fullerene ratio in the photoactive layer for fabricated ternary devices does not seem 

to affect the structural order of the ternary blend. 
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Figure 5.4: Raman spectra of ternary BHJ devices with varying   

acceptor1:acceptor2 mixtures acquired via an excitation with an Ar 

ion laser (514.5 nm) at 4 mW laser power. 
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Figure 5.5: The variation of the FWHM of the most intense peak with the 

PC61BM:PC71BM mass ratio of the photoactive layer. 

 

5.3.2 Current-Voltage characteristics  

 

Figures 5.6 (a) and (b) show the J - V behaviour of the fabricated devices in the dark 

in linear and semi-log scales respectively. It is important to understand whether 

junctions (especially metal/active layer junctions) that form in these devices will be 

rectifying (Schottky) or Ohmic. Since it is known that PV devices must show 

rectification, we monitored their rectification behaviour by analysing measured 

current – voltage characteristics. This was done with the knowledge that an 

assessment of rectification behaviour can be established with a calculation of a 

rectification ratio (RR). The rectification ratios for the devices were calculated using 

Equation (5.2) as follows: 

F

V
R V

J
RR

J
      (5.2) 
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That is, the absolute value of the ratio of the forward bias current or current density 

to the reverse bias current or current density at the same applied bias V. The 

rectification in the devices can be seen in exponential nature of the curves in Figure 

5.6 with their actual values given in Table 5.1. 

 

Table 5.1: Rectification ratios of fabricated ternary devices.  

Device RR 

1:1:0 32.00 

1:0.8:0.2 1160.85 

1:0.6:0.4 1256.69 

1:0.4:0.6 992.88 

1:0.2:0.8 1228.55 

1:0:1 1073.03 

 

Though all devices show rectification, we can see from Table 5.1 that rectification 

ratios do not follow any pattern in as far as the ratios or the fullerene derivatives in 

the active layer are concerned. The P3HT:PC61BM device, exhibited an anomalous 

behaviour, with a rectification factor that is much lower than the rest. This could be 

an indication of poor device quality. 

 Current – voltage measurements done under 100 mW.cm-2 illumination using an 

AM 1.5 filter are shown in Figure 5.7. Clearly observable is the dependence of the 

short circuit current density on the active layer blend mixture of PC61BM:PC71BM. 

Given the superior optical absorption properties of PC61BM is comparison to 

PC61BM, it was anticipated that increasing its concentration in the active layer blend 

was going to lead to an increase the generated photocurrent. Established from the 

current – voltage measurements, was that the Jsc increased from 7.73 to 11.5 

mA/cm2 when the PC61BM:PC71BM mass ratio in the active layer was altered from 

PC61BM rich to PC71BM rich. This increase could be due to the increase seen in the 

optical absorption spectra as the thicknesses of the photoactive layers of the devices 

were kept fairly constant at 130 nm. Also observed in Figure 5.6 (a) is that the 

ternary blend 1:1:0 showed the highest leakage current. This is in good agreement 
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with the rectification ratios in Table 5.1. This particular blend had the lowest RR 

value. 

The Voc is largely limited by the energy levels of the HOMO of the donor and 

LUMO of the acceptor. It has been suggested by Street et al. [14] that Voc can be 

tuned in a ternary alloy OPV depending on the materials used. In this case, given 

the closeness of the HOMO and LUMO levels of PC61BM and PC71BM, changes 

are negligible with the average value found to be 0.59 ± 0.03 V.  

The PCE for different active layer mixtures peaks at 2.69% for the blend ratio 

P3HT:PC61BM:PC71BM of 1:0.4:0.6. In the PTBT:PC61BM:PC71BM study [17], 

they found an optimum blend ratio to be 1:0.8:1.2. i.e. they had used double the 

mass of the fullerene derivatives as compared to our case. The OPV performance 

parameters are summarised in Table 5.2. The sample 1:0.2:0.8 showed an 

anomalous stunting of the shunt resistance which could be due to fabrication 

defects. 

-1.0 -0.5 0.0 0.5 1.0

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.030

C
u

r
r
e
n

t 
d

e
n

s
it

y
 (

A
.c

m
-2

)

Voltage (V)

 1:1:0

 1:0.8:0.2

 1:0.6:0.4

 1:0.4:0.6

 1:0.2:0.8

 1:0:1

(a)

 

-1.0 -0.5 0.0 0.5 1.0

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

C
u

r
r
e
n

t 
d

e
n

si
ty

 (
A

.c
m

-2
)

Voltage (V)

 1:1:0

 1:0.8:0.2

 1:0.6:0.4

 1:0.4:0.6

 1:0.2:0.8

 1:0:1

(b)

 

Figure 5.6: Dark J - V characteristics of ternary devices in (a) linear and (b) 

semi-log scale. 
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Figure 5.7: J - V characteristics of ternary devices at 100 mW/cm2 illumination 

(AM1.5G) in (a) linear and (b) semi-log scale. 

 

Table 5.2: Performance parameters of OPV devices with different ratios of 

fullerene (60) derivatives in the active layer. 

Device 

P3HT:PC61BM:PC71BM 

Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Rsh 

(Ω 

cm2) 

Rs 

(Ω 

cm2) 

1:1:0 0.61 6.00 39.6 1.44 300.0 34.7 

1:0.8:0.2 0.59 7.73 40.6 1.61 203.2 30.2 

1:0.6:0.4 0.62 9.36 44.6 2.57 140.0 22.3 

1:0.4:0.6 0.62 10.71 40.2 2.69 210.0 29.3 

1:0.2:0.8 0.57 11.49 37.8 2.49 79.2 21.2 

1:0:1 0.56 8.29 39.8 1.83 233.3 32.3 

 

5.3.3 Charge transport properties of fabricated ternary devices 

 

The details that are related to current that is expected from emission and bulk 

transport mechanisms are discussed in sections 5.3.3.1 and 5.3.3.2. 

  

5.3.3.1 Emission contributions 

 

FN plots for ternary devices are shown in Figure 5.8. At low 1/absV values, 

representing high electric fields limited to within 2 V-1 (≈ 63.85 10 V/m), straight 

lines with negative slopes can be fitted to the FN curves.  Current injection by 
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quantum mechanical tunnelling is seen to be dependent on the mass ratio of the 

ternary blend given the variations in the slopes of the fitted FN curves. These 

variations in the Schottky barrier are indicated by a decrease in the slope as the 

relative content of PC71BM to PC61BM in the photoactive layer increases. This 

could also be the reason for the increase in the Jsc  together with the optical effects 

that were observed. It was established in Chapter 2 that the slope is directly 

proportional to the potential barrier and determination of the barrier was given by 

Equation (2.37). Of interest in this case was the observed trend in the variation of 

the slope rather than an involved quantitative analysis.  
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Figure 5.8: FN plots for ternary blends under forward bias in the dark outlining 

FN field emission and thermionic contributions to the measured 

current.  
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Figure 5.9: RS plots for ternary blends stacked for better illustration. The 

PC71BM component of the photoactive blend increases relative to 

the PC61BM component from the top graph to the bottom one. 

 

It can be observed from both Figures 5.8 and 5.9 that thermionic emission is evident 

at low applied fields. The device 1:1:0 makes the greatest contribution towards the 

current via thermionic emission.  

 

5.3.3.2 Bulk limited transport 

 

The log-log plot of J as a function of V in Figure 5.10 shows an Ohmic conduction 

for the 1:1:0 device well into higher bias voltages at about 0.5 V. This is in contrast 

to the ternary as well as the 1:0:1 devices, that show the onset of SCLC at voltages 

of about 0.2 V, indicated as region I. However, the onset voltage is higher than 
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0.026Bk T q   V. Beyond region I the current density under forward bias for all the 

devices, bar the 1:1:0 device, obeyed the power law of the form mJ V with 2m 

described by space charge limited current in the presence of exponentially 

distributed traps within the band gap [19]. It has been shown that the SCLC model 

in the presence of exponentially distributed traps gives the same qualitative results 

as the trap free SCLC [20]. 

Having made this consideration we then determined charge carrier mobilities by 

applying the Mott-Gurney law to the J – V characteristics of ternary devices. The 

linear fits are displayed in Figure 5.11. With 
12 -1

0 8.85 10 F.m   , 3.5r   and 

130nmd  , charge carrier mobilities for the bends can be determined as shown in 

Table 5.3. 
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Figure 5.10: J – V characteristics in the dark in log-log scale for varying 

donor:acceptor1:acceptor2 ratios in the photoactive layer of  

ITO/PEDOT:PSS/P3HT:PC61BM:PC71BM/Al devices. 
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Figure 5.11: Linear fits of Jsc vs V2 based on the Mott-Gurney law for charge 

mobility extraction.  

 

5.3.4 Variations of OPV parameters with incident light intensity 

 

Figures 5.12 (a) and (b) help us to establish the type or types of recombination 

mechanisms that affect the operation and hence the efficiency of the OPV devices. 

In Figure 5.12 (a), we use the fact that at Voc conditions, all photogenerated charge 

carriers recombine within their diffusion lengths inside the bulk material, to probe 

dominant recombination mechanisms. Recombination mechanisms can then be 

extracted by studying Voc as a function of input light intensity, Plight. For bimolecular 

recombination to be dominant, the slope of the plot of Voc versus the natural 

logarithm of the input light intensity is expected to be Bnk T q  with n = 1. The n 

being the ideality factor under illumination. At values of n > 1, then monomolecular 

or trap-assisted (SRH-type) recombination processes are prevalent in the active 

layer of the PV device. On the other hand, values of n < 1 would corroborate the 

Auger type recombination of charge carriers. Additionally, where n = 2, the 
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Shockley-Read-Hall recombination process predominates over all possible 

recombination processes. Ideality factors greater than 2 have been observed and 

ascribed to possible non-ohmic metal-semiconductor contacts, accompanied by 

relatively high resistances [21].   

The calculation of ideality factors under illumination is meant to avoid the strong 

influences of shunt and series resistances and space charge effects at higher voltages 

on J – V characteristics that are typical in the dark [22]. 

 

All ideality factors are directly related to the slopes of the curves and as can be seen 

in Table 5.3 with calculated values are greater than 1 indicating that bimolecular or 

non-geminate recombination is not the only recombination mechanism in effect. 

The device 1:0:1 shows a strong dependence of the current on monomolecular or 

trap-assisted recombination with an enhanced dependence of the open circuit on the 

input light intensity i.e. slope 2 Bk T q [23 – 25].  

The power law dependence of Jsc on input light intensity Plight in organic 

photovoltaics is shown in the log-log plot in Figure 5.12(b). That is,  lightscJ P


 . 

Strong dependence of the Jsc on geminate or monomolecular recombination (weak 

bimolecular recombination) will be seen from the linear dependence of the Jsc on 

Plight when α = 1 [23, 24]. 

Observed from Table 5.3, is that the strongest dependence on geminate 

recombination at short circuit is in the devices with the highest amount of PC61BM 

i.e. the P3HT:PC61BM:PC71BM 1:1:0 and the 1:0.8:0.2 devices. Bigger deviations 

from α = 1 are seen in devices with the highest PC71BM content. 
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Figure 5.12: Ternary blend variations of (a) open circuit voltage (b) short circuit 

current density (c) fill factor (d) power conversion efficiency as a 

function of light intensity (Plight). 

 
Figure 5.12 (c) shows the dependence of FF on input light intensity. Higher FF 

values can be seen at lower light intensities and the lower values at high illumination 

intensities are an indication of recombination losses. The biggest drop in FF i.e. 

from low illumination to high illumination is in the device with the strongest trap-

assisted recombination dependence at open circuit and the strongest dependence on 

bimolecular dependence at short circuit conditions. The device 1:0:1 had 

slope 2 Bk T q in the Voc vs Plight plot and α = 1.30 in Jsc vs Plight log-log plot. The 

dependence of the PCE on illumination intensity reveals the often observed 

increased in PCE with an increase in light intensity as can be seen in Figure 5.12 

(d). 
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Table 5.3: Average values for charge carrier mobilities and recombination 

parameters of ternary blends. 

Device n 

±0.13 

μ 
-6

±0.006×10  (cm2/Vs) 

α 

±0.18 

1:1:0 3.94 1.418 1.04 

1:0.8:0.2 1.57 1.405 1.06 

1:0.6:0.4 1.59 1.364 1.12 

1:0.4:0.6 1.52 0.900 1.10 

1:0.2:0.8 1.37 1.640 1.13 

1:0:1 2.00 1.335 1.30 

 

To further understand the effect of the ternary blending of the photoactive layer on 

the performance of fabricated devices, we studied the behaviour of the photocurrent 

density (Jph) as a function of the effective voltage (Veff). The measured relationships, 

which enable the determination of the saturation current density Jsat, the maximum 

exciton generation Gmax and the exciton dissociation probability P(E,T), are shown 

in Figure 5.13. 

As described in Chapter 4, Jph is found as Jph = JL – JD, where JL is the photocurrent 

density under illumination by one sun and JD in the current density measured in the 

dark. Veff is determined as Veff = V0 – Va, where V0 is the voltage at which Jph = 0 

and Va is the applied bias voltage. It is generally assumed that the Jsat is directly 

proportional to Gmax such that Jsat = qGmaxL as in Equation (4.4). 

The plots in Figure 5.13 indicate that Jph saturates for Veff > 0.8 V, however an even 

greater field dependence is still in evidence beyond this point particularly for the 

1:0:1 device. The observed trend for this device is out of kilter with the rest of the 

devices. Bearing this observation in mind, we assumed saturation beyond 0.8 V and 

proceeded to calculate Jsat at 0.9 V for all devices with the aim of establishing 

possible Jph - Veff  behavioural patterns. 

For the ternary blends, it was seen in Figure 5.3 that an increase in the mass ratio 

of PC71BM in the P3HT:PC61BM:PC71BM blend led to an enhancement in optical 

absorption. The optical absorption qualities of each blend can be linked to the 

maximum exciton generation rate and hence the saturated current density. Under 

ideal conditions, the saturation current density is the same as the short circuit current 

density. Despite non-ideal conditions in our case, we can see the Jsat pattern of an 
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increase in PC71BM replicated in the increase in Jsc, following the same pattern. 

This can be seen in Jsat values in Table 5.4 and Jsc values in Table 5.2. 

 

Table 5.4: Saturation current densities and maximum exciton generation rates 

for ternary blends. 

Device Jsat 

 

(mA.cm-2) 

Gmax 

(x1027) 

(m-3s-1) 

1:1:0 6.84 3.28 

1:0.8:0.2 7.88 3.78 

1:0.6:0.4 10.48 5.03 

1:0.4:0.6 11.88 5.70 

1:0.2:0.8 14.01 6.73 

1:0:1 9.67 4.64 

  

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.000

0.004

0.008

0.012

0.016

 1:1:0

 1:0.8:0.2

 1:0.6:0.4

 1:0.4:0.6

 1:0.2:0.8

 1:0:1

J
p
h

 (
A

.c
m

-2
)

V
eff

 (V)

 

Figure 5.13: Jph vs Veff  for ternary blends showing the attainment of saturation 

currents at high effective voltages. 
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5.4  Conclusion 
 

We have demonstrated that ternary BHJ OPV devices can easily be fabricated by 

using electron acceptor materials that are chemically and electronically similar. 

These mixtures of PC61BM and PC71BM fullerene derivatives formed a 

semiconducting alloy in the photoactive layer. Though the P3HT:PC61BM:PC71BM 

(1:0.8:0.2) devices showed the largest short circuit current densities, it was the 

(1:0.4:0.6) devices that gave the best power conversion efficiencies of about 2.69%.  

To have a better understanding of the performance of fabricated devices, as a 

function of C60 fullerene derivative ratio in the photoactive blend, we measured the 

strengths of recombination characteristics both at open circuit voltage and at short 

circuit current, the exciton generation rates, charge carrier mobilities and optical 

absorption properties. The strongest correlations were found between a relative 

increase in the PC71BM content of the photoactive layer with an increase in optical 

absorption and photogenerated currents.  
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Chapter 6 
 

Photovoltaic investigation of N-MWCNT 

incorporated BHJ OPV devices 

 

6.1  Introduction 

 

Efforts aimed at seeing widespread usage of renewable energy sources have led to 

significant research interest in organic photovoltaics (OPVs). One of the most 

desirable characteristics of OPVs is the possibility of low cost processing of large 

area devices on flexible substrates [1].  In as far as being the source for the 

generation of clean renewable energy is concerned, OPVs have an additional 

advantage of having high optical absorption coefficients that lead to light absorption 

within very thin layers thereby requiring reduced quantities of photo-active 

materials for fabrication [2]. OPVs can also be fabricated with shorter energy pay-

back times on the basis of the roll-to-roll printing technology with high throughputs 

at low production temperatures [3 - 4]. 

The bulk heterojunction (BHJ) device architecture has been widely employed in 

order to maximise the donor-acceptor interface in OPV devices. The BHJ concept 

is based on the solution processing approach that blends electron donor and 

acceptor materials that make up the photoactive layer of the OPV device. The 

blending of the active layer materials enables an efficient charge separation at the 

donor-acceptor (D – A) interface and a higher charge collection efficiency from the 

inter-penetrating network of the (D – A) blend [5]. Recently, particularly in the last 

decade, the power conversion efficiency (PCE) of OPVs has seen a remarkable 

improvement even though the highest values are still around 10 – 16% [6 – 10]. It 

has to be noted though that some of the approaches in these improvements involved 

using higher priced low bandgap polymers as donor materials and the adoption of 

tandem morphologies in the fabrication of OPV devices. These improvements in 

power conversion efficiencies (PCEs) have not led to large scale mass production 
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of OPVs for commercialisation owing to low efficiencies and poor lifetime 

stabilities as compared to conventional inorganic solar cells [11]. The (D – A) 

binary blend of the photoactive layer still suffers from the following shortcomings 

that inhibit enhanced device performances: a narrow and weak optical absorption 

spectrum (< 650 nm and requiring a thicker photoactive layer); poor charge transfer 

efficiencies and energy losses from the HOMO – LUMO that is much greater than 

the required 0.3 eV minimum; inferior charge transport pathways as a result of 

disordered (D - A) interface that also hinders charge extraction and the Schottky 

barriers between the photoactive layer energy levels and the workfunction of the 

electrodes [5].  

The performance of OPV devices has been evaluated subsequent to the 

incorporation, into the photoactive layer, of a variety of materials such as carbon 

nanotubes (CNTs), graphene, metallic nanoparticles, quantum dots, etc.  CNTs hold 

the promise of being exciton dissociation centres and also providing conductive 

conduits for high charge carrier mobilities [12, 13]. Additionally, CNTs can also 

improve mechanical stability of polymer-based solar cells [14]. 

Nitrogen doped multiwalled CNTs (N-MWCNTs) have been found to be largely 

metallic with electrical conductivities greater than those of pure CNTs [15, 16]. In 

the study by Lau et al. [17], they reported an improvement of 30% in the PCE of 

P3HT:PCBM devices when short MWCNTs were included in the photoactive layer. 

The bulk heterojunction PTB7:PC71BM study that incorporated 1.5 % nitrogen 

doped CNTs by Lu et al. [18] reported an 18% increase in the PCE. However, it 

should be noted that the role played by CNTs in the performance of BHJ OPVs is 

still open to varying interpretations. The inclusion of CNTs in the photoactive layer 

of OPVs has also been found to be counter-productive with device performance 

declining with the addition of CNTs [19]. 

In keeping with the ever present promise associated with OPVs i.e. of low 

fabrication costs and simple device fabrication processes we have stuck to the well-

studied poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61 butyric acid methyl 

ester (PC61BM) as donor and acceptor active layer materials respectively, for this 

study into optical and electrical effects of incorporating N-MWCNTs. Different 

mass loadings of nitrogen doped multiwalled CNTs (N-MWCNTs) were introduced 
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into the photoactive layer of fabricated OPV devices and the effects of these 

loadings on the PCE were studied. The desired outcomes of incorporating CNTs 

into OPV devices have already been mentioned but we can further mention that 

nitrogen-doped MWCNTs bring excess electrons, relative to the carbon atom, 

leading to the shifting of the workfunction of the MWCNTs closer to the LUMO 

level of the PCBM thereby aiding in electron transport. Furthermore, MWCNTs are 

relatively less cumbersome to synthesise, thus characterised by simpler and cost 

effective processes. The synthesis and characterisation of N-MWCNTs is briefly 

discussed and PCEs of fabricated BHJ OPVs devices as a function of N-MWCNT 

mass loadings are evaluated by analysing their optical and electrical characteristics. 

A further analysis of the effects of including N-MWCNTs into the P3HT:PC61BM 

devices was carried out by fabricating devices without the fullerene component. 

That is, P3HT:N-MWCNT devices, with similar mass loading of carbon nanotubes, 

were fabricated and characterised in virtually the same way for comparative 

purposes. 

A detailed description of the synthesis and characterisation of N-MWCNTs that 

were used in this study can be found in the doctoral thesis of I.B. Usman [20].  

 

6.2  Experimental details 
 

6.2.1 Synthesis and functionalisation of N-MWCNTs 

 

Nitrogen-doping of multiwalled carbon nanotubes (N-CNT) was done by the 

decomposition of acetylene (C2H2) (Afrox) over a 5% Fe-Co bimetallic catalysts 

supported on CaCO3 [21] at 850°C for 45 mins. In a typical procedure 250 mg of 

catalyst (Fe-Co/CaCO3) in a quartz boat (120 mm × 15 mm) was placed in the centre 

of a quartz tube (51 cm × 1.9 cm) in a horizontal programmable furnace. The 

furnace can be electronically controlled to provide accurately the desired heating 

rates (±1C), reaction temperature and gas flow rates. The catalyst was spread to 

form a thin layer in the quartz boat. The furnace was then heated at 10 °C min–1 

under a continuous flow of nitrogen gas (N2) (Afrox) (240mLmin–1). Once the 

desired temperature was reached (850 C), the N2 (240 mL min–1) and C2H2 (90 mL 
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min–1) were simultaneously bubbled through acetonitrile (CH3CN) at room 

temperature into the furnace for nitrogen doping to take place [22]. The reaction 

was allowed to take place for 45 minutes. After this, the bubbling of the gases 

through CH3CN was stopped and the system was left to cool down to room 

temperature under N2 (240 mL min–1). The quartz boat was then removed from the 

reactor for the weighing of the carbon deposit along with the catalyst. 

The weighed samples were purified using 55 % HNO3 under reflux in an oil bath 

held at 110 °C for 6 hours to remove the residual catalyst and to introduce oxygen 

surface groups on the CNT surface. The acid-treated carbon materials were then 

filtered and washed several times with distilled water until the pH of the filtrate was 

neutral. The nitrogen-containing materials were dried at 120 °C for 12 hours. The 

CaCO3 support as well as catalyst particles (Fe-Co) were removed without affecting 

the CNT wall structures. Some residual material (~3 %) appears to be left behind 

after the washing.  The purified samples were then denoted as N-CNT.  

 

6.2.2 Preparation of P3HT:PC61BM:N-MWCNT active layer solutions 

 

Photoactive layers were prepared by initially weighing 10 mg each of P3HT and 

PC61BM and then adding 0.13 mg, 0.25 mg and 0.50 mg of functionalised N-

MWCNTs to the three vials containing P3HT. The P3HT, P3HT plus the N-

MWCNTs and the PC61BM samples were each dissolved in 0.5 ml of 

chlorobenzene by stirring them for 3 hours. Photoactive layer blends comprising of 

the control blend of P3HT:PC61BM in a 1:1 ratio (sample R), carbon nanotube 

incorporated sample R1, P3HT:PC61BM:N-MWCNTs in the ratio 1:1:0.13, sample 

R2 of P3HT:PC61BM:N-MWCNTs with ratio 1:1:0.25 and finally sample R3 

having P3HT:PC61BM:N-MWCNTs in the ratio  1:1:0.50, making 20 mg/ml, 20.13 

mg/ml, 20.25 mg/ml and 20.50 mg/ml solutions in chlorobenzene, were stirred for 

a further 2 hours to agitate a thorough mixing of the materials. 
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6.2.3 Fabrication of BHJ OPV devices 

 

The general fabrication process of OPV devices was outlined in Chapter 3. Device 

fabrication details related to this study will be highlighted with careful effort to 

minimize repetition. A series of BHJ OPV devices with N-MWCNT loadings 

ranging from 0 to 0.50 mg were fabricated under ambient conditions, on ITO coated 

glass substrates.  The patterning of the ITO substrates involved ITO etching by 

using zinc paste and a 2M hydrochloric acid solution.  Etched substrates were 

cleaned via a sonication process that took them through a detergent solution, 

distilled water, acetone and ethanol for the achievement of blemish free foundations 

on which the stacking of materials could be made in the building of OPV devices. 

The cleaning process was done in a fume cupboard with controlled bursts of 

nitrogen gas being used to dry cleaned ITO substrates.  

 

6.3  Results and discussion 
 

6.3.1 Spectroscopic characteristics 

 

6.3.1.1 Optical absorption  

 

Figure 6.1 shows the effect of different mass loadings of N-MWCNTs on the optical 

absorption spectra of the photoactive layer. The characteristic P3HT absorption 

profile with an intense peak at 515 nm and the PC61BM peak at 335 nm can be 

clearly identified. Optical absorbance is seen to vary as the mass of incorporated N-

MWCNTs is increased from 0 mg to 0.5 mg. All mass loadings show some form of 

an enhancement in absorption intensities. However, as opposed to observations 

made by Singh et.al. [23], where a red shift with an increase in MWCNT 

concentration was observed in their study, the P3HT maximum absorption peak 

shows no noticeable shift with the addition of N-MWCNTs into the photoactive 

layer of fabricated devices. Also observed in Figure 6.1 is the broadening of the 

spectrum which could suggest an effect on the morphology of thin films due to the 

incorporation of the carbon nanotubes into the photoactive layer. However, this 

could not readily be established.  
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Interestingly, it has been mentioned that optical absorption measurements of 

MWCNTs can be difficult, with a possibility of being inconclusive, so one has to 

be very cautious when reading information from related absorption spectra [24].  
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Figure 6.1: UV-Vis spectra comparing N-MWCNTs mass loadings in the 

P3HT:PC61BM active layer. 

 
6.3.1.2 Raman spectra characterisations 

 

The Raman spectra for fabricated devices with different N-MWCNT loadings is 

shown in Figure 6.2. The Raman spectra of all devices are also dominated by the 

P3HT component just like in binary P3HT:PC71BM systems we encountered in 

Chapter 4. A more detailed description of a Raman spectrum for the polymer P3HT 

was given in Table 4.5.  A brief identification of a few characteristic modes is given 

for ease of reference:- bands associated with symmetric C = C stretching mode 

(1450 cm-1), the inter-ring C - C stretch mode that is sensitive to π – electron 

delocalisation (1379 cm-1), the inter-ring stretching (1180 cm-1), C – H bending 

(1092 cm-1) and C-S-C deformation mode (723 cm-1).  No peak shifts or new peaks 
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were observed as a result of incorporating N-MWCNTs into the photoactive layer. 

For example, the most intense peaks was at 1453 cm-1 for all the devices and had 

an average FWHM value of 32.61 ± 0.05 cm-1. Hence, we could rule out any 

formation of chemical bonds between the CNTs and the photoactive layer materials. 

In short, the structural order of the photoactive blend was not impacted by the 

incorporation of the CNTs.  
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Figure 6.2: Raman spectra of P3HT:PC61BM devices with varying N-MWCNT 

mass loadings. 

 

6.3.2 Electrical characteristics 

 

Figures 6.3 and 6.4 show, in linear and semi-log scales, J – V characteristics of 

fabricated devices with different concentrations of N-MWCNTs both in the dark 

and under AM1.5 illumination at 100 mW/cm2. All devices displayed rectification 

for solar cell application. The extent of each device’s rectifying behaviour can be 

determined by computing their respective dark current rectification ratios (RR) as 

shown in Table 6.1. The addition of N-MWCNTs into active layers of fabricated 
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devices leads to a deterioration in diode behaviour. This unfavourable rectification 

means that potential barriers formed at active layer/Al interfaces will have a lesser 

capability of preventing back electron transfer. 

Table 6.1: Rectification ratios for N-MWCNT loadings into the 

P3HT:PC61BM active layer blend. 

Device RR 

Ref  - 0.00 mg 32.00 

R1 – 0.13 mg 6.15 

R2 – 0.25 mg 6.22 

R3 – 0.50 mg 2.74 

 

The summary of J – V measurements in Table 6.2 indicates that the overall 

performance of devices with N-MWCNT loadings did not improve. Device R, the 

control device, had a Voc of 0.60 V, a Jsc of 6.29 mA/cm2 and a PCE of 1.40%. The 

loading of N-MWCNTs into the photoactive layer resulted in at least a 50% drop 

in current density accompanied by a minimum 30% reduction in the value of the 

Voc. Reductions in Voc values could be caused by a mismatch of energy bands. It has 

been mentioned previously that the Voc in polymer:fullerene photovoltaics is 

primarily determined from difference between the HOMO of the polymer and the 

LUMO of the fullerene. Furthermore, these big drops in key device parameters 

could be emanating from a high recombination of charge carriers. The effect of 

recombination in these devices will be discussed later in the chapter when light 

intensity dependencies are analysed.  

 

 

 

 

 

 

 

Figure 6.3: Dark (left) and 100 mW.cm
-2

 (AM1.5) illumination (right) current-

voltage plots.  

-0.5 0.0 0.5 1.0

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.030

C
u

r
r
e
n

t 
d

e
n

s
it

y
 (

A
.c

m
-2

)

Voltage (V)

 Ref

 0.13 mg

 0.25 mg

 0.50 mg

0.0 0.5 1.0

-0.010

-0.005

0.000

0.005

0.010

0.015

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

A
.c

m
-2

)

Voltage (V)

 Ref

 0.13 mg

 0.25 mg

 0.50 mg



154 
 

-0.8 -0.4 0.0 0.4 0.8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

10
C

u
rr

en
t 

d
en

si
ty

 (
m

A
.c

m
-2

)

Voltage (V)

 R - 0 mg

 R1 - 0.13 mg

 R2 - 0.25 mg

 R3 - 0.50 mg

 

Figure 6.4: Dark and illuminated semi-log plots of J – V characteristics. 

 

Table 6.2.: Summary of the performance of fabricated OPV devices with 

varying N-MWCNT concentrations with the masses, in mg, of 

loaded N-MWCNTs shown next to the device label. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Rsh 

(Ω cm2) 

Rs 

(Ω cm2) 

1+ Rs/Rsh 

Ref – 0.00 6.29 0.60 37.5 1.40 262.5 36.6 1+0.14 

R1 – 0.13 3.29 0.51 24.1 0.40 154.9 207.2 1+1.34 

R2 – 0.25 3.11 0.52 26.4 0.43 171.4 174.6 1+1.02 

R3 – 0.50 1.11 0.46 24.3 0.13 451.4 642.1 1+1.42 
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6.3.3  Charge transport properties 

 

6.3.3.1 Injection limited behaviour 

 

If the current is dominated by Fowler-Nordheim tunnelling a plot of  2ln J V vs 

 1 V will yield a straight line with a negative slope. The flow of charge carriers 

through a potential barrier is thus governed by quantum mechanical tunnelling. The 

FN plots shown in Figure 6.5 exhibit this characteristic behaviour at high applied 

electric fields i.e. low  1 V values. It is therefore concluded that charge carriers are 

going through the potential barriers at the metal/active layer interfaces of fabricated 

device by FN quantum tunnelling mechanism. Linear fits on the slopes of the FN 

indicated a mass loading dependence. The device with no N-MWCNTs had the 

steepest slope and the steepness was found to decrease with an increase in N-

MWCNT mass loading. As seen in Chapter 2, the steepness of the straight line 

slopes in FN plots is directly proportional to the barrier height. The expectation, 

which does not necessarily imply better photovoltaic performance of fabricated 

devices, was that the introduction of the CNTs would lower the potential barrier 

height of the metal-active layer interface(s) [13]. This was in evidence, from the 

slopes of the straight line fits and their related potential barrier heights as obtained 

from Figure 6.5. These can then be arranged as follows: Ref R1 R2 R3m m m m    

for the slopes and        Ref R1 R2 R3B B BB
      for the potential barriers. 

The non-linear behaviour of the plots at lower applied electric fields i.e. high  1 V

values is indicative of charge injection by Richardson-Schottky (RS) thermionic 

emission mechanism. This illustrates the contributions of both direct tunnelling and 

thermionic emission mechanisms towards the transport dynamics of charge carriers 

at metal/active layer interfaces. 

In the RS plots of ln J vs V  in Figure 6.6 linear fits at low applied bias voltages 

yield positive slopes which is indicative of charge injection by thermionic emission 

through the metal/polymer interface. The non-linear behaviour at higher voltages 

suggest that a transition has taken place towards quantum mechanical tunnelling. 
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The minima of the curves in Figure 6.6 indicate transition points where charge 

transport through a barrier changes from RS dominated thermionic emission to FN 

dominated field emission. A slight variation in the dependence of the transition field 

on N-MWCNT mass loading was observed. An average electric for this transition 

was found to be 
6 -13.00 10 V.m . The upper and lower limits of applied fields in this 

set of devices can be found from the Voc of the reference device and that with the 

0.50 mg N-MWCNT mass loading, respectively. Their magnitudes are 

6 -14.62 10 V.m  and 6 -13.54 10 V.m . 
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Figure 6.5: FN plots for increased N-MWCNT loadings into P3HT:PC61BM 

photoactive layer blends. 
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Figure 6.6: RS plots under reverse and forward bias for devices with an 

increasing content of N-MWCNT in the P3HT:PC61BM 

photoactive layer blends.  

 

6.3.3.2 Bulk limited behaviour 

 

In Figure 6.7 we plotted log-log forward bias J – V characteristics in the dark in 

order to study bulk charge transport mechanisms of fabricated devices. The curves 

were found to obey the power law
mJ V , such that from

log log logJ m V   , m is the bias dependent slope and log is the constant. 

Following the discussion on bulk charge transport mechanisms in Chapter 2, we 

proceeded to identify regions of interest in Figure 6.7 to enable a precise description 

of bulk charge transport behaviour in our devices. 

Region l is the low voltage region, V < 0.15 V, where the slopes of the J – V curves 

had values close to 1 signifying Ohmic behaviour. The average value of the slope in 

this region was found to be 1.01 0.02m   . 
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The average slope of the linear fit in Region 2 was approximately 2, 1.9 0.1m   . 

This region where 0.15 0.65V  , was identified as dominated by SCLC.  

Finally, region 3 gave slopes greater than 3 indicating the filling of traps where 

transport is dominated by trap free space charge limited current (TFSCLC). The 

differences in the slopes of the curves in the TFSCLC region for all the devices 

suggests trap density and trap depths vary with N-MWCNT mass loadings. 

With the space charge limited conduction identified, we used the Mott-Gurney law 

to determine the N-MWCNTs dependent mobilities of charge carriers. From the 

linear fits in the plots of J vs V2 in Figure 6.8, we get the slopes that are directly 

proportional to the chare carrier mobilities. Visually, it can be seen that the addition 

of N-MWCNTs into the P3HT:PC61BM active layer, decreases the mobility of 

charge carriers.  
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Figure 6.7: Dark current J - V characteristics in double log scale under forward 

bias. 
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Figure 6.8: Linear fit curves of the Mott-Gurney law for the determination of 

charge carrier mobilities as a function of N-MWCNT loading on 

the photoactive blend. 

 

6.3.4 Key parameter variations with light intensity 

 

It has now been seen that our findings show a decrease in the PCE with the addition 

of N-MWCNTs into the P3HT:PC61BM active layer of fabricated devices. Though 

other researchers have found similar effects, as explained in the Introduction, the 

causes of such degradations in performance require further analysis. To this end, 

we undertook   recombination studies in these devices to gain more insight into their 

electrical characteristics. Recombination dynamics were then probed via light 

intensity dependence of Voc and Jsc.  

Linear fits of semi-log Voc vs light intensity (Plight) plots in Figure 6.9 (a) give slopes 

that are equal to Bnk T q . Where n is the ideality factor and other symbols have 

their normal meanings. As seen in Chapter 4, strong bimolecular recombination is 

dominant when n = 1, whilst an ideality factor of 2 (or more) is interpreted as SRH-
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type trap-assisted type recombination. All values of n in these N-MWCNTs loaded 

devices were greater than 3 indicating trap-assisted recombination mechanisms to 

be dominating open circuit conditions. Ideality factors are shown in Table 6.3 do 

not follow a set trend except that the zero loaded device had the highest value. The 

occurrence of trap assisted recombination could, amongst other factors, be due to 

non-ideal device morphologies particularly in the photoactive layer. 

 

Table 6.3: Recombination parameters at open and short circuit condition with 

a charge mobility trend. 

Device n 

±0.12 

μ 
-6

±0.002×10  

(cm2/Vs) 

α 

±0.05 

Ref  - 0.00 mg 3.88 2.093 1.05 

R1 – 0.13 mg 3.29 0.128 0.96 

R2 – 0.25 mg 3.70 0.356 1.05 

R3 – 0.50 mg 3.62 0.019 1.06 

 

Figure 6.9 (b) shows the log-log plot of Jsc vs light intensity that is based on the 

relation  lightscJ P


 . This plot is used in the determination of the dominant 

recombination mechanism at short circuit conditions. From this power law 

dependence, it is concluded that weak bimolecular recombination will be indicated 

by the condition that will see the exponential factor α being equal to 1. Extracted α 

values, seen in Table 6.3, are close to unity and indicate weak bimolecular 

recombination. The similarity in values shows negligible effect of N-MWCNT 

mass loadings towards bimolecular recombination at short circuit conditions.  
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Figure 6.9: N-MWCNT based variations of (a) open circuit voltage (b) short 

circuit current density (c) fill factor (d) power conversion efficiency 

as a function of light intensity. 

 

The fill factor FF increases peaking at light intensities lower than 20 mW.cm-2 

before decreasing slightly with an increase in (Figure 6.9 (c)). The decrease could 

be due to the influence of parasitic resistances.  In Chapter 2 we came across the 

effect of the factor  1 s shR R on the measured current in an OPV device.   As seen 
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in Table 6.3 this factor also has an effect on the fill factor within a reasonable spread 

of values. The effects on the PCE of increasing the mass loadings of N-MWCNT 

in the active layer are shown in Figure 6.9 (d). Though all devices show an increase 

in PCE with increasing light intensity, the inclusion of N-MWCNTs led to much 

lower PCEs at all light intensities.
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Figure 6.10: The graph of (1+Rs/Rsh) for different N-MWCNT mass loadings 

indicating the degree of the diminishing of the current density. 

 

 Figure 6.10 shows  s sh1 R R which can give an idea about the extent of 

recombination as a function of different N-MWCNT mass loadings. All devices 

with CNTs incorporated into their photoactive layer show a high extent of 

recombination. Amongst the three devices, the one containing 0.25 mg of N-

MWCNTs shows the least extent of recombination. This device exhibited a higher 

PCE when compared to the other two. It has been reported that should there be a 

presence of metallic CNTs in the photoactive layer, a recombination of charges will 

in all likelihood take place [25]. 
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Our study of electrical characteristics of N-MWCNT loaded P3HT:PC61BM 

extended into studying the relation between effective voltage (Veff) and generated 

photocurrent (Jph). The photocurrent is directly related to absorbed photons and 

hence as shown in Chapter 4, it is the difference between 1 sun illuminated current 

(AM1.5) and dark current. The dissociation of excitons, and hence the generated 

photocurrent, is a voltage dependent process [26, 27]. The photocurrent, as seen in 

Figure 6.11, increases with the increasing effective field until a point where all 

generated charges are extracted i.e. saturation.   
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Figure 6.11: Jph vs Veff curves for different N-MWCNT loadings in the 130 nm 

thick photoactive layer showing the degree of current saturation with 

respect to the effective field. 

 

In Figure 6.11 we see a clearer picture of the effect of biasing by the much more 

pronounced field dependence of the photocurrent. Devices with N-MWCNTs are 

seen not to have reached saturation at higher effective fields as opposed to the 

reference device with zero mass loading which saturates at about 1.0 V. The linear 

increase of Jph at lower Veff  happens at comparatively higher effective voltages for 

N-MWCNTs loaded devices. A quantitative comparison of saturated current and 
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maximum exciton generation rates cannot be made in this case as most curves do 

not show saturation within measured voltage scales. 

 

6.4   P3HT:N-MWCNT 

 
Having seen the loading of the N-MWCNTs into the photoactive layer not 

producing the expected outcome of PV performance enhancement, we decided to 

test polymer:N-MWCNT devices under similar conditions. Synthesised N-

MWNCTs were expected to complement the PC61BM as acceptor materials leading 

to improved device performances. Fabricating devices with these CNTs and P3HT 

will then reveal their diode properties and hence the suitability of these CNTs in the 

fabrication of OPV devices. 

 

6.4.1 Fabrication of OPV devices 

 

Substrates were prepared by following the methods explained in Chapter 3. 

P3HT:N-MWCNT solutions were prepared by directly mixing 10 mg of P3HT with 

x mg of N-MWCNTs where x = 0.13 mg, 0.25 mg and 0.50 mg. To prepare active 

layer blends, the mixtures were then dispersed in 0.5 ml of chlorobenzene via 

magnetic stirring for 5 hours. Four categories of samples identified by their N-

MWCNT mass loading as Ref – 0.00 mg, P1 – 0.13 mg, P2 – 0.25 and P3 – 0.50 

mg were thus prepared. OPV devices were then fabricated by spin coating the hole 

blocking layer (PEDOT:PSS) on cleaned patterned substrates. Subsequently, active 

layer blends were spin coated on top of the PEDOT:PSS after thermal annealing on 

a hot plate as previously described. All spin coating was done at 2000rpm for 60 

seconds. Cathodes in the form of aluminium (~100 nm thick) were metalised in a 

thermal evaporator at very high vacuums of about 1.5 × 10-6 mbar to complete the 

devices. 

 Devices with structures GLASS/ITO/PEDOT:PSS/P3HT:N-MWCNT/Al were 

thus prepared for measurements. 

As stated previously, current–voltage (I – V) characteristics were acquired using 

the solar simulator (150 W Xe lamp) with 1.5 Air Mass filters and a source/Measure 

unit (HP 4141B DC) unit under 100 mW/cm2 illumination. Optical absorption 
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measurements of fabricated devices were made using the Cary 500 UV – VIS - NIR 

spectrometer. The Raman characteristics and the structural order of all fabricated 

devices were examined using a Jobin Yvon T64000 Raman spectrometer equipped 

with an Ar ion laser (514.5 nm).  

All measurements were carried out in air at room temperature. 

 

6.4.2 Spectroscopic characteristics 

 

6.4.2.1 UV-Vis characterisation 

 

The UV-Vis spectra in Figure 6.12 show the expected π – π* based P3HT 

absorption profile given its mass ratio in the photoactive blend. The details of the 

P3HT optical absorption profile have been given in Chapters 4 and 5. What is 

observed in this case is that the absorption profile is influenced by the N-MWCNT 

loadings with the neat P3HT showing lowest absorbance. However, there is no 

pattern of absorption that can be directly linked with mass loadings. For example, 

the 0.50 mg device has a lower intensity when compared to the 0.25 mg device. 

With an increase in the N-MWNT content, there is a slight broadening of the 

spectrum which is more noticeable for the 0.25 mg device. Any suggestion of 

changes in the morphology of spin coated films was probed with Raman 

spectroscopy.  
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Figure 6.12: Optical absorption spectra of devices with P3HT:N-MWCNT 

photoactive layer materials. 

 

6.4.2.2 Raman characteristics 

 

Raman measurements as shown in Figure 6.13 were virtually a carbon copy for all 

devices. The P3HT spectrum, which was explained in detail in Chapter 4, remained 

unchanged with the addition of N-MWCNTs. No effect on its structural order was 

noticeable. 
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Figure 6.13: Raman spectra of P3HT:N-MWCNT photoactive layers showing 

unchanged profiles for varying mass content of N-MWCNTs. 

 

6.4.3 J – V characteristics 

 

The J – V measurements on Figure 6.14 (a) show the expected profile from the 

P3HT sample as it showed an Ohmic behaviour. Dark current characteristics in 

Figures 6.14 (b) and (c) in linear and semi-log scales respectively, were used to 

assess the diode behaviour or lack thereof, by calculating rectification ratios of the 

rest of the devices. The 0.25 mg device showed the best rectification behaviour 

(Table 6.4) and it was then expected that it should exhibit the best PV behaviour. 

 

Table 6.4: Rectification ratios for P3HT:N-MWCNT devices. 

Device RR 

Ref  - 0.00 mg 1.00 

R1 – 0.13 mg 0.84 

R2 – 0.25 mg 8.44 

R3 – 0.50 mg 5.28 
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Figure 6.14: Dark current J - V plots (a) P3HT only (b) P3HT:N-MWCNT linear 

scale (c) P3HT:N-MWCNT linear scale semi-log scale. 
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Figure 6.15: J - V characteristics of P3HT:N-MWCNTs at 100 mW/cm2 (AM1.5) 

in (a) linear and (b) semi-log scale. 

 

The current – voltage measurements captured in Figure 6.15 are summarised in 

Table 6.5.  In evidence is the fact that usage of synthesised N-MWCNTs as acceptor 

materials in fabricated OPV devices needs further refinements.  Compared to 

P3HT:PC61BM active layer blends P3HT:N-MWCNT blends have very poor key 

performance parameters despite the highlighted superior opto-electrical properties. 

The parasitic resistances are seen to be increasing with an increase in N-MWCNT 

loading. The effect that is always desired is to have a decreasing resistance and an 

increasing shunt resistance. The 0.25 mg device showed the best performance of 

the three in as far the PCE is concerned.   

 

Table 6.5: Summary of J - V performance characteristics of P3HT:N-

MWCNT devices.  

Device 

x mg 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Rsh 

(kΩ cm2) 

Rs 

(kΩ cm2) 

1+Rs/Rsh 

0.13 14.8μA 0.04 24.2 12.7x10-5 2.35 2.44 1+1.038 

0.25 10.7μA 0.20 24.7 53.5x10-5 16.2 16.4 1+1.012 

0.50 5.5μA 0.10 24.1 6.83x10-5 17.3 18.1 1+1.046 
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6.4.4 Charge transport properties 

 

6.4.4.1 Injection limited 

 

An assessment of the devices’ transport properties is begun by looking at dynamics 

at interfaces. It has been reported that the J – V characteristics nanotubes can be 

described by the Fowler–Nordheim model with an acceptable accuracy [28]. Figure 

6.16 depicts FN plots with characteristic negative slopes at high electric fields 

indicating charge injection through a potential barrier by tunnelling. Tunnelling is 

mass loading dependent as the linear fits of this part of the FN plot yielded slopes 

such that the slope of the 0.25 mg device is greater than that of the 0.50 mg device. 

With the slopes directly proportional to the barrier heights, it follows that the 0.25 

mg device has a greater potential barrier height at the metal/active layer interface. 

Interestingly, the 0.13 mg device shown so direct tunnelling properties. This device 

has least amount of N-MWCNT which could be having very little impact. The non-

linear fits of the turning points of the curves give electric fields where transition 

from thermionic to quantum mechanical tunnelling takes place. The 0.50 mg device 

requires a greater electric field for the transition to take place. Having no variation 

in temperature we however, assess thermionic contributions to tunnelling by using 

the RS plot in Figure 6.17. The plot of ln J vs V is indicating positive slopes of 

straight line fit in the low electric field regions which is indicative of charge 

injection by thermionic emission through the metal/active layer interface. There has 

been experimental evidence that has shown that CNTs, metallic or semiconducting, 

exhibit good emission properties that can be approximated along the Fowler – 

Nordheim behaviour [29, 30].  

What we see here is that both tunnelling mechanism are present at the meal/active 

layer interface in varying degrees, with the thermionic emission behaviour 

seemingly very pronounced. However, this is not the case for the 0.13 mg device. 
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Figure 6. 16: FN plots for P3HT:N-MWCNTs as the photoactive layer in 

fabricated devices showing the prominence  of thermionic emission.  
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Figure 6.17: RS plots for P3HT:N-MWCNTs showing characteristic thermionic 

emission profiles. 
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6.4.4.2 Bulk limited 

 
Bulk transport properties were studied by analysing SCLC mechanisms through the 

usage of log-log J – V plots shown in Figure 6.18. The linear fit of the curve for the 

0.13 mg device gave a slope of about 1 indicating Ohmic conduction. This was the 

case even at high bias voltages. On the other hand the 0.25 mg device exhibited an 

Ohmic behaviour for voltages up to 0.55 V. In the region 0.55 V to 0.75 V the fitted 

curve gave a slope of about 1.9 ±0.1 indicating the SCLC regime. Between 0.75 V 

and 1.00 V the slope of the linear fit was about 3.5±0.2 showing the filling of 

exponentially distributed traps with the transport mechanism being by TFSCLC. 

The 0.50 mg device showed Ohmic conduction up to 0.85 V. The trap free, meaning 

the filling of exponentially distributed traps was observed from 0.85 V to 1.00 V 

where the slope of the fitted curve was about 2.81 ± 0.1. Furthermore, the 0.50 mg 

device indicated a higher transition voltage from Ohmic conduction meaning that 

this device had a higher charge carrier trap density. 
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Figure 6.18: Log-log plots of J - V characteristics of P3HT:N-MWCNTs 

indicating a higher Ohmic to SCLC threshold voltage for the 0.50 

mg N-MWCNT. 
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Having identified the SCLC and TFSCLC dominated regions we proceeded to 

apply the Mott-Gurney law to describe and quantify bulk transport behaviour. It 

should be noted that the contact barrier and built in fields are negligible when 

TFSCLC is achieved, hence charge carrier mobility will only depend on the 

properties of the bulk [31].  

Figure 6.19 is the Mott-Gurney plot that shows the charge carrier mobilities of the 

0.25 mg and the 0.50 mg devices. With the slope proportional to the mobility, it can 

be seen from the linear fits that higher charge carrier mobilities are associated with 

the 0.25 mg device. 
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Figure 6.19: Linear fit of Jsc vs V2 for P3HT:N-MWCNTs based on the Mott-

Gurney law. 

6.4.5 Variations of OPV parameters with light intensity 

 

Recombination mechanisms at short circuit and open circuit conditions are 

explained using the linear fits in Figure 6.20. The ideality factors obtained from the 

linear fits of the semi-log Voc vs light intensity plot (Figure 6.20 (a)) are shown in 

Table 6.6. With n = 0.64, the 0.13 mg device is seen to be affected by Auger type 



174 
 

recombination mechanisms [32]. The 0.25 mg and 0.50 mg have ideality factors 

greater than 1, showing the domination of trap assisted SRH type recombination at 

open circuit.  

At short circuit conditions, a lack of or an insignificant bimolecular recombination 

is indicated by a linear dependence of current density with light intensity i.e. the 

slope (α) of the log-log Jsc vs light plot is about 1. On the other hand charge transport 

limited by Langevin type bimolecular recombination for slopes that are less than 1. 

As stated in Chapter 4, values of α that are not equal to 1 could arise from 

unbalanced charge carrier mobility in the system. All the slopes in Figure 6.20 (b) 

are less than 1 as can be seen in Table 6.6. 
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Figure 6.20: Variation of (a) Voc and (b) Jsc with light intensity to determine 

recombination parameters. 

 
Table 6.6: Recombination parameters for light intensity measurements 

together with mobilities 

Sample n 

±0.24 

μ 
-6

±0.002×10  (cm2/Vs) 

α 

±0.02 

0.13 mg 0.64 N/A 0.19 

0.25 mg 4.43 1.462 0.25 

0.50 mg 2.02 1.002 0.73 
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Though this study did not focus on morphological properties and their effects on 

photovoltaic performances, we wanted to have a sense of how well dispersed or not 

the N-MWCNTs were in the polymer:fullerene matrix. Figure 6.21 is showing a 

progressive degree of clump formation with the increase of N-MWCNTs in the 

photoactive layer. The dark spots are the loaded carbon nanotubes. This highlights 

the disadvantage of the direct mixing method. Subsequently, how well the carbon 

nanotubes are dispersed in the active layer becomes a statistical question.  

 

 

 

Figure 6.21: Optical micrographs of (a) P3HT:PC61BM (b) P3HT:PC61BM:N-

MWCNT (0.13 mg) (c) P3HT:PC61BM:N-MWCNT (0.25 mg) (d) 

P3HT:PC61BM:N-MWCNT (0.50 mg). 
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6.5  Conclusion 
 

Functionalised nitrogen doped CNTs were successfully synthesised and 

incorporated into the photoactive layer of fabricated BHJ OPV devices by a direct 

mixing method. A small increase in the intensity of the optical absorption spectra 

was observed with the addition of N-MWCNTs in the photoactive layer. A 

reduction in key performance parameters such as Voc, Jsc and FF resulted in low 

PCEs for all devices fabricated with CNTs in the photoactive blend. Charge carrier 

recombination was found to be a major contributor for a reduction in the PCEs of 

devices with CNTs in the photoactive layer. In as far as the incorporation of CNTs 

into the photoactive layer is concerned, the solution based fabrication process did 

not afford any control of the orientation and distribution of the CNTs therein. This 

meant that the random orientation and the clumping of carbon nanotubes within the 

overall device architecture presented some of the main challenges with regards to 

device optimisation for improved power conversion efficiencies.  
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Chapter 7 
 

Conclusions and outlook 
 

7.1 Conclusions 

This thesis set out to elucidate, enhance and deepen our understanding and 

knowledge related to the fabrication of bulk heterojunction OPVs under ambient 

conditions and the characterisation of their opto-electrical properties. This entailed 

UV-Vis measurements for the quantification and characterisation of respective 

optical absorbances, Raman measurements to characterise the structural order of 

fabricated thin films and the (I – V) or (J – V) measurements for the evaluation of 

photovoltaic characteristics. To this end, three different device architectures were 

fabricated and characterised. These are summarised as follows: 

In Chapter 4, devices with an architecture ITO/PEDOT:PSS/P3HT:PC71BM/Al 

were fabricated with a variation in the relative mass ratio of P3HT:PC71BM in the 

active layer. The goal was to identify an optimum ratio for further analysis. The key 

photovoltaic performance indicator, the PCE, was used to identify the optimum 

active layer polymer:fullerene blend mass as 1:0.8, with the PCE peaking at 2.86%. 

Devices with the 1:0.8 optimum blend ratio were then fabricated for kinetic and 

energetic studies. In the kinetics measurements an optimum PCE of 1.78% was 

found for the device with a Jsc of 7.49 mA/cm2, a FF of 35.5 % and a Voc of 0.67 V. 

This device was annealed at 50 οC for 10 minutes. Energetics measurements also 

led to the best performing device with a PCE of 2.35 % that was annealed at 50 οC 

with a Voc of 0.64 V, a Jsc of 8.24 mA/cm2 and a FF of 44.2 %.     

Chapter 5 reported on the experiments done on ternary blend bulk heterojunction 

devices using one donor (P3HT) and two acceptors with similar chemical and 

electronic properties namely i.e. (PC61BM) and (PC71BM). Whilst keeping the 

P3HT content constant, several devices were fabricated where the relative ratios of 

the two acceptors were changed in order to identify the best performing mixture. 

The P3HT: PC61BM:PC71BM (1:0.4:0.6) blend was found to be the best performing 
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blend, on the basis of the measured PCE of 2.69 % in comparison to devices with 

binary photoactive layer blends.  

The viability of harnessing much reported opto-electrical characteristics of CNTs 

that could enhance the photovoltaic performance of polymer:fullerene OPVs was 

investigated in Chapter 6. Different concentrations of Nitrogen-doped MWCNTs 

(N-MWCNTs) were incorporated into the photoactive layer of 1:1 (P3HT:PC61BM) 

OPV devices.  The fabrication capability was clearly demonstrated by producing 

numerous devices for characterisation. The importance of an appropriate 

preparation of CNTs for inclusion into OPV devices was demonstrated by the 

observed deterioration in the photovoltaic performance of fabricated devices. An 

increase in the mass content of N-MWCNTs was accompanied by a decrease in the 

measured PCE. The agglomeration of CNTs, as seen in obtained optical images, 

was probably one of the factors that led to a deterioration in performance. 

Recombination and transport properties in fabricated bulk heterojunction OPV 

devices were studied by analysing J – V data both under 100 mW/cm2 illumination 

(AM1.5G) and in the dark. In the three mentioned OPV device architectures, 

bimolecular recombination was found to be the dominant recombination 

mechanism at open circuit conditions on the basis of extracted ideality factors from 

the Voc vs light intensity plots. Weak bimolecular recombination was observed at 

short circuit conditions where the dependence of Jsc on light intensity was analysed 

on the basis of the power law relation  lightscJ P


 , with α = 1 indicating weak 

bimolecular recombination.  Studying charge transport properties of fabricated 

devices showed contributions from thermionic emission and quantum tunnelling 

currents for injection limited currents based on the FN and the RS models. The 

Mott-Gurney law was applied beyond the trap filling voltages to rank the charge 

carrier mobility of different device architectures. 

 

7.2 Outlook 

 A better understanding of the OPV performance of fabricated devices will 

be aided by detailed morphological studies of fabricated devices. For 

example, a better understanding of intermolecular packing structure and 
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domain size correlations in active layer materials can be probed by 2D-

GIXRD/GIWAXS measurements, which can be compared with obtained 

UV-Vis spectra. 

 Neutron reflectivity can be explored as a technique to characterise the depth 

profile of devices. The phase segregation brought about by thermal 

annealing can be probed to gain insight into device morphologies thereby 

leading to a better understanding of charge carrier pathways between 

electrodes. 

 Recombination loss mechanism can be further probed and characterised via 

a thickness dependence transient photoconductive study of the 

polymer:fullerene film. 

 Further studies on annealing effects on the BHJ photoactive layer as well as 

at interfaces with electrodes should be refined for a better understanding so 

that desirable fabrication conditions and protocols can be established. 

2D time resolved fluorescence measurements needed to extract dual Forster 

Resonance Energy Transfer (FRET) effects from exciton lifetimes of the 

ternary blend and thus determine the dynamics of energy transfer. 

The optimisation of donor and acceptor materials, of the best performing device 

architecture and morphology, of the ideal device fabrication conditions and 

protocols and the refinement of theoretical models to explain the physics of organic 

solar cells all point to need for further research and development in making OPVs 

a key player in the photovoltaic space and the energy mix as whole. 
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